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Resumen

La Encefalopatía de Celia es un síndrome neurodegenerativo

descubierto recientemente, asociado a una nueva mutación

(c.985C>T) en el gen BSCL2. Este gen codifica una proteína

llamada seipina, localizada en la membrana del retículo

endoplásmico. Las mutaciones en el gen BSCL2 han sido asociadas

tradicionalmente a lipodistrofias (grupo de enfermedades

caracterizadas por la falta de tejido adiposo) y a neuropatías

motoras. Ninguna de estas enfermedades es letal, al menos a corto

plazo. En cambio, la mutación c.985C>T es letal tanto en

homocigosis como en heterocigosis compuesta (junto con una

mutación de lipodistrofia “clásica”). La enfermedad cursa como una

encefalopatía progresiva con un desenlace fatal a los 6-8 años.

Sorprendentemente, los portadores de la mutación en heterocigosis

no presentan ningún síntoma o signo de la enfermedad, lo cual

entra en conflicto con la ganancia de función tóxica atribuida a la

mutación. A nivel molecular, la mutación introduce un nuevo sitio de

“splicing” en la secuencia de la proteína, dando lugar a una isoforma

aberrante de seipina (seipina Celia).

Esta tesis pretende elucidar los mecanismos moleculares de este

nuevo síndrome neurodegenerativo.

El gen BSCL2, que codifica la seipina, se encuentra en el

cromosoma 11q13 [Magré et al., 2001]. Hay tres transcritos

primarios de mRNA validados, de 2.2 kb, 1.8 kb y 1.6 y tres
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isoformas de 462, 398 y 287 aminoácidos. BSCL2 se expresa con

mayor intensidad en el cerebro y en testículos, además de en el

tejido adiposo. Este patrón de expresión apunta hacia una función

tejido-específica para la seipina.

La estructura de la seipina ha sido determinada en base a

algoritmos matemáticos. Constaría de dos dominios

transmembrana, una región central conservada y los extremos

amino- y carboxi-terminal en la cara citoplasmática [Lundin et al.,

2006]. La región carboxi-terminal acaba en un motivo CAAX (CSS)

de significado biológico desconocido y habría sido recientemente

adquirida evolutivamente [Yang et al., 2013]. En la región central

conservada se encuentra un sitio de N-glicosilación.

Respecto a la localización, varios estudios realizados mediante

microscopía de fluorescencia muestran una colocalización de la

seipina con marcadores del retículo endoplásmico, como

calreticulina [Windpassinger et al., 2004, Hollta-Vuori et al., 2013],

calnexina [Yang et al., 2013a, Sim et al., 2013a], SEC61B [Junfeng

et al., 2014], KDEL [Ito et al., 2007] o BiP/Grp78 [Ito et al., 2008].

Por otro lado, la seipina de levaduras (codificada por el gen FLD1,

ortólogo de BSCL2) está localizada en las uniones entre el retículo

endoplásmico y las gotas lipídicas (orgánulos especializados en el

almacenamiento de triglicéridos) [Szymanski et al., 2007].

La seipina puede auto-asociarse, formando homo-oligómeros de 12

subunidades en humanos [Sim et al., 2013a] o 9 subunidades en

levaduras [Binns et al., 2010].
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La mayoría de las mutaciones que afectan al gen BSCL2 son de

cambio de fase o sin sentido, dando lugar a proteínas truncadas.

Además, se han identificado mutaciones de cambio de sentido

(A212P o L91P) que afectan a la región central conservada, y

mutaciones que dan lugar a deleciones de regiones extensas.

Todas estas mutaciones dan lugar a lipodistrofias.

Actualmente hay descritas dos mutaciones que afectan al sitio de N-

glicosilación (N88S y S90L). Estas mutaciones causan neuropatías

motoras. Dependiendo de la naturaleza de la mutación, la proteína

puede conservar parte de su función [Sim et al., 2013a].

La función exacta de la seipina aún no ha sido determinada. Hay

evidencias de su participación en la síntesis de gotas lipídicas

[Szymanski et al., 2007, Fei et al., 2011a, Yang et al., 2013a] y

adipogénesis [Payne et al., 2008, Chen et al., 2012, Yang et al.,

2013a, Yang et al., 2013b]. Recientemente se ha propuesto un

modelo que aúna estas dos funciones, según el cual la seipina

regularía la homeostasis lipídica de forma tejido-específica. En

tejidos no adiposos la seipina restringiría la lipogénesis y la

formación de gotas lipídicas mientras que en tejido adiposo

promovería la adipogénesis y la formación de gotas lipídicas [Yang

et al., 2013a].

Otros estudios sugieren que la seipina pueda tener una función en

el tejido nervioso [Yagi et al., 2011, Wei et al., 2012, Hötta-Vuori et

al., 2013, Wei et al., 2014]. Por ejemplo, la seipina podría estar

regulando la transmisión sináptica a través de mecanismos post-

sinápticos (regulando los niveles de AMPA) [Wei et al., 2012] y pre-
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sinápticos (regulando la exocitosis de vesículas sinápticas) [Wei et

al., 2014]. La seipina podría también estar implicada en la fertilidad

masculina [Jiang et al., 2014].

En conjunto, estos estudios sugieren que la seipina tendría

funciones específicas en cada tejido.

Las mutaciones en el gen BSCL2 causan lipodistrofia congénita

generalizada tipo 2 (CGL2) [Magré et al., 2001] y neuropatías

motoras [Windpassinger et al., 2004].

La lipodistrofia congénita generalizada tipo 2 se caracteriza por la

ausencia casi total de tejido adiposo, hipertrofia muscular,

acromegalia, acantosis nigricans, resistencia a insulina,

hipertrigliceridemia, diabetes temprana y esteatosis hepática [Garg,

2004]. Los pacientes también desarrollan frecuentemente

cardiomiopatía hipertrófica, que puede causar la muerte por fallo

cardíaco [Van Maldergem et al., 2002], y cierto grado de retraso

mental (78% de los pacientes) [Van Maldergem et al., 2002].

A nivel molecular, CGL2 está causada por mutaciones de pérdida

de función en el gen BSLC2. Los mecanismos moleculares  por los

cuales diferentes mutaciones dan lugar a CGL2 incluyen

inestabilidad de la proteína, con la consiguiente falta de proteína

funcional, oligomerización defectuosa e incapacidad de la seipina

para interactuar con la lipina 1 [Sim et al., 2013b].
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Las neuropatías motoras asociadas a seipina (Síndrome Silver y

Neuropatía Motora Distal Hereditaria Tipo V) se caracterizan por

debilidad muscular y espasticidad en las extremidades, con

afectación de las moto-neuronas inferiores.

A nivel molecular están causadas por las mutaciones N88S y S90L,

que afectan al sitio de N-glicosilación de la seipina. Debido al papel

esencial de la glicosilación en el plegamiento de las proteínas, estas

mutaciones dan lugar a la acumulación de seipina mal plegada, que

a su vez causa estrés en el retículo endoplásmico y, en último lugar,

muerte celular.

La Encefalopatía de Celia se descubrió a raíz del caso índice, una

niña nacida de padres no consanguíneos en 2004. Tras presentar

hepatomegalia e hipertrigliceridemia severa a los 4 meses de edad,

se sospechó que la paciente pudiera tener lipodistrofia, por lo que

se le realizó un análisis genético del gen BSCL2, encontrando una

nueva mutación: c.985C>T. Tras una dieta baja en grasas los

valores bioquímicos de la paciente volvieron a la normalidad. Su

desarrollo fue normal hasta los 2 años, cuando empezó a mostrar

descoordinación motora y dificultades para permanecer de pie.

Mediante resonancia magnética cerebral se observó atrofia

subcortical en la paciente. Los síntomas fueron empeorando

progresivamente, mostrando a los 3 años regresión psicomotora,

pérdida del lenguaje y un severo deterioro cognitivo. A los 5 años, la

paciente era incapaz de andar, presentando espasticidad y

convulsiones. La encefalopatía fue progresando con tetraparesis,

signos piramidales y extrapiramidales y pérdida de las habilidades
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motoras y del desarrollo cognitivo, muriendo la paciente a los 8 años

con un cuadro de neumonía aspirativa. La autopsia reveló atrofia

extrema del núcleo caudado y atrofia cortical moderada de los

lóbulos frontal, parietal y occipital. El análisis histológico mostró una

intensa pérdida neuronal y astrogliosis.

Como se ha mencionado anteriormente, la paciente índice era

homocigota para la mutación c.985C>T en el gen BSCL2. Esta

mutación induce un “splicing” (procesamiento) alternativo que da

lugar a la escisión del exón 7 y a un cambio del marco de lectura,

dando lugar a una nueva proteína aberrante, llamada seipina Celia.

A día de hoy han sido identificados 6 pacientes, de los cuales 2

presentan la mutación c.985C>T en homocigosis y 4 en

heterocigosis compuesta, junto con una mutación de lipodistrofia

clásica (c.538G>T o c.507_511del). Todos los pacientes proceden

de tres poblaciones cercanas entre sí en la Región de Murcia, al

sureste de España. En un estudio genético realizado sobre 322

voluntarios de esas poblaciones la mutación c.985C>T apareció con

una frecuencia alélica elevada (0.012), sugiriendo la existencia de

un “efecto fundador”. Por el contrario, la mutación no se encontró en

50 individuos control procedentes de Galicia, al noroeste de España.

El “efecto fundador” fue confirmado mediante un análisis de

haplotipos.

Hasta la publicación de esta tesis, el mecanismo por el cual la

seipina Celia ejerce su efecto patogénico era desconocido. Por un
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lado, se observaron niveles elevados de BiP, un marcador de estrés

de retículo endoplásmico, en preadipocitos procedentes del caso

índice, así como un marcado aumento en el tamaño del retículo

endoplásmico [Guillén-Navarro et al., 2013]. El estrés de retículo

endoplásmico ha sido ampliamente asociado a varias enfermedades

neurodegenerativas [Matus et al., 2011]. Además, en el hipotálamo

del caso índice se encontraron inclusiones intranucleares ubiquitin-

positivas, que han sido relacionadas con otros síndromes

neurodegenerativos como la enfermedad de Huntington [Sieradzan

et al., 1999].

El severo fenotipo neurodegerativo mostrado por los pacientes

homocigotos para la mutación c.985C>T, junto con el hecho de que

ninguna de las mutaciones en BSCL2 descritas hasta la fecha dé

lugar a un cuadro neurodegenerativo similar,  apunta a una

ganancia de función tóxica para la proteína mutante. Por lo tanto,

sería de esperar que los portadores heterocigotos sufrieran algún

grado de patología causado por la expresión de una pequeña

cantidad de seipina Celia. En cambio, los portadores son

completamente asintomáticos. Esta contradicción se podría explicar

por un “efecto umbral”, según el cual una mayor cantidad de seipina

Celia sería necesaria para tener un efecto tóxico. Sin embargo, la

existencia de pacientes heterocigotos compuestos, que al igual que

los portadores sólo tienen una copia de la mutación c.985C>T,

mostrando el mismo fenotipo neurodegenerativo que los pacientes

homocigotos hace descartar un “efecto umbral”. Una sola copia de

la mutación es suficiente para desarrollar la enfermedad, sugiriendo

un mecanismo patogénico más complejo.
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Con el fin de estudiar las bases moleculares de la Encefalopatía de

Celia y debido a la falta de buenos anticuerpos comerciales anti-

seipina endógena, el primer paso fue obtener un modelo de

sobreexpresión tanto para la seipina “wild type” (wt) como para la

seipina Celia. A continuación, para ver si un defecto en la

localización podría formar parte del mecanismo de la enfermedad,

se analizó la localización subcelular de la seipina wt y la seipina

Celia mediante microscopia confocal de fluorescencia en diferentes

líneas celulares. Ambas formas de seipina aparecieron formando un

anillo alrededor del núcleo, sugiriendo una localización nuclear o

perinuclear. Para confirmar este punto se llevó a cabo un ensayo de

fraccionamiento subcelular, mediante ultracentrifugación diferencial.

Una parte tanto de la seipina wt como de la seipina Celia apareció

en la fracción nuclear. La existencia de estrés de retículo

endoplásmico se comprobó mediante “western blot”, encontrándose

elevados niveles de BiP, un marcador de estrés de retículo

endoplásmico en células sobre-expresando seipina Celia

comparadas con células sobre-expresando seipina wt. A

continuación se realizó un análisis inmunohistoquímico de

hipotálamo del caso índice para determinar si la inclusiones

intranucleares previamente observadas [Guillén-Navarro et al.,

2013] podían contener seipina Celia, encontrando que dichas

inclusiones son positivas para seipina. La capacidad de la seipina

Celia para formar oligómeros se estudió mediante separación en

gradiente de densidad, observando la presencia de agregados de

elevado peso molecular, lo que refleja una oligomerización

defectuosa. Por el contrario, se determinó que la seipina wt forma
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oligómeros de 12 subunidades, tal y como ha sido descrito para la

seipina humana [Sim et al., 2013a]. Por otro lado, para indagar en la

ausencia de sintomatología mostrada por los portadores

heterocigotos se analizaron los niveles de expresión del gen BSCL2

mediante “real time RT-PCR”. La proporción seipina wt:seipina Celia

observada fue de 10:1. A continuación se determinó mediante

coinmunoprecipitación la existencia de interacción entre seipina wt y

seipina Celia. Una vez demostrada la interacción, se analizó la

oligomerización en la proporción 10:1 (seipina wt:seipina Celia),

encontrando que en dicha proporción la seipina Celia es

“secuestrada” por la seipina wt, formándose oligómeros mixtos.

Finalmente el análisis proteómico de preadipocitos del caso índice

reveló cambios significativos en varias rutas y procesos biológicos

relacionados con el estrés celular y la actividad antioxidante, lo que

sugiere la existencia de estrés de retículo endoplásmico.

El patrón neurodegenerativo observado en el caso índice, junto con

la existencia de inclusiones intranucleares conteniendo seipina Celia

sugiere una similitud con la enfermedad de Huntington y con

algunas demencias frontotemporales y ataxias hereditarias [Davies

et al., 1997, Woulfe, 2008]. De hecho, el patrón de distribución de

las inclusiones intranucleares, presentes solo en unas pocas células

en determinadas áreas cerebrales es similar al observado en la

enfermedad de Huntington [Margulis and Finkbeiner, 2014]. Por otro

lado, en análisis proteómicos de la “substancia nigra” [Licker et al.,

2014] y el “locus coeruleus” [Van Dijk et al., 2011] de pacientes de la

enfermedad de Parkinson se ha encontrado la seipina sobre-
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expresada. Este hecho, junto con el papel de la α-sinucleína,

proteína que agrega en la enfermedad de Parkinson, en la síntesis

de gotas lipídicas [Cole et al., 2002], sugiere una posible relación

entre la enfermedad de Parkinson y la Encefalopatía de Celia.

Por otro lado, se han descrito inclusiones citoplásmicas formadas

por seipina N88S y seipina S90L con una función neuroprotectora

[Ito et al., 2008 and Ito et al., 2012]. Estas inclusiones podrían

proteger a las células mediante la sustracción de seipina mal

plegada del retículo endoplásmico, con la consiguiente disminución

del estrés de retículo endoplásmico. La existencia de inclusiones

con una función protectora ha sido descrita para otras

enfermedades neurodegenerativas como la enfermedad de

Huntington [Arrasate et al., 2004]. Por lo tanto, no es descartable

que las inclusiones intranucleares de seipina Celia tengan una

función similar. Sin embargo, también se ha propuesto que las

inclusiones intranucleares puedan estar atrapando a proteínas

nucleares importantes, como factores de transcripción y

componentes del sistema ubiquitina-proteasoma, disminuyendo la

cantidad de estas proteína disponible, con la consiguiente des-

regulación transcripcional y degradativa de la célula [Woulfe, 2008].

Varias enfermedades neurodegenerativas han sido asociadas a la

existencia de estrés de retículo endoplásmico [Lindholm et al.,

2006]. La aparición de signos de estrés se ha observado sobre todo

en la última etapa de la enfermedad [Matus, et al., 2011]. Sin

embargo, las pruebas sobre la contribución del estrés de retículo
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endoplásmico al desarrollo de la enfermedad proceden en su

mayoría de ensayos in vitro.

Hay que destacar que BiP/GRP78, un marcador de estrés de

retículo endoplásmico se encuentra aumentado tanto en

preadipocitos del caso índice como en células que sobre-expresan

la seipina Celia. Estos hallazgos apoyan la existencia de estrés de

retículo endoplásmico relacionado con la seipina Celia.

Aún no se ha podido determinar si las inclusiones intranucleares

observadas en la Encefalopatía de Celia tienen una función

patogénica o neuroprotectora. A la vista de los resultados, la seipina

Celia conduce a la formación de inclusiones y a estrés de retículo

endoplásmico. Podría ser que, en la etapa más temprana de la

enfermedad, la seipina Celia fuera “secuestrada” en las inclusiones,

reduciéndose su capacidad tóxica. En cambio, en la etapa tardía, la

maquinaria celular se vería sobrepasada por el exceso de seipina

Celia, generándose estrés de retículo endoplásmico, que en última

instancia daría lugar a la muerte celular. Por lo tanto, la seipina

Celia podría causar daño solo después de alcanzar un cierto nivel

dentro de las células.

Por otro lado, la incapacidad para oligomerizar y posterior formación

de agregados de elevado peso molecular mostrada por la seipina

Celia indica una mayor tendencia a agregar de esta proteína

mutante. Teniendo en cuenta la estructura propuesta de la seipina,

no es descabellado pensar que la falta del segundo dominio

transmembrana podría estar causando una mayor tendencia a
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agregar en la seipina Celia. La unión defectuosa a la membrana del

retículo endoplásmico podría alterar el estado de oligomerización,

con la consiguiente agregación. Se ha descrito que el primer

dominio transmembrana es esencial para la retención en el retículo

endoplásmico y que, aun faltando el segundo dominio

transmembrana, el extremo carboxi-terminal de la seipina se localiza

en el interior del retículo endoplásmico [Ito et al., 2008]. De este

modo, en la seipina Celia a partir del primer dominio transmembrana

el resto de la proteína estaría en el interior del retículo

endoplásmico, pudiendo actuar como fuente de origen para la

agregación.

Teniendo en cuenta la interacción de la seipina con otras proteínas

[Sim et al., 2013b, Junfeng et al., 2014, Talukder et al., 2015], no se

puede descartar que éstas estén también formando parte de los

agregados.

Por otro lado, se ha determinado la existencia de interacción entre la

seipina wt y la seipina Celia en la proporción 10:1 encontrada en

heterocigotos. Esta interacción, fue comprobada mediante co-

inmunoprecipitación y mediante separación en gradiente de

densidad. En este último caso, el cambio en el patrón de distribución

en el gradiente de la seipina Celia cuando se encuentra en

proporción 10:1 (seipina wt:seipina Celia) con respecto a cuando se

encuentra sola es indicativo de la existencia de interacción. Este

cambio podría deberse a que la seipina wt estaría “secuestrando” a

la seipina Celia dentro de oligómeros mixtos, cambiando por tanto

su patrón de distribución en el gradiente, lo que se traduciría en la
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incapacidad de la seipina Celia para ejercer su función patogénica.

En pacientes heterocigotos compuestos, debido a la ausencia de

seipina wt, este “rescate fenotípico” no sería posible.

La presencia de inclusiones intranucleares conteniendo seipina

Celia abren el interrogante de cómo dicha proteína alcanza una

localización nuclear. Los resultados aquí incluidos demuestran tanto

por medios bioquímicos (fraccionamiento subcelular) como por

medios ópticos (inmunoflurescencia con microscopia confocal) que,

además de en el retículo endoplásmico, parte de la seipina presenta

una localización nuclear o perinuclear, probablemente en la envuelta

nuclear. La envuelta nuclear externa se continua con la membrana

del retículo endoplásmico, no existiendo separación y compartiendo

varias proteínas entre ellas [Goyal and Blackstone, 2013, Mauger,

2012]. Por ello, podría ser que, en anteriores estudios por

inmunofluorescencia, la seipina del retículo endoplásmico haya

“ocultado” a la seipina perinuclear. En el estudio aquí incluido se ha

empleado la fijación con metanol/acetona, que precipita la seipina

perinuclear sobre la envuelta nuclear, dejándola más disponible

para la detección por anticuerpos y evitando a la vez la “ocultación”

por parte de la seipina del retículo endoplásmico.

Recientemente se ha descrito la existencia de gotas lipídica

nucleares [Layerenza et al., 2013, Uzbekov and Roingeard, 2013].

Estas gotas lipídicas nucleares constituyen subdominios específicos

dentro del núcleo, almacenando lípidos nucleares y estando

implicadas en la homeostasis lipídica nuclear. Teniendo en cuenta la

función de la seipina en la formación de gotas lipídicas así como la
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continuación entre envuelta nuclear y retículo endoplásmico, podría

ser que la seipina estuviera también teniendo una función en la

formación de gotas lipídicas nucleares.

Por otro lado, la regulación diferencial de oxidorreductasas

observada en el estudio proteómico podría estar causada por un

incremento del estrés oxidativo en los preadipocitos del caso índice.

El incremento de actividad antioxidante ha sido previamente

relacionado con otras enfermedades neurodegenerativas [Lin and

Beal, 2006]. Las chaperonas también se encuentran

diferencialmente reguladas en el caso índice, lo que concuerda con

la función atribuida a esta clase de proteínas en la respuesta al

estrés celular. Además, la regulación del citoesqueleto también se

encuentra afectada. Recientemente se ha propuesto que la seipina

podría estar actuando sobre la remodelación del citoesqueleto

durante la adipogenesis [Yang et al., 2013b] por lo que no sería

sorprendente un efecto negativo de la agregación de seipina Celia

sobre este proceso.

Teniendo en cuenta los resultados aquí descritos se propone que la

agregación de la seipina Celia juega un papel fundamental en la

patogénesis de la Encefalopatía de Celia. La agregación aberrante,

debida a la oligomerización defectuosa, y la consiguiente formación

de inclusiones intranucleares y estrés de retículo endoplásmico

ocasionarían la muerte neuronal, dando lugar al daño cerebral

observado en la enfermedad. En los portadores asintomáticos, el

exceso de seipina wt estaría “secuestrando” a la seipina Celia en
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oligómeros mixtos, evitando así el efecto tóxico de la proteína

mutante. De este modo, la Encefalopatía de Celia aparece como un

nuevo miembro del grupo de enfermedades neurodegenerativas

asociadas a agregados de proteínas en el cerebro, como la

enfermedad de Alzheimer, la enfermedad de Parkinson, la

enfermedad de Huntington, demencias frontotemporales o las

enfermedades priónicas.
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Summary

Celia’s Encephalopathy is a recently discovered fatal

neurodegenerative syndrome associated with a new BSCL2

mutation (c.985C>T) that results in an aberrant isoform of seipin

(Celia seipin). This mutation is lethal in both homozygosity and

compounded heterozygosity with a lipodystrophic BSCL2 mutation,

resulting in a progressive encephalopathy with fatal outcomes at age

6-8. Strikingly, heterozygous carriers are asymptomatic, conflicting

with the gain of toxic function attributed to this mutation. This thesis

reports key insights about the molecular pathogenic mechanism of

this new syndrome.

First, intranuclear inclusions containing mutant seipin were found in

brain tissue from a homozygous patient (index case) suggesting a

pathogenic mechanism similar to other neurodegenerative diseases

featuring brain accumulation of aggregated, misfolded proteins.

Moreover, sucrose gradient distribution showed that mutant seipin

forms much larger aggregates as compared with wild type (wt)

seipin, indicating an impaired oligomerization. On the other hand, the

interaction between wt and Celia seipin confirmed by co-

immunoprecipitation (CoIP) assays, together with the identification of

mixed oligomers in sucrose gradient fractionation experiments can

explain the lack of symptoms in heterozygous carriers. A nuclear

localization of a fraction of seipin is proposed, based on

immunofluorescence microscopy and subcellular fractionation

assays. The existence of endoplasmic reticulum (ER) stress in cells



SUMMARY

32

overexpressing Celia seipin confirmed similar findings in

preadipocytes from the index case. Finally, a proteomic analysis of

preadipocytes from the index case showed significant changes in

antioxidant activity, response to stress, cytoskeleton regulation and

apoptotic pathways.

A pathogenic model according to which the increased aggregation

and subsequent impaired oligomerization of Celia seipin leads to cell

death is proposed. The lack of symptoms in heterozygous carriers is

explained by a phenotype rescue mechanism whereby wt seipin

might prevent the damage caused by mutant seipin through its

sequestration into harmless mixed oligomers.
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Prologue

In October 2008 Dr. Corinne Vigouroux, researcher with a worldwide

reputation in the field of lipodystrophies, from the Pierre et Marie

Curie University, Paris, received an email asking for help in a

presumable case of lipodystrophy. The email was from Juan Carrión,

from Totana (Murcia), father of a young girl diagnosed with

lipodystrophy but with a phenotype quite different from the expected

one. Dr. Vigouroux didn’t have any ongoing clinical study so she

derived the patient to Dr. David Araújo, a key reference in the study

of lipodystrophies in Spain, from the University of Santiago de

Compostela. When he first met the patient he observed a severe

encephalopathy instead of a lipodystrophic phenotype. The patient

had been previously diagnosed as homozygous for a new mutation

in the BSCL2 gene. This mutation should be leading to a truncated

protein and subsequent lipodystrophy, as described to other

mutations in the same gene. However, because of the different

phenotype shown by the patient an underlying pathogenic

mechanism for the new mutation could be suspected. Then, new

analyses were carried out in Santiago de Compostela at the lab of

Dr. Araújo confirming that the patient was homozygous for the new

mutation and that her parents were heterozygous carriers for the

mutation.

The brief story described here was the starting point of the study of

the molecular basis of the neurodegenerative syndrome henceforth

known as “Celia’s Encephalopathy”.
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In January 2012 I joined, as a joint Ph.D. student, the labs of Dr.

Araújo and Dr. Jesús Requena, starting the studies described in this

thesis.

In March 2013, our group, in close collaboration with others,

published a paper in “Journal of Medical Genetics” including the

findings achieved to these date about Celia’s Encephalopathy

[Guillén-Navarro et al., 2013].
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I. Introduction

Summary

Seipin is a protein encoded by the BSCL2 gene. It is located in the

ER as a transmembrane protein and it has 3 isoforms of 462, 398

and 287 amino-acids. The function of seipin remains incompletely

understood but there are evidences for a role for seipin in lipid

droplet synthesis, adipocyte differentiation and neurotransmission.

Mutations in the BSCL2 gene are related to either type 2 congenital

generalized lipodystrophy or dominant motor neuron diseases.

However, a recently discovered mutation in the BSCL2 gene results

in a novel fatal neurodegenerative syndrome, hereafter called Celia’s

Encephalopathy. The present dissertation focuses on the molecular

basis of this new disease.

1.1.- BSCL2 gene

The human seipin is encoded by the BSCL2 gene, located on

chromosome 11q13 [Magré et al., 2001]. There are three validated

primary mRNA transcripts (Fig.IA) of 2.2 kb, 1.8 kb and 1.6 kb and

three main isoforms (Fig. IB) of 462, 398 and 287 amino-acids

(hereafter named isoforms 1, 2 and 3, respectively). Due to two

potential translation initiation sites, both the 1.8 and 2.2 kb mRNAs

theoretically encode both isoform 1 and isoform 2, whereas the 1.6

isoform can only encode isoform 2 [Lundin et al., 2006]. Isoform 3 is

produced by alternative splicing from a 1.4 kb transcript. This short
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transcript has a completely different amino-acid sequence from exon

6 onwards due to an alternative splicing which results in skipping of

exon 7 and a reading frame shift.

In addition there are several transcripts, listed in the Consensus

Coding Sequence (CCDS) database, that encode the previously

described isoforms.

In humans, BSCL2 is highly expressed in brain and testes in addition

to adipose tissue. Strikingly BSCL2 mRNA expression is higher in

human brain compared with adipose tissue. The 2.2 and 1.6 kb

transcripts are ubiquitous whereas the 1.8 kb transcript is expressed

selectively in the brain and testes [Lundin et al., 2006]. This

expression pattern points to tissue-specific functions for seipin. On

the other hand, expression of 1.4 kb transcript is very low in all

tissues.

Sequence alignment of human and mouse orthologues revealed a

high degree of sequence identity [Yang et al., 2013]. Besides, high

levels of BSCL2 mRNA have been found in hypothalamus in adult

mouse brain [Garfield et al., 2012], suggesting a similar function for

human and mouse seipin in the brain (see 1.3.2). However, as

opposed to humans, BSCL2 expression in mice is higher in adipose

tissue compared to brain [Payne et al., 2008].
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Figure I. (A) Three validated BSCL2 mRNA transcripts. Rectangles represent

exons whereas lines represent introns. Direction of transcription is represented as

arrowheads. (B) Isoforms of seipin. Yellow boxes represent predicted

transmembrane domains. Red line represents the different sequence of isoform 3

originated by alternative splicing. From Cartwright and Goodman, 2012.
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1.2.- Seipin: Location, structure & oligomerization

Seipin is thought to be an ER resident protein. Its predicted

structure, based on mathematical algorithms, is composed of 2

transmembrane domains, a conserved core region (loop region) and

both amino- and carboxi- terminal regions facing the cytoplasm

[Lundin et al., 2006] (Fig. II). The C-terminal region ends in a CAAX

box motif (CSSS) with unknown biological significance. This C-

terminus would have been acquired recently in evolution [Yang et

al., 2013a]. An N-glycosylation site is located within the conserved

core region.

Figure II. Predicted structure of seipin. The main mutations mentioned in this

thesis are represented. Modified from Ito and Suzuki, 2008.
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Several studies using fluorescence microscopy show the

colocalization of seipin with ER markers such as calreticulin

[Windpassinger et al., 2004,

Hölttä-Vuori et al., 2013],

calnexin [Yang et al., 2013a,

Sim et al., 2013a], SEC61B

[Junfeng et al., 2014], KDEL [Ito

et al., 2007] or BiP/Grp78 [Ito et

al., 2008]. In addition, when

subjected to subcellular

fractionation seipin partially co-

locates with BiP/Grp78.

Besides, by proteinase K

digestion it has been demonstrated that both termini are facing the

cytoplasm [Ito et al., 2008]. On the other hand, yeast seipin (see Box

1) has been found to be localized at junctions between ER and lipid

droplets [Szymanski et al., 2007].

Strikingly, a mis-localization to the nuclear envelope has been

described for some mutations such as A212P [Payne et al., 2008,

Fei et al., 2011a] or L91P [Sim et al., 2013a].

Seipin self-associates, forming homo-oligomers. The existence of

seipin oligomers has been confirmed in both yeast (9 subunits) and

human (12 subunits) [Binns et al., 2010, Sim et al., 2013a].

BOX 1: Yeast seipin.- Encoded by
FLD1, orthologous for human BSCL2.
Yeast seipin has only 20% sequence
similarity to human and mouse seipin
and lacks both cytoplasmic ends.
Interestingly, human seipin can
functionally replace yeast seipin
(Szymanski et al., 2007).

From Yang et al., 2013a
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 BSCL2 mutations

Most of the mutations that affect the BSCL2 gene are frameshift

or nonsense mutations, leading to truncated proteins. Missense

mutations have been identified, affecting the loop region (e.g.

A212P or L91P). A few large deletions caused by aberrant

splicing have been also identified. All these mutations mainly

cause lipodystrophy (see 1.4.1). On the other hand, to date 2

mutations (N88S and S90L) affecting the N-glycosylation site

have been described (figure 2). These cause motor neuropathies

(see 1.4.2). See Leiden Open Variation Database (LOVD)-

BSCL2-seipinopathies variation databases

(http://databases.lovd.nl/shared/variants/BSCL2#object_id=Varia

ntOnTranscript%2CVariantOnGenome&id=BSCL2&order=Varian

tOnTranscript%2FDNA%2CASC&skip[chromosome]=chromoso

me&skip[allele_]=allele_&skip[transcriptid]=transcriptid&search_tr

anscriptid=23833&page_size=100&page=3) to know all of the

BSCL2 sequence variation and its potential disease association.

Depending on the nature of the mutation, the resulting mutant

protein might be retaining some of its functions [Sim et al.,

2013a].

1.3.- A role for seipin

Although several insights have recently emerged, the function of

seipin remains incompletely understood. There are evidences for a

role of seipin in lipid droplet synthesis [Szymanski et al., 2007, Fei et
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al., 2011a, Fei et al., 2011b, Yang et al., 2013a] and adipogenesis

[Payne et al., 2008, Chen et al., 2012, Yang et al., 2013a, Yang et

al., 2013b].

Recent studies point to a role of seipin in nervous tissue [Yagi et al.,

2011, Wei et al., 2012, Hölttä-Vuori et al., 2013, Wei et al., 2014].

In addition, a role for seipin in male fertility is emerging from new

studies [Jiang et al., 2014].

Taking all this together, these evidences suggest the existence of

several tissue-dependent seipin functions.

1.3.1.- Adipogenesis, lipid droplets & lipid homeostasis

First of all, it is essential to discriminate between adipogenesis and

lipogenesis. Adipogenesis is the differentiation of mature adipocytes

from mesenchymal stem cells. It can be divided into two phases:

determination phase, in which mesenchymal cells loss the ability to

differentiate into other cell types, turning to preadipocytes, and

terminal differentiation phase in which preadipocytes differentiate

into mature adipocytes. This process requires the sequential

activation of some key transcription factors like PPARγ and C/EBP

family, among others. Adipogenesis is exclusive for adipocytes, the

predominant cell type present in adipose tissue, specialized in

storage of lipids [Sarjeant and Stephens, 2012, Fei et al., 2011b,

Lowe et al., 2011]. On the other hand lipogenesis is the process by
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which excess energy is stored as triglycerides in lipid droplets.

Acetyl-CoA, obtained from simple sugars such as glucose, is

converted to fatty acids. These

are stored as triglycerides (TG)

and sterol esters into lipid

droplets (LD) (see Box 2). This

process happens in most cell

types, including adipocytes

[Ducharme and Bickel, 2008,

Ameer et al., 2014].

Contrary to lipogenesis, lipolysis

is the breakdown of lipids,

involving mobilization of TG

stored within LD, and also

happens in most cell types. When

energy is required, TG are

hydrolyzed to liberate fatty acids

and glycerol [Ducharme and

Bickel, 2008]. Balance between

lipogenesis and lipolysis is

essential for the normal function

of the adipose tissue [Chen et al.,

2012].

BOX 2: Lipid Droplets (LD).- LD
consist of a core of neutral lipids
(triglycerides and sterol esters)
surrounded by a monolayer of
phospholipids with proteins
embedded. Although the exact
mechanism by which LD are
synthesized remains to be
determined, they are believed to
originate from the ER. LD not only
have a role in the storage of lipids
but also in membrane and lipid
trafficking, protein storage and
degradation and even in the
replication of hepatitis C virus.
Therefore, LD are dynamic
subcellular organelles [Walther and
Farese, 2012].

From Walther and Farese, 2012.
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 Adipogenesis

The involvement of seipin in adipogenesis has been clearly

confirmed. Seipin mRNA expression has a several-fold increase

under hormone-induced adipogenesis [Payne et al., 2008]. In

addition, seipin knockdown causes a decrease of transcription

factors involved in terminal differentiation of preadipocytes (PPARγ,

C/EBPα and SREBP1c) [Payne et al., 2008 and Yang et al., 2013a]

confirming that seipin is essential for full adipocyte differentiation.

PPARγ would be the key factor affected by seipin, directly or

indirectly. On the other hand, levels of phosphatidic acid (PA), a key

intermediate in the synthesis of glycerophospholipids and TG, are

elevated in seipin deficiency [Siniossoglou, 2009, Fei et al., 2011b].

Moreover, cyclic PA (cPA) has been identified as a PPARγ

antagonist, binding to PPARγ and stabilizing its association with the

nuclear receptor co-repressor 2 (NCOR2) [Tsukahara et al., 2010].

Given the effects of seipin deficiency on PA, and therefore cPA,

metabolism, it is conceivable a negative impact of seipin deficiency

on PPARγ through PA. In this respect, it has been proposed that

loss of seipin function might cause PA accumulation and this PA

accumulation might inhibit PPARγ [Fei et al., 2011b]. This

hypothesis is supported by the decrease of lipin 1, a phosphatase

that converts PA to DG, caused by seipin knockdown [Payne et al.,

2008], leading to the accumulation of PA. Besides, interaction

between lipin 1 and seipin has been confirmed recently. Seipin might

regulate adipogenesis by acting as an ER membrane adaptor for

lipin 1 [Sim et al., 2013b].
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On the other hand, seipin has been

involved in regulating adipogenesis

through cAMP/PKA-stimulated

lipolysis (see Box 3). Loss of seipin

in Bscl2-/-murine embryonic

fibroblasts (MEFs) causes an

increase of cAMP/PKA-stimulated

lipolysis, leading to aborted

adipogenesis [Chen et al., 2012].

Seipin might be a cell-autonomous

determinant of cAMP/PKA-

stimulated lipolysis. However, the

mechanism whereby seipin

modulates cAMP/PKA-stimulated

lipolysis remains unclear.

Seipin has also been involved in regulating adipogenesis by

coordinating the remodeling of actin cytoskeleton, a necessary step

for adipocyte differentiation. It has been confirmed that seipin

interacts with 14-3-3β through its N- and C-termini [Yang et al.,

2013b]. The 14-3-3 family is a group of scaffolding proteins with play

a multitude of roles. 14-3-3β is upregulated during adipogenesis and

recruits cofilin-1, an actin-severing protein, in the cytoplasm.

Therefore, seipin might regulate adipogenesis by recruiting cofilin-1

to remodel actin cytoskeleton through its interacting partner 14-3-3β

(Fig. III) [Yang et al., 2013b].

BOX 3: cAMP/PKA stimulated
lipolysis.- Modulation of
intracellular levels of cyclic AMP
(cAMP) together with adipocyte
triglyceride lipase (ATGL)
regulates lipolysis. Elevated
cAMP levels result in cAMP-
dependent PKA activation
leading to phosphorylation of
Perilipin 1 (Plin1) and hormone-
sensitive lipase (HSL). Plin1
release the ATGL activator CGI-
58. Therefore, cAMP/PKA
activation ultimately leads to
hydrolysis of stored lipids by
sequential action of ATGL, HSL
and monoacylglycerol lipase
[Brasaemle, 2007, Ducharme
and Bickel, 2008, Walther and
Farese, 2012, Chen et al., 2012].
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Figure III.- Proposed model for the role of actin cytoskeleton remodeling in

adipogenesis. From Yang et al., 2013.

Recently, it has been shown that seipin physically interacts with

Sarco/Endoplasmic Reticulum Ca2+ ATPase (SERCA), a protein that

transports calcium from cytoplasm to ER lumen [Junfeng et al.,

2014]. Both endogenous and overexpressed human seipin co-

immunoprecipitated with SERCA. Purified human seipin and SERCA

also interacted. Additional assays with Drosophila demonstrated that

seipin modulates SERCA activity. Seipin might promote adipose

tissue fat storage acting as a positive regulator of SERCA. Since

several studies support a critical role for ER calcium homeostasis in

adipogenesis and lipid storage [Ntambi et al., 1996, Shi et al., 2000,

Xue et al., 2001, Graham et al., 2009] this new function for seipin is
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plausible. Strikingly, SERCA has been previously linked to

lipodystrophy in lipin-1 deficient fld mice. Skeletal muscle from this

lipodystrophic mouse model exhibits reduced levels of SERCA and

knockdown of nuclear envelope phosphatase 1 – regulatory subunit

1 (NEP1-R1), a protein involved in the lipin activation pathway, also

results in reduced levels of SERCA [Han et al., 2012].

Finally, lack of seipin results in the absence of adipose tissue in

humans, causing Berardinelli-Seip congenital lipodystrophy or

BSCL2 (see 1.4.1).

 Lipid droplet synthesis

The role of seipin in LD synthesis is supported by several studies.

Aberrant LD synthesis has been observed in seipin-deficient yeast,

BSCL2 patients and seipin knock-down (KD) HeLa cells, suggesting

a role for seipin in the loading of TG into droplets (Fig. IV) [Boutet et

al., 2009, Fei et al., 2011a, Fei et al., 2011b]. Moreover, seipin

Knock-out (KO) mice and HeLa and 3T3 cells under seipin

deficiency show increased levels of TG [Cui et al., 2011, Fei et al.,

2011a].
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Figure. IV.- Clustering of small aberrant LD in seipin KD HeLa cells (right). The

morphology of LD is normal in HeLa cells transfected with siCtrl (left). From Fei et

al., 2011a.

LD may arise from the ER, remaining in close communication with it

[Walther and Farese, 2012]. The localization of yeast seipin at ER-

LD junctions supports this idea [Szymanski et al., 2007]. Based on

these studies, Cartwright and cols. propose that seipin might

regulate LD synthesis by coupling TG synthesis to LD filling

[Cartwright and Goodman, 2012] (Fig. V).
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Figure V.- Proposed model for seipin function in LD synthesis. From Cartwright et

al., 2012.

On the other hand, the existence of seipin oligomers of about 9

subunits in yeast has been described [Binns et al., 2010]. These

oligomers would be directly related to seipin role in LD synthesis:

Binns and cols. hypothesize that seipin could be involved in

organizing LD, perhaps in part by forming a collar at the ER-LD

interface (Fig. VI) [Binns et al., 2010].

Figure VI.- Proposed model for seipin oligomers at the ER membrane. From Binns

et al., 2010.
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Furthermore, oligomers of 12 subunits have also been described in

humans [Sim et al., 2013a]. In addition to its role in LD synthesis,

this oligomeric structure might be also necessary for the right

association of seipin and its interacting partners (e.g. lipin 1 or 14-3-

3β).

 Lipid homeostasis

Recently a model has been proposed according to which seipin

might regulate lipid homeostasis in a tissue-specific pattern,

restricting lipogenesis and LD synthesis in cells other than

adipocytes while promoting adipogenesis and lipid storage in

adipocytes [Yang et al., 2013a]. Overexpression of wt seipin inhibits

LD formation and accumulation in 3T3-L1 preadipocytes and AML-

12 hepatocytes. On the other hand, 3T3-L1 cells overexpressing

seipin lacking C-terminus showed defective adipogenesis after

adipocyte differentiation induction. However, overexpression of

seipin lacking C-terminus has no effect upon LD synthesis in 3T3-L1

preadipocytes and AML-12 hepatocytes. Therefore, Yang and cols.

propose that the conserved core region of seipin may acts as a

sensor of lipid content to control accumulation of lipids, being

responsible of restricting lipogenesis in cells other than adipocytes

whereas the C-terminus, recently acquired in evolution, might

promote adipocyte maturation to accommodate excessive nutrient

storage responsible of promoting adipogenesis in adipocytes (Fig.

VII).



INTRODUCTION

52

Figure VII.- Proposed model for a tissue specific seipin’s function in lipid

homeostasis. From Yang et al., 2013a.

1.3.2.- Neurotransmission

The high levels of mRNA found in human brain point to a role for

seipin in this organ. Specific seipin immunoreactivity has been

reported in motor neurons in the human spinal cord and cortical

neurons in the human frontal lobe [Ito et al., 2008]. Besides, mild

mental retardation has been reported linked to BSCL2 [Van

Maldergem et al., 2002] suggesting an impaired hypothetic brain role

for seipin. The existence of BSCL2 mutations causing motor-

neuropathies support this idea (see 1.4.2).

Recently some studies have emerged casting some light to the

potential neuronal function of seipin. Using a loss-of-function (sh-

RNA) approach, Wei and cols. tested the function of seipin in the
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central nervous system (CNS). Seipin KD neurons showed reduction

in α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

receptor (see Box 3) mediated whole

cell currents together with decreased

AMPA receptor expression and surface

AMPA receptor levels, concluding that

seipin regulates excitatory synaptic

transmission by modulating AMPA

receptor levels [Wei et al., 2012]. Co-

localization of seipin with the synaptic

vesicle marker synaptophysin in the cortex and hippocampus was

also reported.

By overexpression of the motor-neuropathy related mutation N88S

Wei and cols. tested the effects of N-glycosylation on synaptic

transmission. Seipin N88S overexpressing neurons showed

impaired synaptic transmission and altered vesicle docking and

priming. Therefore, N-glycosylated seipin might regulate synaptic

vesicle exocytosis by directly regulating synaptic vesicle docking

(Figure VIII) [Wei et al., 2014].

BOX 3: AMPA receptors.-
Glutamate receptors and
cationic channels are
involved in synaptic
transmission and plasticity in
postsynaptic membranes.
AMPA receptor mediated
excitatory postsynaptic
currents (EPSCs) are the
major excitatory drive in the
nervous system.
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Figure VIII.- The readily releasable pool and synaptic vesicle (SV) release

probability is reduced in neurons over-expressing seipin-N88S, along with

decreased number of docked vesicles. From Wei et al., 2014.

Summarizing, seipin might regulate synaptic transmission trough

both a post-synaptic mechanism (by modulating AMPA receptor

levels) and a pre-synaptic mechanism (by regulating synaptic vesicle

exocytosis).

Furthermore, a function for seipin in axonal transport has also been

proposed [Yagi et al., 2011]. A mouse model expressing seipin

N88S in the CNS showed no neuronal loss but rather, disruption of

axonal transport. Although ER stress provoked by seipin N88S may

be the probable cause of this disruption, a loss-of-function effect of

seipin in axonal transport cannot be ruled out.

Finally, seipin could be also related to the normal development of the

CNS. A zebrafish model of seipinopathy carrying the N88S mutation

showed decreased TG levels in the head suggesting a defect in the
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mobilization of lipids to the developing brain [Hölttä-Vuori et al.,

2013].

1.3.3.- Male fertility

Despite the high expression level found, the role of seipin in testes

remains unclear. In this regard, seipin KO mice have shown male

infertility [Cui et al., 2011, Jiang et al., 2014]. However, infertility is

absent in most of BSCL2 patients [Garg, 2000] (see 1.4.1). A recent

study shows that lack of testicular but not adipose tissue-derived

seipin causes teratozoospermia [Jiang et al., 2014], a condition

characterized by sperm abnormalities and infertility. Elevated PA

levels and large ectopic LD in sperm cells have been found in germ

cell-specific seipin KO mice. Seipin might modulate the testicular

phospholipid homeostasis required for normal spermiogenesis.

1.4.- Seipin & Disease:

Mutations in the Seipin/BSCL2 gene cause either type 2 congenital

generalized lipodystrophy (BSCL2) [Magré et al., 2001] or dominant

motor neuron diseases [Windpassinger et al., 2004], also called

seipinopathies. None of these diseases are lethal in a short term.

However, a recently discovered mutation in the BSCL2 gene results

in a novel fatal neurodegenerative syndrome [Guillén-Navarro et al.,

2013] henceforward called “Celia’s Encephalopathy”.
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1.4.1.- Berardinelli-Seip congenital lypodystrophy type 2 (BSCL2) or

Congenital generalized lipodystrophy type 2 (CGL2) (MIM #269700)

 History

In the middle 20th century W. Berardinelli and Martin Seip reported

the first cases of congenital generalized lipodystrophy (CGL), a rare

autosomal recessive disease characterized by a nearly complete

absence of adipose tissue, herein called Berardinelli-Seip congenital

lipodystrophy (BSCL) [Berardinelli, 1954, Seip, 1959]. To date there

are five types of BSCL, with 5 different genes involved. In the early

21th century, one of these genes was identified by Magré and cols.

(2001). Using a genome wide scan of 9 BSCL families from 2

geographical clusters in Lebanon and Norway they found mutations

in a disease locus in chromosome 11q13. This newly identified gene

was named BSCL2 or seipin.

 Disease

Berardinelli-Seip congenital generalized lipodystrophy type 2

(BSCL2) is characterized by an almost complete absence of adipose

tissue, muscle hypertrophy, acromegaloid features, acanthosis

nigricans, severe insulin resistance, hypertriglyceridaemia, early

onset diabetes mellitus and hepatic steatosis [Garg, 2004] (Fig. IX).

Hepatic steatosis can progress to cirrhosis causing hepatic failure.

Patients also frequently develop hypertrophic cardiomyopathy that
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can cause death by cardiac failure [Van Maldergem et al., 2002].

Some degree of mental retardation is often present (78% of BSCL2

patients) [Van Maldergem et al., 2002].

Figure IX.- Female (left) and male (right) BSCL2 patients. From Victoria et al.,

2010 (right) and courtesy from David Araujo (left).

Strikingly, BSCL2 patients show some scattered groups of small

adipocytes that may retain some degree of endocrine function

[Rognum et al., 1978, Cartwright and Goodman, 2012]. In this
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respect, low levels of leptin have been reported in BSCL2 patients

[Haque et al., 2002, Pardini, 1998]. In addition, BSCL2 patients also

show low levels of adiponectin (60% lower than healthy controls)

[Antuna-Puente, 2010]. However, the source of this adiponectin is

not clear.

At a molecular level, loss-of-function mutations in the BSCL2 gene

are the cause of this disease. The pathogenic mechanisms by which

different mutations result in lipodystrophy include decreased protein

stability and subsequent lack of functional protein, impaired

oligomerization and reduced ability to bind lipin 1 and target it to the

ER [Sim et al., 2013b]. At this time, the existence of additional

pathogenic mechanisms cannot be ruled out.

 Animal models

Given the importance of a reliable animal model for a better

understanding of a disease, several lipodystrophic mouse models

have been developed in the last years.

A seipin KO mouse generated by targeted disruption of seipin

displayed significantly reduced adipose tissue mass, hepatic

steatosis, glucose intolerance and hyperinsulinemia. The levels of

leptin and adiponectin were both decreased confirming that the

seipin KO mouse recapitulated many aspects of BSCL2. Strikingly,

the seipin KO mice did not show hypertriglyceridaemia [Cui et al.,

2011].
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Additionally, the seipin KO mice have shown an abnormal

accumulation of LD in the liver, suggesting a tissue specific role of

seipin in liver lipid storage [Cui et al., 2011]. This finding is coherent

with the tissue-specific proposed role for seipin in lipid homeostasis

(see 1.3.1).

Another seipin KO mouse model generated by gene targeting,

recapitulated most of the lipodystrophic phenotype of human BSCL2

[Chen et al., 2012]. Seipin KO mice showed a marked loss of fat,

hepatic steatosis, hyperinsulinemia and decreased leptin and

adiponectin levels. However, the absence of hypertriglyceridaemia

and overt diabetes together with a less severe adipose tissue loss

than expected suggest some differences between human and

mouse physiologies.

1.4.2.- Seipin-associated Motor Neuropathies

 History

Silver syndrome was first described by J.R. Silver in 1966, as a more

complicated form of hereditary spastic paraplegia (HSP) [Silver,

1966]. Later, a whole-genome scan showed linkage to chromosome

11q12-q14 (SPG17), classifying Silver syndrome as a novel HSP,

spastic paraplegia 17 (SPG17) [Patel et al., 2001]. However,

Windpassinger and cols. mapped SPG17 to chromosome 11q13,

identifying two different missense mutations N88S and S90L in the

BSCL2 gene [Windpassinger et al., 2003]. These new mutations can
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cause, in addition to Silver syndrome (MIM #270685), another

closely related disease: distal hereditary motor neuropathy type V

(dHMNV) (MIM #600794).

 Diseases

Silver syndrome is characterized by muscle weakness and mild to

severe spasticity in the lower limbs and wasting of the hand muscles

whereas dHMNV involves weakness of the distal muscles of the

upper limbs and also wasting of the hand muscles. Whilst only Silver

syndrome shows impairment of upper motor neurons, both Silver

syndrome and dHMNV show involvement of lower motor neurons.

At a molecular level, Seipin-associated Motor Neuropathies are

caused by the N88S and S90L mutations which disrupt the N-

glycosylation of seipin. As mentioned above (see 1.2) seipin has an

N-glycosylation site within the conserved region, therefore being a

glycoprotein. Glycosylation is essential for proper folding and

maturation of glycoproteins and impairment of this process leads to

accumulation of misfolded proteins and subsequent ER stress. This

condition initiates the unfolded protein response (UPR) which, if

prolonged in time, results in apoptosis [Schröder and Kaufman,

2005].

Both N88S and S90L mutant seipin are improperly folded and

accumulate in the ER resulting in ER stress [Ito et al., 2007, Ito et

al., 2008]. Overexpression of N88S and S90L mutant seipin results
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in up-regulation of the UPR markers BiP and CHOP [Ito et al., 2007,

Ito et al., 2008] indicating the existence of ER stress. Besides, N88S

and S90L mutant seipin overexpression also results in apoptosis [Ito

et al., 2007]. In addition, aggregation of mutant seipin into

cytoplasmic inclusion bodies has been described for N88S and S90L

mutations [Ito et al., 2007, Ito et al., 2008]. Strikingly, these

inclusions bodies have showed cytoprotective properties [Ito et al.,

2012].

A model according to which N88S and S90L mutant seipin lead to

motor neuropathy through a gain of toxic function effect has been

proposed (Fig. X). Accumulation of mutant seipin might cause ER

stress, initiating the UPR and leading to cell death and subsequent

motor neuron degeneration.
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Figure X.- Proposed pathogenic mechanism for motor neuropathy mutations

(modified from Ito and Suzuki, 2008).

Recently, impaired synaptic transmission in overexpressing N88S

mutant seipin neurons [Wei et al., 2014] (see 1.3.2) and impaired

axonal transport in a motor neuropathy mouse model have been

reported [Yagi et al., 2011] (see 1.3.2 and below) suggesting a more

complex pathogenic mechanism. In addition, decreased triglyceride

content together with increased ER stress in overexpressing N88S

mutant seipin astrocytoma and motor neuron cell lines has been

reported [Hölttä-Vuori et al., 2013]. Interestingly, supplementation

with exogenous oleic acid reduced ER stress levels in both cell lines,

suggesting that TG storage in LD might sequester misfolded proteins

from ER, therefore reducing ER stress.

 Animal models

Because of the incomplete understanding of the pathogenesis of

Seipin-associated Motor Neuropathies there is no effective treatment

option, highlighting the importance of developing a reliable animal

model.

A transgenic (tg) mouse line expressing human N88S mutant seipin

under Thy-1, a neuron specific murine promoter, has been

generated, recapitulating key clinical features of Seipin-associated

Motor Neuropathies [Yagi et al., 2011]. N88S Tg mice showed age-

dependent motor impairment of both upper and lower motor
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neurons, up-regulation of the ER stress marker BiP and cytoplasmic

inclusion bodies in cerebral cortex and spinal cord. N88S Tg mice

also showed severe axonal degeneration and disruption of axonal

transport. Strikingly N88S Tg mice did not show any evidence of

neuronal loss, suggesting that ER stress is sufficient, while neuronal

death is unnecessary, for the development of Seipin-associated

Motor Neuropathies.

Conclusions derived from the N88S Tg mouse were obtained by

comparing mutant transgenic mice with non-transgenic wild type

mice. Therefore, ER stress could be either the result of protein

overexpression of the transgene or specific to N88S mutant seipin.

However, a recent study has been carried out generating transgenic

mouse models with neuron-specific overexpression of either wt

(tgWT) or N88S/S90L mutant (tgMT) human seipin [Guo et al.,

2013]. TgMT mice showed late-onset and progressive motor

dysfunction, specific loss of alpha motor neurons in spinal cord and

cytosolic protein aggregates whereas none of these findings were

observed in tgWT mice. Interestingly, there was no significant up-

regulation of ER stress or inflammation markers. On the other hand,

the up-regulation of the autophagy marker LC3 together with an

increased number of autophagosomes demonstrated the activation

of autophagy pathway in response to mutant seipin in tgMT mice.

Thus, autophagy and motor neuron loss, rather than ER stress might

be critical in the development of Seipin-associated Motor

Neuropathies.
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A zebrafish model of Seipin-associated Motor Neuropathies

overexpressing human N88S mutant seipin has also been generated

[Hölttä-Vuori et al., 2013]. Seipin N88S expressing zebrafish larvae

showed significantly reduced triglyceride levels, suggesting a defect

in the mobilization of yolk lipids to the developing brain. In addition,

seipin N88S expressing zebrafish larvae also exhibited significant

decrease in spontaneous free swimming. Strikingly, as found for the

tgMT mice, there was no associated neuron loss.

1.4.3.- Celia’s Encephalopathy (MIM #615924)

 History

Towards the mid 2000s, Dr. Encarna Guillén (Unit of Medical

Genetics and Dysmorphology, Division of Pediatrics, Hospital Clínico

Universitario Virgen de la Arrixaca) diagnosed a female patient as

having a lipodystrophy. This patient (herein index case) was

homozygous for a novel mutation in the BSCL2 gene (c.985C>T).

However, instead of the expected lipodystrophic phenotype, the

patient started showing symptoms of psychomotor regression and

encephalopathy (see below), suggesting a quite different disease.

Together with Dr. Araújo, they started investigating this new disease

characterized by a progressive encephalopathy presumably caused

by the novel mutation in the BSCL2 gene. Then, in November 2009

a new patient with lipodystrophy was identified in the same small

geographical area as the index case, in Murcia (southeastern

Spain). Like the previous one, this patient carried the novel mutation
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in the BSCL2 gene but in compound heterozygosis with a “classic”

lipodystrophic mutation. Strikingly, the phenotype shown by this

patient was clearly lipodystrophic, but psychomotor delay was also

present.

In light of this new case, Dr. Rosario Domingo (Section of

Neuropediatrics, Division of Pediatrics, Hospital Clínico Universitario

Virgen de la Arrixaca) reviewed the clinical history of some of her

patients finding 3 old cases with the same neurological phenotype

shown by the index case. Two of them were relatives to the new

compound heterozygous patient. After a hard work recovering all

biological material available from these cases and sequencing the

BSCL2 gene in the parents of one of them, Dr. Araújo Lab

concluded that the 3 cases carried the novel mutation in BSCL2 in

compound heterozygosis together with a “classic” lipodystrophic

mutation.

In February 2011 Dr. Araújo found that the novel mutation

(c.985C>T) was inducing an alternative splicing causing exon 7

skipping and a frame shift and leading to a new aberrant protein.

This new aberrant protein might be responsible for the

neurodegenerative phenotype. Because of the neurological

symptoms observed in both homozygous and compound

heterozygous patients a gain of toxic function was proposed for the

new aberrant protein. However, the existence of asymptomatic

heterozygous carriers conflicts with this attributed gain of toxic

function.
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 Clinical study of the index case

The index case was a female, born to a non-consanguineuos couple

in 2004. Although physical examination was normal at birth (Fig. XI),

at 4 months of age the patient showed hepatomegaly, severe

hypertriglyceridaemia, coarse facies and muscle induration of the

limbs, being placed on an animal fat-free diet. Thus, her liver size

and plasma triglycerides became normal and her lipoatrophic

appearance regressed subsequently. Because of early symptoms

and suspecting a lipodystrophic disease, a genetic analysis of

BSCL2 was performed, revealing that the index case was

homozygous for a novel BSCL2 mutation: c.985C>T (see below).

Her psychomotor development was normal, walking independently

at 16 months of age. By age 2 the patient spoke a few monosyllabic

words and showed poor motor coordination, unsteady gait and

difficulties in standing up, increased muscle tone and brisk deep

tendon reflexes. Brain magnetic resonance imaging (MRI) at 21

months showed mild subcortical atrophy, progressing to moderate

atrophy by age 5. Cardiac evaluation was always normal.

By age 3 the patient showed psychomotor regression, losing all

language and showing severe cognitive impairment. By age 5 the

patient was unable to walk. She showed severe spasticity and

suffered convulsive seizures of different morphology. At 6 years of

age, she had severe encephalopathy with tetraparesis, pyramidal

and extrapyramidal signs and severe sleep disorder. All motor skills,

social, language and cognitive development were lost. She died at 8

years of age from an aspiration pneumonia.
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Figure XI.- Index case. From Guillén-Navarro et al., 2013.

The autopsy study of the index case revealed a severe lack of

subcutaneous and visceral adipose tissue, extreme atrophy of the

caudate nucleus and moderate cortical atrophy of frontal, parietal

and occipital lobes. Histological examination of atrophic areas

showed intense neuronal loss and astrogliosis (Fig. XII).

Figure XII.- Serial coronal sections of the left brain hemisphere from the index

case showing extreme atrophy of the caudate nucleus (arrow, left) and atrophy of

the posterior corpus callosum and parasagittal parietal cortex (arrow, right). From

Guillén-Navarro et al., 2013.
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 The mutation

As mentioned above, the index case was homozygous for a novel

BSCL2 mutation: c.985C>T. This mutation induces an alternative

splicing event that results in skipping of exon 7 and a reading frame

shift giving place to a new aberrant protein, hereafter called Celia

seipin (Fig. XIII). The second transmembrane domain, codified by

exon 7, is absent in Celia seipin.

Figure XIII.- Protein models representing (A) wt seipin and (B) Celia seipin.

At a transcriptional level the c.985C>T mutation results in a change

in the wild type sequence

(CCGAC) giving to a new branch

site (CTGAC), which it is a

consensus region for branch site

(CTRAY) (see Box 4). The

spliceosome wrongly recognizes

this new branch site together with

a donor site and an acceptor site

removing exon 7 (Fig. XIV).

BOX 4: Branch site.- Introns are
defined by three elements: a
donor site (GU sequence at the 5'
end of the intron), an acceptor site
(AG sequence at the 3' end of the
intron) and a branch site (near the
3' end of the intron). The branch
site is a pyrimidine-rich tract. The
spliceosome recognizes these
elements and removes introns.
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Figure XIV.- Alternative splicing caused by the c.985C>T mutation (modified from

Guillén-Navarro et al., 2013).

Probably, most of the times this alternative splicing event doesn’t

happen, and the c.985C>T mutation results in a premature stop

codon (R329*) leading to a truncated form of seipin that might be

quickly degraded by the cellular machinery as suggested for other

premature truncated forms of seipin like R275* [Sim et al., 2013a].

When the relative expression of the different BSCL2 transcripts were

analyzed total seipin expression in the index case was much

reduced in all tissues, compared with controls (Fig. XVA). In

contrast, the expression of transcripts without exon 7 was very high

(Fig. XVB) [Guillén-Navarro et al., 2013]. Therefore, these transcripts

might play a key role in the pathogenesis of Celia’s Encephalopathy.
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Figure XV.- Percentage of change referred to the control pituitary of (A) exon 7-

containing or (B) exon 7-skipped BSCL2 transcripts. From Guillén-Navarro et al.,

2013.
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 The disease

To date, six patients from four apparently unrelated pedigrees have

been identified. Two of them are homozygous for the c.985C>T

mutation whereas the other four are compound heterozygous,

carrying the c.985C>T mutation plus a lipodystrophic mutation

(c.538G>T or c.507_511del).

All patients were born in three nearby towns in the Region of Murcia,

in the southeast of Spain (Fig. XVI). A genetic study was carried out

with 322 volunteers from those three towns. The c.985C>T mutation

appeared in heterozygosity in eight samples, showing an allelic

frequency of 0.012. The mutation didn’t appear in 50 control subjects

from Galicia (Northwestern Spain). Therefore, the distribution area

for this mutation is very restricted suggesting a founder effect. To

confirm this point, an haplotype analysis was performed, obtaining a

total of four haplotypes [Guillén-Navarro et al., 2013]. The most

frequent one appeared in 136 chromosomes, the second one, in 50

chromosomes, another one, in a single chromosome, and 13

chromosomes shared a unique haplotype which included the

mutation. Of note, all the mutation carriers shared that common

haplotype, which was absent in the non-carrier relatives and the

control participants. A founder effect is confirmed for the c.985C>T

mutation, pointing to an ancestral origin of the mutation.
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Figure XVI.- Map of the Region of Murcia (Southeast of Spain). The three towns

where Celia’s Encephalopathy patients have been detected are marked. Map

modified from

http://www.policia.es/documentacion/docu_esp/oficinas_provincia.php?id_region=

16&id_provincia=30

Homozygous patients carrying the c.985C>T mutation suffer from

progressive encephalopathy starting at age 2-3, with a fatal outcome

at age 6-8. In addition, compound heterozygous subjects, carrying

the c.985C>T mutation plus a “classic” lipodystrophic mutation

(c.538G>T or c.507_511del), showed a neurological clinical course

similar to that of the homozygous cases. Strikingly, heterozygous

carriers are asymptomatic, conflicting with the gain of toxic function

attributed to the mutation [Guillén-Navarro et al., 2013].
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 Molecular mechanism

The mechanism by which Celia seipin could be exerting its

pathogenic effect posed an enigma. Preadipocytes from the index

case showed high expression level of BiP, an ER stress marker, and

markedly dilated rough ER [Guillén-Navarro et al., 2013]. ER stress

has been extensively associated to several neurodegenerative

diseases [Matus et al., 2011]. Besides, ubiquitin positive intranuclear

inclusions in the hypothalamus of the index case were found (Fig.

XVII) [Guillén-Navarro et al., 2013]. Ubiquitin positive intranuclear

inclusions have been associated to other neurodegenerative

syndromes like Huntington’s disease [Sieradzan et al., 1999].

Figure XVII.- Ubiquitin positive intranuclear inclusions (arrows) in hypothalamus

from the index case. From Guillén-Navarro et al., 2013.
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Likewise, ER stress has been demonstrated in the N88S and S90L

mutations of the seipin gene, both of which lead to motor

neuropathies [Ito et al., 2007]. Moreover, cytoplasmic inclusion

bodies with a cytoprotective function have been detected in these

mutations [Ito et al., 2012]. On the other hand, mild mental

retardation has been reported linked to CGL2 [Van Maldergem et al.,

2002] suggesting an impaired hypothetic brain role for seipin.

However, considering the short term lethal nature of Celia’s

Encephalopathy, it was clear that a different or more aggressive

pathogenic mechanism had to be involved in this new disease.

 Heterozygous carriers´ paradox

The severe neurodegenerative phenotype shown by homozygous

patients carrying the c.985C>T mutation [Guillén-Navarro et al.,

2013] points to a gain of toxic function in Celia´s encephalopathy.

Therefore, heterozygous carriers would be expected to suffer some

degree of pathology caused by the expression of a small amount of

Celia seipin. Strikingly, heterozygous carriers are completely

asymptomatic. This contradiction might be explained by a threshold

effect according to which a higher amount of Celia seipin than that

expressed in heterozygous carriers would be necessary to exert a

toxic effect. Nevertheless, the existence of compound heterozygous

patients carrying Celia´s mutation together with a “classic” seipin

mutation (c.538G>T or c.507_511del) and showing the same

phenotype as homozygous patients [Guillén-Navarro et al., 2013],

rules out such a threshold effect. A single copy of the mutant allele is
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sufficient to develop the disease, suggesting a more complex

pathogenic molecular mechanism.

In this context, the present study aims at elucidating the molecular

mechanism of Celia’s Encephalopathy, while sheds light on the lack

of symptoms in heterozygous carriers.



INTRODUCTION

76



AIM OF THE THESIS

77

II. Aim of the thesis

The main aim of this thesis is to elucidate the molecular basis of

“Celia’s Encephalopathy”, a fatal neurodegenerative syndrome

associated to a new mutation in the BSCL2 gene. Once established

the existence of this new disease, several question emerged from

the first assays carried out:

 By which mechanism could be Celia seipin exerting its

pathogenic effect?

 Could be ER stress responsible of the disease?

 If Celia seipin has a toxic function, why heterozygous carriers

are healthy?

 Is Celia seipin forming oligomers?

 Are both wt and Celia seipin able to interact?

 Are ubiquitin positive intranuclear inclusions containing Celia

seipin?

These are the questions that this thesis tries to solve, hopefully

successfully.
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III. Materials & Methods

The assays involving human samples described in this thesis were

approved by the local Ethics Review Panel of Xunta de Galicia

(Spain) and were in accordance with the Declaration of Helsinki.

Patient’s relatives gave informed consent for participation in the

study and publication of clinical and biochemical information.

3.1.- Cell culture and transfection

HeLa (human cervix adenocarcinoma), 3T3 (mouse embryo

fibroblasts), Human Embryonic Kidney (HEK) 293 and COS-7

(fibroblast-like cells from monkey kidney tissue) cells were grown at

37ºC and 5% CO2, in Dulbecco’s modified Eagle’s medium (DMEM)

(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% Fetal

Bovine Serum (FBS) (Gibco, Life Technologies, Gaithersburg, MD,

USA), 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA)

and 1% L-glutamine (Gibco). SH-SY5Y (human neuroblastoma) cells

(European Collection of Cell Cultures, Salisbury, UK) were grown at

37ºC and 5% CO2 in 1:1 Ham’s F12:Earle’s Balanced Salt Solution

(Sigma-Aldrich) supplemented with 15% FBS (Gibco), 1%

penicillin/streptomycin (Invitrogen), 1% L-glutamine (Gibco) and 1%

non-essential aminoacids (NEAA) (Gibco). Transient transfections

were performed with TurboFect (Thermo-Fisher Scientific, Waltham,

MA, USA) or Fugene 6 (Promega, Fitchburg, WI, USA) according to

the manufacturer’s instructions. Briefly, cells were plated at the

desired concentration one day before transfection to be 80%
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confluent on the day of transfection. Transfection was performed at a

3:1 (Fugene 6) or a 2:1 (TurboFect) transfection reagent:DNA ratio.

Cells were assayed 48 hours after transfection.

3.2.- cDNA

A plasmid containing wild type human seipin fused to a myc tag (6

myc-wt seipin pCS2+MT) was a kind gift from Prof. D. Ito, Keio

University, Japan. Myc fused Celia seipin expression plasmid was

generated by Dr. Berta Victoria, U.E.T.e.M, CIMUS Biomedical

Research Institute, Santiago de Compostela, Spain, as previously

described [Guillén-Navarro et al., 2013].

Plasmids containing wild type or Celia seipin fused to a FLAG tag

were created as follows: seipin cDNA was amplified by PCR using

primers designed for human wt seipin (forward: 5’-

GCCGAATTCATGTCTACAGAAAAGGTAGACCA-3’; reverse: 5’-

GCCTCTAGAGGAACTAGAGCAGGTGGGG-3’) and Celia seipin

(forward: 5’-GCCGAATTCATGTCTACAGAAAAGGTAGACCA-3’;

reverse: 5’-GCCTCTAGAGGGGCTGCTGATCTGGTTT-3’), then

digested with the restriction enzymes EcoRI (Thermo-Fisher

Scientific) and XbaI (Thermo-Fisher Scientific), purified and inserted

into p3XFLAG-CMV-14 (Sigma-Aldrich) plasmid. Correct cloning

was verified by sequencing. Control plasmids were empty p3XFLAG-

CMV-14 (Sigma-Aldrich) and pCS2+MT.
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3.3.- Antibodies

The following primary antibodies were used in this study: anti seipin

(HPA042394) rabbit polyclonal antibody (1:40-1:1500, The Human

Protein Atlas [Uhlen, 2010]), anti c-myc (9E10) mouse monoclonal

antibody (1:1000, Santa Cruz Biotechnology, Dallas, TX, USA), anti-

Fibrillarin (H140) (1:500, Santa Cruz Biotechnology), anti-FLAG

rabbit polyclonal antibody (1:1000, Sigma-Aldrich), anti-GAPDH

(1:10000, Sigma-Aldrich), anti-BiP (1:1000, Cell Signaling, Beverly,

MA, USA), anti-Grp94 (1:1000, Cell Signaling), anti-Tubulin (1:5000,

Sigma-Aldrich). The following secondary antibodies were used:

Alexa Fluor 555- conjugated anti-mouse IgG secondary antibody

(1:2000, Invitrogen), horseradish peroxidase-linked anti mouse IgG

secondary antibody (1:2000, GE Healthcare UK, Buckinghamsire,

UK), horseradish peroxidase-linked anti rabbit IgG secondary

antibody (1:2000, Dako, Glostrup, Denmark).

3.4.- Western Blot analysis

HeLa cells, 80% confluent were transfected with Myc-wt seipin, Myc-

Celia seipin or empty vector. Briefly, 3x105 cells/well for a 6-well

plate, 6.5x105 cells for a 60 mm plate or 1.7x106 cells for a 100 mm,

were plated one day after transfection. Cells were counted using a

Neubauer chamber. Transfection was performed at a 3:1 (Fugene 6)

or a 2:1 (TurboFect) transfection reagent:DNA ratio, according to

manufacturer’s instructions. After 48 hours, the medium was

removed by vacuum aspiration and cells were lysed by scrapping in
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25 to 75 µl (depending on the plate area) of RIPA buffer (50 mM

Tris-HCl, pH 7.2, 150 mM NaCl, 1% NP-40, 0.5% sodium

deoxycholate, 0.1% SDS, 1 mM PMSF, 1 mM DTT, 10 μg/ml

leupeptin and 10 μg/ml aprotinin). Lysates were incubated on ice for

30 min, with vortexing each 5 min. Then, lysates were centrifuged at

45000 rpm, at 4ºC, for 20 min in a Microfuge 22R centrifuge

(Beckmann Coulter, Brea, CA, USA) and supernatants containing

soluble proteins were collected. Protein content was determined by

using the Bio-Rad protein assay (Bio-Rad laboratories, Hercules,

CA, USA) in a BioMate 3 spectrophotometer (Thermo-Fisher

Scientific). Protein samples (25 µg unless otherwise indicated) were

mixed with Laemmli buffer (Bio-Rad) at a 1:1 ratio and separated by

SDS-PAGE on 12% or 7.5% acrylamide/bisacrlyamide gels using a

Mini-Protean 3 cell electrophoresis system (Bio-Rad) at 200V, 0.2A,

30W for 1 hour. A set of commercial markers, Precision Plus Protein

Standards All Blue (Bio-Rad), with a known MW were loaded in each

gel. Once separated, proteins were transferred to PVDF transfer

membranes (Millipore, Billerica, MA, USA) using a TransBlot SD

Electrophoretic Transfer Cell system (Bio-Rad) at 15V, 0.04-013A

(depending on the number of membranes), 50W for 1.5 hours. To

test the success of the transference Ponceau Stain (Sigma-Aldrich)

was used. After transference, the membranes were blocked with 5%

non-fat milk-PBS at 4ºC, overnight with shaking. Next day, the

membranes were probed with primary antibodies and horseradish

peroxidase-linked secondary antibodies. Primary and secondary

antibodies were diluted in 5% bovine serum albumin (BSA). All the

incubations were for 1 hour at room temperature (RT) with shaking.
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After each incubation step, the membranes were washed with PBS-

0.01% Tween. Chemiluminiscence detection was performed by

using Luminata Forte Western HRP Substrate (Millipore) and

Amersham Hyperfilm ECL X-ray films (GE Healthcare). Briefly,

membranes were incubated with Luminata Forte for 5 min at RT.

Then, X-ray films were exposed to the membranes in a dark room at

different times. X-ray films were revealed and fixed using

Developer/Replenisher (AGFA, Mortsel, Belgium) and Manual Fixing

Bath (AGFA) respectively and finally washed with fresh water.

When necessary, membranes were subjected to stripping with

Restore Plus Western Blot Stripping Buffer (Thermo-Fisher

Scientific) at 37ºC for 20 min with shaking and reprobed.

Immunoblots showed in Figure 9 and Figure 14 were scanned and

analyzed by densitometry using the Image J 1.48v software

(National Institutes of Health, Bethesda, MD, USA). All blots shown

are representative of a minimum of 3 experiments.

3.5.- Immunostaining and confocal imaging

HeLa, SH-SY5Y, HEK293, COS7 and 3T3 cells were grown in EZ

Millicell slides (Millipore) to an 80% confluence and transfected with

Myc-wt seipin, Myc-Celia seipin or empty vector as above described.

After 48 h, the medium was removed by vacuum aspiration and cells

were washed with PBS and fixed with Methanol-Acetone 1:1 for 20

min at -20 ºC and permeabilized in 0.5% Triton X-100 for 5 min.
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Non-specific binding was blocked with 5% BSA for 1 hour. Slides

were incubated with 1:1000 anti c-myc (9E10) antibody (Santa Cruz

Biotechnology) at 4ºC overnight. The next day, after four washes

with PBS, the slides were incubated with Alexa Fluor 555 (Thermo-

Fisher Scientific) conjugated anti mouse secondary antibody and

DAPI stain (Sigma Aldrich) for 1 hour at RT in darkness and

mounted using Mount Quick Aqueous (Bio-Optica, Milano, Italy).

Immunofluorescence staining was examined a Leica TCS SP5

confocal microscope and LAS AF Software (Leica, Mannheim,

Germany).

3.6.- Subcellular fractionation

The method of Yokoyama and cols. [Yokoyama et al., 2007] was

followed. Briefly, HeLa cells grown in 100 mm plates (1 plate per

condition) were transfected with Myc-wt seipin, Myc-Celia seipin or

empty vector. After 48 hours, medium was removed by vacuum

aspiration and cells (approximately 8.8x106 cells/plate at 100%

confluence), were washed twice with PBS and harvested by

scrapping in 75 µl of ice-cold buffer A (10 mM Hepes, pH 7.0, 5 mM

MgCl2, 25 mM KCl, 1 mM Na3VO4, 1 mM PMSF, 10 μg/ml

leupeptin, and 10 μg/ml aprotinin). Once suspended in ice-cold

buffer A) cells were disrupted by repeated passage (10-times)

through a 23 gauge-needle and then mixed immediately with an

equal volume (~900 µl) of ice-cold buffer A containing of 0.25 M

sucrose. The mixture was centrifuged at 500 × g for 10 min. The

pellet was resuspended in an equal volume (~500 µl) of ice-cold
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buffer A containing 0.1 % of NP-40 and then homogenized again by

passage through a 23-gauge needle ten times. Nuclei were isolated

by centrifugation at 500 × g for 10 min, washed once with 500 µl

buffer A containing of 0.1 % of NP-40, and lysed in 500 µl lysis

buffer (10 mM Hepes, pH 7.0, 0.5 M KCl, 1.5 mM MgCl2, 0.2 mM

EDTA, 1 mM DTT, 1 mM PMSF, 10 μg/ml leupeptin, and 10 μg/ml

aprotinin). This is the subcellular fraction enriched in nuclei. EDTA

was added to the supernatant from the initial low speed

centrifugation (500 x g) to a final concentration of 10 mM and the

mixture subjected to centrifugation at 16,000 × g for 15 min. The

resultant pellet was washed once with 500 µl buffer A containing of

0.25 M sucrose and lysed in 500 µl RIPA buffer (50 mM Tris-HCl, pH

7.2, 150 mM NaCl, 5 mM EDTA, 2 mM Na3VO4, 1% NP-40, 0.25 %

sodium deoxycholate and 0.05 % SDS, 1 mM PMSF, 10  μg/ml

leupeptin, and 10 μg/ml aprotinin). This fraction represents the

standard subcellular fraction enriched in mitochondria +

microsomes. The supernatant from the centrifugation at 16000 x g

represents the subcellular fraction enriched in cytosol + plasma

membrane. All centrifugations at 500 x g were carried out at 4ºC in a

Microfuge 22R centrifuge (Beckmann Coulter). Centrifugations at

16000 x g were carried out at 4ºC in an Optimal TLX Ultracentrifuge

(Beckmann Coulter).

A sample (100 μl) of the initial whole-cell suspension was lysed

directly in 500 µl RIPA buffer as control.
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Each fraction was analyzed by WB (see above) using 1:1000 anti-

myc, 1:500 anti-Fibrillarin (H140) (nuclear marker), 1:1000 anti-

Grp94 (ER marker) and 1:10000 anti-GAPDH (cytoplasmic maker)

antibodies.

3.7.- BSCL2 expression study

Total RNA was extracted from lymphocytes and reverse-transcribed

as previously reported [Victoria et al., 2010]. Expression of BSCL2

mRNA was quantified in a Light Cycler 2.0 (Roche Diagnostics, Sant

Cugat del Vallés, Spain) using the following specific probes and

oligonucleotide primers designed by Universal Probe Library (Roche

Diagnostics):

BSCL2 ex6-8 (exon 7 skipped):

Primer F: 5'-AGCGATCATTGAGATCCACA-3'

Primer R: 5'-TTTTCGGATGTTAACCTGAGC-3'

Probe #42 (Universal Probe Library, Roche Diagnostics):

CATCCAGC

Amplicon: 96 nucleotides

BSCL2 ex7:

Primer F: 5'-TGCGCCTTCATAGGTGTTG-3'

Primer R: 5'-ACCCACTGCATGTAGCTGAA-3'

Probe #73 (Universal Probe Library, Roche Diagnostics):

TCCTCAGC
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Amplicon: 74 nucleotides

BSCL2 cDNA Real Time RT-PCR program described in Table I.

Table I.- Real Time RT-PCR conditions for BSCL2 expression study

Step Temperature Time Cycles

1 95ºC 15 min x1

2 95ºC 20 sec x40-50

3 60ºC 1min x1

Results were normalized to the RNA polymerase II and 18s genes,

using the 2-ΔΔ CT method [Livak, 2001].

3.8.- Proteomic analysis

Adipose tissue biopsies.- A small sample of visceral adipose

tissue of the abdominal area was obtained from a homozygous

patient (index case), at 6 years of age, and from an age-matched

healthy control. Small pieces of adipose tissue were placed on a 60

mm dish (BD FalconTM, Mississauga, ON, Canada) containing

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) plus

30% fetal bovine serum (FBS) (Gibco) and 50 μg/ml gentamicin

(Sigma-Aldrich), and incubated at 37 ºC with 5% CO2 in a Water-

Jacket CO2 incubator (NuAire, Plymouth, MN, USA). Preadipocytes

were recognised by the presence of small lipid droplets in the

fibroblast-like cells. Then, preadipocytes were tripsinized with
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TrypLE™ Express Stable Trypsin-like Enzyme with Phenol Red

(Gibco) and cultured on 100 mm dishes in DMEM containing 10%

FBS and 1% penicillin-streptomycin (Invitrogen).

Protein preparation and processing.- Preadipocytes cultured in

100 mm plates to confluence were washed twice with cold PBS and

solubilized in lysis buffer (20mM HEPES, 2mM EGTA, 1mM DTT,

1mM sodium orthovanadate, 1% Triton X-100, 10% Glicerol, 2µM

leupeptine, 400 µM PMSF, 50µM β-glycerophosphate,100 µg/ml

trasylol). Cells were scrapped in ice for 10 min, incubated in ice for

30 min with vortexing each 5 min and centrifuged in a Microfuge 22R

centrifuge (Beckmann Coulter) at 14000 x g for 20 min at 4ºC. The

supernatant was saved and protein concentration was determined

using the BCA protein assay kit (Thermo-Fisher Scientific).

Protein extracts were precipitated with 60% trichloroacetic acid in

acetone. Briefly, frozen protein extracts were resuspended in half of

their volume with 60% TCA/acetone solution and kept during 45 min

on ice. Samples were centrifuged at 10000 x g for 1 min at 4ºC.

Supernatants were discarded and pellets were resuspended in 500

µl of cold acetone and sonicated with 3-4 pulses in the ultrasonic cell

disruptor Sonifier 150 (Branson Ultrasonics, Danbury, CT, USA) on

ice. Samples were centrifuged at 10000 x g for 1 min at 4ºC.

Resuspension, sonication and centrifugation were repeated twice.

Then, supernatants were discarded and pellets were left to air dry.

Pellets were resuspended in a minimum volume of 2D sample buffer

(5 M urea, 2 M thiourea, 2 mM tributyl-phosphine, 65 mM DTT, 65
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mM CHAPS, 0.15 M NDSB-256, 1 mM sodium vanadate, 0.1 mM

sodium fluoride, and 1 mM benzamidine). Protein quantification was

performed with the Coomassie Plus protein reagent (Thermo

Scientific) in a Genesis 20 spectrophotometer (Thermo-Fisher

Scientific).

2D-gel electrophoresis.- For each sample, 600 μg of protein were

dissolved in 500 µl of 2D sample buffer. Ampholytes (Servalyte 4–7)

were added to the sample to a final concentration of 1.6% (v/v).

 First dimension (Isoelectrofocusing) was on immobilized pH

gradient (IPG) strips 4–7, 24 cm (GE Healthcare). Briefly, the

samples were placed in a lane of the rehydration tray

(Immobiline Dry Strip Reswelling Tray, GE Healthcare) in

contact with the gel of the strips. IPG strips were covered with

mineral oil Dry Strip Cover Fluid (GE Healthcare) and left in

passive rehydration overnight. Next day mineral oil was

removed and the strips were placed in a Multiphor II

electrophoresis unit (GE Healthcare) for isoelectrofocusing.

The program was set as described in Table II.



MATERIALS & METHODS

92

Table II.- Program set in the first dimension of the 2D-gel electrophoresis.

Step Voltage Amperage Wattage Time

1 300V 3mA 5W 1 min

2 300V 10mA 5W 2 hours

3 350V 10mA 5W 3 hours

4 350V 10mA 5W 21 hours

 Equilibration.- After the first dimension the strips were

equilibrated, reduced and alkylated. The strips were

incubated with reducing buffer (50mM Tris pH 8.8, 4M Urea,

30% Glycerol, 2% SDS, 2% DTT and traces of bromophenol

blue) for 15 min at RT with shaking. The strips were gently

washed with milliQ water and incubated with alkylating buffer

(same composition than reducing buffer plus 2.5%

iodoacetamide instead of 2% DTT) for 15 min at RT with

shaking. Finally the strips were washed gently with milliQ

water.

 Second dimension was performed by SDS-PAGE on 10%

large polyacrylamide gels (25 x 20 cm). Electrophoresis was

carried out in a EttanDALT six system (GE Healthcare) at

10ºC. The program was set as described in Table III.
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Table III.- Program set in the second dimension of the 2D-gel

electrophoresis.

Step Voltage Amperage Wattage Time

1 80V 20mA/gel 2W/gel 1 hour

2 500V 40mA/gel 17W/gel 6 hours

Staining and scanning.- After the second dimension, gels were

fixed in 10% methanol/7% acetic acid for 1 hour, and stained

overnight with Sypro Ruby fluorescent dye (Lonza, Basel,

Switzerland). The next day gels were washed for 1 hour in 10%

methanol/7% acetic acid, and scanned in a Typhoon 9410 scanner

(GE Healthcare). The program used to scan the images was

Typhoon Scanner Control, version 5.0 and the following parameters

were chosen: resolution 200 µm, blue laser with an excitation

wavelength of 488 nm, filter 610 nm, medium sensitivity,

photomultiplier 600V. After scanning, images were converted to a

high resolution TIFF format. Gels were kept in plastic bags in

vacuum and stored at 4ºC until spot excision.

Differential image analysis.- Images were processed using Ludesi

REDFIN 3 software (Ludesi AB, Lund, Sweden). Four gels from

each sample were analyzed. Images were analyzed using the

Ludesi Redfin Solo protocol. This protocol consists of the following

steps:
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 Image registration and alignment.- The first step is to register

matching points in the gel images, based on features or

patterns that can be seen in the image. Using this information

the images can be aligned and geometrically transformed

(warped) so that matching protein spots appear at the same

position in the warped images. The spots should overlap

when the warped imaged are stacked on top of each other.

Ludesi Redfin Solo uses a semi-automatic approach, where a

human indicates matching points in the images, which are

subsequently improved by computer algorithms. One gel is

selected as the reference gel and the other gels are

aligned/warped to it.

 Composite image.- A composite image (consensus image or

fusion image) is created by merging all the gel images into a

single representative image. This image will then contain all

the spots from the individual gels. In order to avoid artifacts,

such as cracks or large stains, from being included in the

composite image, it is possible to exclude some images or

image regions when creating the fusion image.

 Spot detection.- Spot detection involves using algorithms to

detect all real protein spots in the images, while avoiding

falsely detecting anything in the images that does not

represent a true spot. The sensitivity of the spot detection

algorithm is adjusted to work well with the specific images.
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 Segmentation.- This step determines which region in the

images contains each protein spot. The region outline (spot

border) should encompass all the stained area belonging to

the spot and nothing from nearby spots. In the Redfin Solo

protocol spot borders are determined in the composite image

and are then applied, after warping, to all the individual

images. After this, verification and adjustment of spot

positions and borders can be done in each individual image.

 Quantitation.- The cumulative staining intensity contained

within a spot, which in turn corresponds to the relative protein

volume, is measured. This involves calculating the local

background level around a spot and subtracting this

background level from the staining level contained within the

spot as defined by the spot border. The result is a calculation

of the total, background corrected, staining level of the spot.

 Normalization.- This step involves making the spot volumes

comparable between gel images in the face of technical

differences in staining, scanning, sample volume, and so on.

Ludesi uses a method of normalization that works with gel

pairs. The algorithm computes a normalization factor for each

gel and uses it to normalize the spot volumes in that gel.
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 Statistical analysis.- For each spot ID, ANOVA p-value was

calculated using the quantified and normalized volumes for

the matched spot in each of the images. Differential

expression of proteins was defined on the basis of >2-fold

change between group averages and p<0.05.

Mass spectrometric analysis.- Spots chosen for mass

spectrometric (MS) analysis were excised from the gels and

manually in-gel digested with trypsin following the protocol defined

by Shevchenko and cols. [Shevchenko et al., 1996].

 Digestion.- Briefly, the excised spots were washed three

times with 100 µl of 50 mM ammonium bicarbonate in 50%

methanol (grade HPLC Scharlau) (Scharlab, Barcelona,

Spain) and reduced with 10 mM DTT (SERVA

Electrophoresis GmbH, Heidelberg, Germany). After this, the

gel pieces were washed three times with ammonium

bicarbonate, dried in a SpeedVac (Thermo-Fisher Scientific)

and alkylated with 55 mM iodoacetamide (Sigma-Aldrich).

The gel pieces were washed again with ammonium

bicarbonate, dehydrated with acetonitrile and dried again in a

SpeedVac (Thermo Scientific). Porcine modified trypsin

(Promega) was added to a final concentration of 20 ng/ml in

20 mM ammonium bicarbonate and digestion let proceed

overnight at 37ºC. Peptide extraction from the gel pieces was

carried out three times with 40 µl of 60% acetonitrile in 0.5%
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formic acid. Extracts were pooled, dried in a SpeedVac

(Thermo Scientific) and stored at 20ºC.

Most of the digests were subjected to MALDI-TOF analysis using a

model 4800 MALDI-TOF/TOF mass spectrometer (ABSciex,

Framingham, MA, USA). Dried peptides were dissolved in 4 µL of

0.5% formic acid. Equal volumes (0.5 µL) of peptide and matrix

solution, consisting of 3 mg alpha-cyano-4-hydroxycinnamic acid (α-

CHCA) dissolved in 1 mL of 50% acetonitrile in 0.1% trifluoroacetic

acid, were deposited using the thin layer method, onto a 384 Opti-

TOF MALDI plate (Applied Biosystems). MS spectra were acquired

in reflectron positive ion mode with a Nd:YAG, 355 nm wavelength

laser, averaging 1000 laser shots and using at least three trypsin

autolysis peaks for internal calibration. All MS/MS spectra were

performed by selecting the precursor ions with a relative resolution

of 300 (FWHM) and metastable suppression. Automated analysis of

mass data was achieved by using the 4000 Series Explorer Software

V3.5. MS and MS/MS spectra data were combined through the GPS

Explorer Software v3.6. Database search was performed with the

Mascot v2.1 search tool (Matrix Science, London, UK) screening

SwissProt (release 56.0). Searches were restricted to human

taxonomy allowing carbamidomethyl cysteine as a fixed modification

and oxidized methionine as potential variable modification. Both the

precursor mass tolerance and the MS/MS tolerance were set at 30

ppm and 0.35 Da respectively, allowing 1 missed tryptic cleavage

site. All spectra and database results were manually inspected in

detail using the above software.
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Some of the spots were identified by LC-MS/MS. In this case,

digested peptide mixtures dissolved in 0.1% formic acid were

separated in an EASY-nLC (Proxeon, Bruker Daltonik GmbH) with a

reverse phase nanocolumn  (Easy column  SC200 C18 3µm 120A

360 µm OD/75µm ID, L=10cm) from Proxeon. Ionized peptides were

analyzed in a Bruker Amazon ETD ion trap. Automated analysis of

mass data was achieved by Data Analysis 4.0 and BioTools 3.2 from

Bruker Daltonik GmbH. Database search was performed with the

Mascot v2.3 search tool (Matrix Science, London, UK) screening

SwissProt (release 57.15). Searches were restricted to human

taxonomy allowing carbamidomethyl cysteine as a fixed modification

and oxidized methionine as potential variable modification. Both the

precursor mass tolerance and the MS/MS tolerance were set at 0.3

and 0.4 Da, respectively, allowing 1 missed tryptic cleavage site. All

spectra and database results were manually inspected in detail

using the above software, especially in the case of identifications

based on one peptide hit. For the latter, positive identification by MS

was only accepted when more than 50% y-ions were obtained for a

peptide comprising at least eight amino acids long and no missed

tryptic cleavage site. Positive hits corresponded to Mascot scores >

40 plus the fulfillment of the above criteria.

Bioinformatic analysis.- The differentially expressed identified

proteins were parsed by protein class through PANTHER online tool

v7.2 [Mi, 2010], and GO biological process (BP) and molecular

function (MF) annotations via DAVID web-based tool v6.7 [Dennis,

2003, Huang, 2009].
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For enrichment analyses, differentially expressed proteins were

compared with the default human reference dataset containing all

GO annotations taxonomy. Statistically overrepresented categories

were determined using modified Fisher’s exact tests with p-value

after Benjamini correction lower than 0.05. GO-BP categories

significantly overrepresented (p< 0.05) were summarize using

REVIGO [Supek, 2011].

3.9.- Density gradient fractionation

Lysates (vide supra) containing 150 µg of protein from HeLa cells

transfected with Myc-wt, Myc-Celia or both seipin isoforms (10:1

ratio) were loaded on the top of 10-60 % sucrose gradients (Fig. 8A)

(sucrose dissolved in PBS) to a final volume of 2.6 ml, covered with

1 ml of mineral oil (GE Healthcare) and centrifuged at 272109 g in a

SW60Ti rotor (Beckmann Coulter) at 4ºC for 16 hours.

After removal of mineral oil, 8 fractions of 325 μl were collected from

the top of each gradient. 50 µl of each fraction were evaporated to a

final volume of ~14 ul by using an Automatic Environmental

SpeedVac AES 1000 (Savant, Farmingdale, NY, USA), subjected to

SDS-PAGE and analyzed by immunoblotting (see above) with

1:1000 anti c-myc (9E10) antibody (Santa Cruz Biotechnology)

followed by incubation with horseradish peroxidase-linked secondary

antibody (GE Healthcare).
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The MW of the oligomers was estimated using the theoretical MW of

Myc-wt seipin (58 kDa) and Myc-Celia seipin (46 kDa). According to

the calibration curve (Fig. X) Myc-wt seipin oligomers have a MW of

approximately 690 kDa. Dividing the estimated MW of Myc-wt seipin

oligomers and the MW of each subunit we can conclude that the

oligomers are composed of 12 subunits (690/58 = 11.89). Myc-Celia

seipin aggregates have a MW of 1250-2000 kDa, being composed of

between 27 and 44 subunits. This estimation is the result of 3

independent assays.

Parallel studies were carried out using 10-60% sucrose gradients but

with sucrose dissolved in RIPA buffer instead of in PBS (Appendix

III).

3.10.- Co-immunoprecipitation

Lysates (vide supra) from transfected HeLa cells were subjected to

coimmunoprecipitation using the Pierce c-Myc Tag IP/Co-IP Kit

(Thermo-Fisher Scientific) according to the manufacturer’s

instructions. Briefly, 500 µg of lysates were added to spin columns

together with 10 µl of anti c-Myc agarose slurry (5 µg of anti c-myc

antibody). Columns were incubated with gentle end-over-end mixing

overnight at 4ºC. The next day, columns were pulse centrifuge and

the flow-through discarded. Columns were washed three times with

500 µl of TBS plus 0.05% Tween (TBS-T) and once with 500 µl of

1X Conditioning Buffer (neutral-pH buffer).  For elution of c-Myc

immunoprecipitates, 25 µl of 2X Non-Reducing Sample Buffer were
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added and columns were boiled on a heat block for 5 min. After a

brief spin eluates were collected in a tube. 25 µl of each sample plus

1 µl of 2-mercaptoethanol were separated by SDS-PAGE and

analyzed by immunoblotting (see above) with 1:1000 anti c-Myc

antibody.

3.11.- Immunohistochemistry

The brain from the index case was kindly donated for research use

by her parents and conserved part at the Hospital Clínico

Universitario Virgen de La Arrixaca (Murcia, Spain) and other at the

CIMUS Biomedical Research Institute (Santiago de Compostela,

Spain). Part of the brain was fixed in formalin and subsequently

embedded in paraffin immediately after necropsy. Paraffin

embedded samples were kindly provided by Alberto Rábano, from

Neuropathology Department and Tissue Bank, Fundación CIEN

(Madrid, Spain).

Paraffin sections of the posterior hypothalamus, at a coronal level

including the mammillary body, from the homozygous index case

and two control cases (both of them males, 43 and 68 years at

death, respectively; samples obtained from autopsy after death by

suicide) were analyzed by immunohistochemistry. First, samples

were deparaffinized, rehydrated and subjected to heat-induced

antigen retrieval by pressure cooker heating using PT-Link (Dako) to

restore the epitopes that might be altered after formalin fixation.

Briefly, samples were immersed in retrieval solution and boiled for

20 seconds to 5 min in a pressure cooker. After that, samples were
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immunostained with 1:40-1:500 anti-seipin antibody HPA042394

(The Human Protein Atlas). Primary antibody was diluted in Dako

Real Antibody Diluent (Dako) and staining was amplified and

revealed by means of the Dako Envision system (Dako).
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IV. Results

Summary

To study the molecular basis of Celia’s Encephalopathy the first step

was to establish an overexpression model for wt and Celia seipin to

overcome the lack of good antibodies against endogenous seipin.

Next, subcellular localization of wt and Celia seipin was analyzed in

several cell lines to test whether an altered localization could be part

of the mechanism of the disease. Both forms of seipin appeared in a

ring surrounding the nucleus, suggesting a nuclear/perinuclear

location. To confirm this point a subcellular fractionation assay was

carried out. A part of both wt and Celia seipin was located in the

nuclear fraction. Endoplasmic reticulum (ER) stress, which has been

related to other neurodegenerative diseases, was tested by

immunoblotting, showing higher levels of BiP, an ER stress marker,

in cells overexpressing Celia seipin as compared to cells

overexpressing wt seipin. The composition of ubiquitin positive

intranuclear inclusions found in hypothalamus from the index case

was also studied, proving that they contain Celia seipin. Then, the

ability of Celia seipin to form oligomers was assessed. Large

aggregates of Celia seipin and subsequent impaired oligomerization

was observed. To cast some light on the absence of symptoms

observed in heterozygous carriers for the c.985C>T mutation BSCL2

expression levels were assessed, and a ratio of wt/Celia seipin of

10:1 was found. Next, oligomerisation at that ratio was analyzed,

confirming, together with the interaction of wt and Celia seipin



RESULTS

106

proved by co-immunoprecipitation, the existence of mixed oligomers

made up of wt and Celia seipin. Finally, a proteomic analysis of

preadipocytes from a homozygous patient revealed significant

changes in some key pathways and biological processes in

preadipocytes from the index case, suggesting increased ER stress.

The results described here provide new insights about the molecular

mechanism involved in the seipin-related neurodegenerative disease

named “Celia’s Encephalopathy”.

4.1.- Overexpression model

Because of the absence of a good commercial antibody specific for

seipin, finding a reliable model to perform the studies was crucial.

First, in collaboration with a biotechnological company, an attempt to

obtain antibodies against both N- and C-termini of wt seipin was

carried out. The N-terminal antibody would be able to detect both wt

and Celia seipin whereas the C-terminal antibody would detect only

wt seipin allowing differentiation between both forms of seipin.

However, the antibodies were discarded due to their lack of

specificity (data not shown). Therefore, other approaches had to be

pursued to carry out the planned studies. A vector containing myc-

tagged wt seipin (Fig. 1A) was kindly provided by Prof. D. Ito (Keio

University, Tokyo, Japan). From this, Dr. Berta Victoria, (U.E.T.e.M,

CIMUS Biomedical Research Institute, Santiago de Compostela,

Spain) obtained a new vector containing myc-tagged Celia seipin by
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cloning (Fig. 1B), allowing overexpression of both forms of seipin in

cell lines and detection with an anti c-myc antibody.

Figure 1.- Maps corresponding to (A) pCS2+MT vector containing wt seipin fused

to 6x myc-tag and (B) vector obtained after cloning of Celia seipin into the
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pCS2+MT vector. Maps generated using SnapGene v1.1.3 (GSL Biotech LLC,

Chicago, IL, USA).

By using this model of seipin overexpression it was possible to

determine the molecular weight (MW) of both forms of seipin. Wt

seipin showed a MW of 90 kDa whereas Celia seipin showed a MW

of 60 kDa (Fig. 2). This apparent MW is coherent with the lack of

exon 7 in Celia seipin.

Figure 2.- Overexpression model. Lysates from HeLa cells overexpressing wt or

Celia seipin were subjected to immunoblot with anti c-myc antibody. GAPDH was

used as loading control.
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The differences between the apparent and the theoretical MW (51.1

kDa for wt seipin) can be explained by posttranslational

modifications (e.g. glycosylation) and by the presence of the Myc tag

(7.2 kDa).

High MW aggregates observed in both wt and Celia seipin have

been described, and paradoxically their abundance decreases if

boiling of the samples in Laemmli buffer is omitted [Fei et al., 2011a].

Once established a reliable model, the rest of the studies of the

molecular basis of Celia’s Encephalopathy was ready to start.

4.2.- Subcellular localization

Previous studies have shown that mutant seipin can appear in a ring

surrounding the cell nucleus [Payne et al., 2008, Sim et al., 2013].

This has been confirmed for A212P and L61P mutations, both of

which lead to lipodystrophy. However, this perinuclear localization

has only been observed in C3H10T1/2 cells. Besides, because of

the continuity between the ER membrane and the outer nuclear

envelope [Goyal et al., 2013, Mauger, 2012], a perinuclear

localization for an ER protein like seipin is not unreasonable.

Therefore, determining the subcellular localization of Celia seipin

was a good starting point to elucidate its pathogenic molecular

mechanism.

The subcellular localization of wt and Celia seipin in 5 different cell

lines (HeLa, SH-SY5Y, 3T3, HEK293 and COS7) was compared by

immunofluorescence. Both seipin isoforms appeared surrounding



RESULTS

110

the nucleus in addition to their normal diffuse cytoplasmic

localization (Fig. 3).



RESULTS

111

Figure 3.- Subcellular localization of seipin in several cell lines. HeLa, SH-SY5Y,

3T3, HEK293 or COS7 cells grown on coverslips were transfected with wt seipin,

Celia seipin or empty vector, immunostained with anti c-Myc (9E10) and imaged

by confocal microscopy. Nuclei were stained with DAPI.

4.3.- Subcellular fractionation

To confirm the perinuclear localization of both wt and Celia seipin a

subcellular fractionation assay was performed. Lysates from HeLa

cells overexpressing wt or Celia seipin were subjected to subcellular

fractionation by differential centrifugation. Nuclear, microsomal and

cytoplasmic fractions were obtained. Lysates from cells transfected

with the empty vector were used as control. A part of both wt and

Celia seipin appeared in the nuclear fraction, confirming a nuclear

localization of both forms of seipin (Fig. 4).
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Figure 4.- Subcellular fractionation analysis. Fractions obtained by differential

centrifugation were subjected to immunoblotting with anti c-myc, anti-GAPDH

(cytoplasmic marker), anti-Fibrillarin (nuclear marker) and anti- GRP94 (ER

marker).
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Apparently, the same fraction of both wt and Celia seipin was

located in the nucleus. However, because of the semi-quantitative

nature of immunoblotting it is not possible to determine the exact

amount seipin in each fraction.

4.4.- ER stress

Analysis of preadipocytes in primary cultures from the index case

revealed a markedly dilated rough ER and an increased expression

of BiP, an ER stress marker [Guillén-Navarro et al., 2013] (Appendix

IV). Thus, ER stress might be playing an important role in the

pathogenesis of Celia’s Encephalopathy. Moreover, several

neurodegenerative syndromes have been associated to ER stress

caused by accumulation of misfolded proteins [Lindholm et al., 2006,

Matus et al., 2011]. Therefore, if the overexpression model was

reflecting the ER stress found in preadipocytes from the index case

or not was assessed. Increased ER stress in Celia seipin

overexpressing cells was confirmed by a clearly higher level of BiP

expression (Fig. 5).
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Figure 5.- Analysis of BiP expression in lysates from HeLa cells overexpressing wt

or Celia seipin. GAPDH was used as loading control.

4.5.- Intranuclear inclusions

The autopsy study of the index case revealed the presence of

intranuclear ubiquitin-positive inclusions in the brain, which are likely

to contain misfolded, aggregated mutant seipin [Guillén-Navarro et

al., 2013]. However, because of the lack of a reliable anti-seipin

antibody, this point could not be confirmed.

To determine whether the observed intranuclear ubiquitin positive

inclusions contained seipin, an immunohistochemistry study was

performed. First, a new anti-seipin antibody (HPA042394) from the

Human Protein Atlas [Uhlen et al., 2010], a kind gift from Peter

Nilsson (KTH – Royal Institute of Technology, Stockholm, Sweden),

was validated (Fig. 6).
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Figure 6.- Validation of anti seipin (HPA042394) antibody. Lysates from

transfected HeLa cells were analysed by western blot. Tubulin was probed as

loading control.

Next, hypothalamic tissue from the index case was probed with anti-

seipin and anti-ubiquitin antibodies. Several scattered positively

stained intranuclear inclusions in neurons of the posterior

hypothalamic nuclei of the patient were observed (Fig. 7A-C and

Appendix I). As previously reported [Guillén-Navarro et al., 2013]

ubiquitin-reactive intranuclear inclusions were also frequently

observed in neurons (Fig. 7B). These inclusions were mostly single

and round-shaped, although occasional multiple inclusions were also

observed. Some of the ubiquitin-reactive inclusions were recognized

by the seipin-specific antibody. However, ubiquitin-reactive

inclusions were found in a higher number probably because of a

higher sensibility of the anti-ubiquitin antibody. No neuronal nuclear

inclusions were identified in the control cases (Fig. 7D).
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Figure 7.- Immunohistochemical staining for seipin and ubiquitin in patient and

control cases. A–B: High magnification images of neuronal intranuclear inclusions

in a homozygous patient, reactive to seipin antibody HPA042394 (A) and to

ubiquitin (B). C–D: Low magnification images of the posterior hypothalamus of a

homozygous patient (C) and a control case (D). The higher seipin-reactivity

observed in neuronal bodies in the control case compared with the homozygous

patient could be caused by the lower expression level of Celia seipin. Scale bar:

50 μm (C) and 100μm (D).

4.6.- Seipin oligomers

Data have been reported suggesting that human wt seipin forms

oligomers of 12 subunits [Sim et al., 2013]. At least for the yeast

seipin homolog FLD1, these oligomers are involved in the generation

of lipid droplets at the ER-LD junctions [Szymanski et al., 2007].

Mutated seipin could be leading to a failure in assembly of oligomers

causing mislocalization and aggregation.

To test whether Celia seipin might exhibit abnormal oligomerization

protein extracts from HeLa cells overexpressing Myc-wt or Myc-Celia

seipin were subjected to fractionation in 10 to 60% sucrose density

gradients (Fig. 8A). 325 μl fractions were collected and analyzed by

western blot (WB).

Wt seipin mainly appears in fraction 6 (Fig. 9A). According to the

calibration curve (Fig. 8B), this corresponds to a molecular weight

(MW) of 690 kDa which means that wt seipin is made up of

oligomers of approximately 12 subunits. In contrast, Celia seipin
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mainly appears in fraction 8 (Fig. 9B), which suggests that it forms

much larger aggregates under similar conditions. These results

suggest impaired oligomerization and aberrant aggregation of Celia

seipin.
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Figure 8.- Sucrose gradient scheme and calibration. (A) 10-60 % sucrose

gradient. Sucrose was dissolved in PBS. Dissolutions were layered from the

bottom to the top and covered with mineral oil to avoid shrinking of the tube during

ultracentrifugation. (B) Calibration curve. Commercial markers (BSA = Bovine

serum albumin, CAT = Catalase, THY = Thyroglobulin, BDX = Blue Dextran) were

subjected to density gradient fractionation in a 10-60 % sucrose gradient.

Estimated MW for each fraction was obtained according to the flotation pattern of

the commercial markers.
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Figure 9.- Density gradient fractionation. Homogenates of HeLa cells

overexpressing wt (A) or Celia (B) seipin were subjected to density gradient

fractionation in sucrose gradients. Fractions were analyzed by immunoblotting with

anti c-myc antibody.
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4.7.- BSCL2 expression

A gain of toxic function has been proposed for the new aberrant

protein Celia seipin [Guillén-Navarro et al., 2013]. Celia seipin might

accumulate in the ER activating the unfolded protein response

(UPR) and leading to neuronal death, as occurs in other

neurodegenerative diseases (Lindholm et al., 2006, Matus et al.,

2011). Therefore, the absence of symptoms observed in

heterozygous carriers for the c.985C>T mutation is strikingly

paradoxical. The interaction between wt and Celia seipin might

inhibit aberrant aggregation of the latter in heterozygous individuals,

thus rescuing the disease phenotype. To test this hypothesis,

expression levels of RNA corresponding to both wt and Celia seipin

were quantitated in two healthy heterozygous carriers (parents of the

index case) by real time RT-PCR. A 10:1 ratio of wt seipin to Celia

seipin was found (Fig. 10A and Table 1). In other words, wt seipin is

10 fold more abundant in heterozygous carriers than Celia seipin.

The difference with the expected Mendelian ratio of 1:1 might be

explained by the degradation of the majority of the conceivably less

stable Celia seipin mRNA, by nonsense-mediated mRNA decay

(NMD), as suggested for other mutations (Frischmeyer & Dietz,

1999, Caputi, 2002). While these results were obtained in

lymphocytes, it is reasonable to extrapolate them to brain, where a

vast excess of wt seipin over Celia seipin would facilitate a protective

neutralization of Celia seipin if wt seipin were able to interact with it.
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To complete a comprehensive picture of the expression of different

BSCL2 transcripts, the expression level of wt seipin in lymphocytes

of heterozygous carriers and healthy homozygous controls was

compared. It was found to be 35%, slightly lower but overall

consistent with the expected 50% (Fig. 10B and Table 1).

Table 1.- Relative BSCL2 expression levels in control and heterozygous carriers.*

Wt seipin Celia seipin

Control Wt/Wt (N=2) 174,8±36,6 –

Htz 1 69,5±2,04 5,6±0,06

Htz 2 53,09±1,9 6,3±0,83

*Total RNA extracted from lymphocytes was analyzed by real time RT-PCR. Wt

seipin was measured as BSCL2-03 (bearing exon 7) transcript whereas Celia

seipin was measured as exon 7 skipped BSCL2 transcript. Data are expressed as

mean ± S.E.M. Experimental work carried out by Dr. Berta Victoria.
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Figure 10.- BSCL2 expression levels in healthy heterozygous carriers. (A)

Percentage of wt and Celia seipin in lymphocytes from heterozygous carriers. (B)

Percentage of wt seipin in lymphocytes from heterozygous carriers compared to

non-carriers (wt/wt). The difference to 100 % corresponds to a naturally expressed

seipin isoform (287 aas) indistinguishable of Celia seipin through RT-PCR.

A threshold effect could be behind the absence of symptoms in

heterozygous carriers. Nevertheless, the existence of compound

heterozygous patients showing the same symptoms as homozygous

patients suggests a mechanism different from a threshold effect.

To gain insights on this issue BSCL2 expression levels in fibroblasts

from the index case and from a compound heterozygous patient

(c.985C>T and c.507_511del) were assessed by real time RT-PCR

(Fig. 11 and Table 2). Celia seipin was more than double in the

index case with respect to the compound heterozygous patient.

Table 2.- Relative BSCL2 expression levels in the index case and a compound

heterozygous patient.*

*Total RNA extracted from fibroblasts was analyzed by real time RT-PCR. Wt

seipin was measured as BSCL2-03 (bearing exon 7) transcript whereas Celia

seipin was measured as exon 7 skipped BSCL2 transcript. Data are expressed as

mean ± S.E.M. Experimental work carried out by Dr. Berta Victoria.

Wt seipin Celia seipin

Compound Htz – 2,12±0,29

Index case – 17±4
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Figure 11.- Celia seipin expression levels in compound heterozygous in a

compound heterozygous patient compared with those of the index case (black

bars). Celia seipin expression levels found in healthy heterozygous carriers are

represented (grey bars) to give an idea of the difference, although not comparable.

Error bars represent S.E.M.

Interestingly, the compound heterozygous patient showed even less

Celia seipin than heterozygous carriers. However these results must

be interpreted with caution. Because of the two different cell lines

employed (fibroblasts and lymphocytes) a reliable comparison
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cannot be accomplished. Therefore, further assays with samples

from the same origin are necessary.

4.8.- Co-immunoprecipitation

The interaction between wt and some mutant forms of seipin has

been proved in previous studies [Fei et al., 2011a]. To assess

whether Celia and wt seipin can interact a co-immunoprecipitation

assay was designed. First, to carry out this assay, it was necessary

to obtain a new vector with wt seipin fused to another tag instead of

myc. Therefore, a vector containing wt seipin fused to a FLAG tag

(C-terminal) was generated (Fig. 12, see Materials and Methods

section for details).
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Figure 12.- Generation of FLAG-wt seipin vector. Cloning was performed by

enzyme restriction (EcoRI and XbaI). The insert was obtained by PCR from the

Myc-wt seipin vector. Maps generated using SnapGene v1.1.3 (GSL Biotech LLC).
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HeLa cells were co-transfected with both FLAG-wt seipin and Myc-

Celia seipin at two different ratios: 1:1 and 10:1 (wt:Celia), the latter

ratio simulating the expression levels found in heterozygous carriers

(see above). Lysates were immunoprecipitated with anti c-myc

agarose and the precipitate probed with an anti-FLAG antibody.

Interaction between wt and Celia seipin was observed at both 1:1

and 10:1 ratios (Fig. 13). At a 10:1 ratio, though, the intensity of

FLAG-wt seipin bands (corresponding to FLAG-wt seipin trapped in

Myc-Celia precipitates) was higher than that seen at a 1:1 ratio. In

this experiment, as samples were boiled in Laemmli buffer prior to

electrophoretic separation, tagged seipin appeared as several bands

corresponding to monomers (shown in Fig. 13A), dimers and  high

MW aggregates, (Fig. 13B) as previously described (Fei et al.,

2011a, Yang et al., 2013a). These results clearly confirm the

interaction between wt seipin and Celia seipin.



RESULTS

129



RESULTS

130

Figure 13.- Co-immunoprecipitation. (A) FLAG-Wt and Myc-Celia seipin interact at

10:1 ratio. Equal amounts of lysates from transfected HeLa cells were

immunoprecipitated with anti c-myc and examined for co-immunoprecipitation of

FLAG-wt seipin by immunoblotting. Lysates were previously probed with

antibodies to confirm the validity of the transfection. (B) High MW aggregates

(>250 kDa) were formed because of the boiling of the samples during co-

immunoprecipitation. Dimers (~75 kDa) are also present after boiling.
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4.9.- Mixed oligomers

Once interaction between wt and Celia seipin was confirmed, it was

reasonable to think that both forms of seipin might be capable of

forming mixed oligomers. Given that levels of wt seipin expressed by

heterozygous individuals are substantially higher than those of Celia

seipin, wt seipin might rescue the phenotype by recruiting Celia

seipin into mixed, normal size oligomers, thus impeding their

aggregation into larger, presumably toxic, oligomers.

To test this hypothesis wt and Celia seipin were expressed at a 10:1

ratio in HeLa cells and a density gradient ultracentrifugation of cell

extracts were performed. A change in the pattern of distribution of

Celia seipin when co-expressed with a 10:1 excess of wt seipin was

observed (Fig. 14A-B). More specifically, the flotation pattern of

Celia seipin was found to mimics that of wt seipin. On the contrary,

wt seipin showed the same distribution pattern than when alone.

Densitometry analysis of each fraction confirmed these findings (Fig.

14C). These results clearly indicate the interaction between both

seipin isoforms through the formation of mixed oligomers.
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Figure 14.- Density gradient fractionation. (A) Co-transfection 10:1 (wt:Celia). (B)

Higher exposure time image of the band with MW = 50 in panel A (expression

10:1, wt:Celia) (C) Percentage of seipin in each gradient fraction after

densitometry analysis.
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4.10.- Proteomic analysis

To further investigate the molecular changes that might be provoked

by Celia seipin a proteomic analysis was performed. The analysis

was carried out in preadipocytes, reasoning that this would allow

detection of early pathogenic changes, as opposed to the terminal

changes that might be encountered in brain tissue obtained at

necropsy.

Proteomic identification of differentially regulated proteins in

preadipocytes from the index case as compared with an age-

matched healthy control was performed. The analysis was based on

two-dimensional gel electrophoresis (2-DE) and mass spectrometry.

We set a fold change threshold of > 2. Several differentially

regulated protein spots (p < 0.05) were found. Of them, we were

able to identify 32, corresponding to 20 differentially regulated open-

reading frames (ORFs) (Table 3 and Appendix II).

Table 3.- List of differentially regulated proteins when comparing preadipocytes

from the index case versus control.
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The differentially regulated protein dataset was characterized using

PANTHER (www.pantherdb.org) [Mi et al., 2010] protein classes

(Table 4A). Proteins belonging to PANTHER classes

“oxidoreductase” (25% of differentially expressed proteins) and

“chaperone” (20% of differentially regulated proteins) were

predominant in preadipocytes from the index case.

GO-BP and GO-MF categories were assessed in the differentially

regulated protein dataset using DAVID Bioinformatics Resources

v6.7 (http://david.abcc.ncifcrf.gov) [Dennis et al., 2003 and Huang et

al., 2009] (Table 4B-C). GO-BP categories significantly

overrepresented (p< 0.05) were summarized using REVIGO

(http://revigo.irb.hr) [Supek et al., 2011] (Table 4D). Enrichment in

GO-BP categories related to cellular stress (“cellular response to

reactive oxygen species”), cytoskeleton regulation (“negative

regulation of actin filament depolimerization”), or apoptosis

(“negative regulation of apoptotic processes” or “release of

cytochrome c from mitochondria”) and GO-MF term “oxidoreductase

activity” was found in preadipocytes from the index case.
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V. Discussion

Mutations in the Seipin/BSCL2 gene have been traditionally

associated with lipodystrophy (loss of function mutations) and with

neuro-motor syndromes (gain of toxic function mutations), all of them

non-lethal diseases in the short term. However, the appearance of

Celia’s Encephalopathy, a fatal neurodegenerative syndrome

caused by a new seipin mutation, suggests unknown pathogenic

mechanisms to be associated to this protein.

This thesis reports new clues that cast more light about the

pathogenicity observed in Celia’s Encephalopathy, offering also an

explanation of the lack of symptoms in heterozygous carriers.

First, the existence of intranuclear inclusions containing Celia seipin

in the hypothalamus of the index case has been confirmed. Second,

an impaired oligomerization of Celia seipin and subsequent

formation of large aggregates has been shown. Third, evidences

showing that a fraction of seipin is naturally located in the nucleus

have been found. Fourth, it has been demonstrated that there is

interaction between wt and Celia seipin resulting in the formation of

mixed oligomers. And fifth, it have been found that there are

significant changes in some key pathways and biological processes

in preadipocytes from the index case, suggesting increased

reticulum stress.
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The immunohistochemical analysis of hypothalamus from the index

case has confirmed that the ubiquitin positive intranuclear inclusions

previously observed [Guillén-Navarro et al., 2013] contain seipin

(Fig. 7 and Appendix I). These inclusions are likely to form because

of the impaired oligomerization and aggregation of Celia seipin.

Neuronal intranuclear inclusions have been found in several

neurodegenerative diseases [Woulfe, 2008]. Besides, the

neuropathological study of the index case revealed a pattern of

regional neurodegeneration involving cortical areas and basal

ganglia, especially the caudate-putamen nucleus. These atrophic

areas showed intense neuronal loss and astrogliosis [Guillén-

Navarro et al., 2013]. The observed neurodegenerative pattern,

together with the existence of intranuclear inclusions, suggest a

likeness with Huntington’s disease and some frontotemporal

dementias and hereditary ataxias [Davies et al., 1997, Woulfe,

2008]. In fact, the pattern of distribution of intranuclear inclusions,

present only in a few cells in specific brain locations, typical of

Huntington´s disease [Margulis and Finkbeiner, 2014], is very

reminiscent of what it is observed in this case. Of note, seipin has

been found to be up-regulated in proteomic analyses of Parkinson’s

disease (PD) patients in both substantia nigra [Licker et al., 2014]

and locus coeruleus [Van Dijk et al., 2011]. Interestingly, in the same

way as seipin, α-synuclein, a protein that aggregates in PD, has

been related to lipid droplet synthesis [Cole et al., 2002], supporting

a possible link between PD and Celia’s Encephalopathy. Although α-

synuclein is involved in PD, its function remains unknown. In cells

loaded with high concentrations of fatty acids, α-synuclein binds to
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the surface of LD, where is able to protect stored triglycerides from

hydrolysis, therefore regulating triglyceride turnover [Cole et al.

2002]. Because of the role of seipin in LD synthesis and lipid

homeostasis [Cartwright and Goodman, 2012], a functional link with

α-synuclein is not unreasonable.

On the other hand, cytoplasmic inclusion bodies with a

neuroprotective function have been described for N88S and S90L

mutations [Ito et al., 2008 and Ito et al., 2012]. Seipin inclusion

bodies exhibit several features of ER-derived protective organelles

(ERPO), which have been described related to mutant α1-antitrypsin

[Ito et al., 2012, Granell et al., 2008]. These features include

accumulation of misfolded ER-membrane proteins, ER-derived

membrane-surrounded inclusion bodies and a cytoprotective

function. Seipin inclusion bodies may exert its protective function

through the removal of misfolded seipin from the ER and subsequent

attenuation of ER stress. Inclusion bodies also reduces the

intracellular levels of toxic proteins, improving cell survival, in other

neurodegenerative diseases like Huntington’s disease [Arrasate et

al., 2004]; a similar protective function of Celia Seipin intranuclear

inclusions cannot be ruled out at this point and merits further

investigation.

However, it has also been proposed that intranuclear inclusions may

bind important nuclear proteins like transcription factors and

components of the ubiquitin-proteasome system, depleting the
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nucleus of these proteins with consequent transcriptional and

degradative dysregulation [Woulfe, 2008].

Several neurodegenerative syndromes have been associated to ER

stress caused by accumulation of misfolded proteins [Lindholm et

al., 2006] and in many of these diseases, the appearance of signs of

ER stress is observed in the late disease stage [Matus, et al., 2011].

However the contribution of ER stress to the disease process arises

mainly from in vitro evidence.

Interestingly, BiP/GRP78, an ER stress marker, is increased in both

preadipocytes from the index case [Guillén-Navarro et al, 2013] and

HeLa cells overexpressing Celia seipin (Fig. 5), supporting the

existence of ER stress related to Celia seipin.

Whether Celia seipin intranuclear inclusion bodies are pathogenic or

protective is not clear yet. In view of the results, Celia seipin leads to

both ER stress and intranuclear inclusion bodies formation. It may

be possible that in a early stage of the disease, Celia seipin is

sequestered in inclusion bodies and in a late stage, the machinery of

the cell is overwhelmed by the excess of Celia seipin, resulting in

increased ER stress and, finally, in cell death. Therefore, Celia

seipin might cause damage only after reaching a certain level within

the cells.  Further assays are required to cast light on this issue.

Previous studies have shown the existence of interaction between wt

seipin and some mutant seipin forms (N88S and A212P) [Fei et al.,
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2011a, Sim et al., 2013a]. Self-interaction of wt seipin has also been

demonstrated [Fei et al., 2011a]. In fact, there is experimental

evidence suggesting that human seipin forms oligomers of 12

subunits [Sim et al., 2013a], while yeast seipin forms 9-mers [Binns

et al., 2010]. The existence of wt seipin oligomers of 12 subunits

has been confirmed by density gradient fractionation. In contrast,

Celia seipin showed impaired oligomerization, forming large

aggregates (Fig. 9). It should be kept in mind that the analytical

approach used (density gradient fractionation) has some limitations.

Detergent molecules present in the solubilization buffer and bound to

seipin oligomers, might lead to a slight overestimation of their MW.

Furthermore, they might alter their flotation properties. Therefore, the

estimated MWs should be considered with caution. Of note, when

fractionation was carried out in a gradient including the same

concentration of detergent present in the samples (1% NP-40, 0.1%

SDS) similar results were obtained (Appendix III). However, the fact

that a value of 12 units has been obtained for wt seipin oligomers, in

agreement with previous estimations obtained by other methods,

[Sim et al., 2013a] supports the overall soundness of the method. In

any case, a different flotation pattern is clearly observed in Celia

seipin with respect to wt seipin, independently of their absolute

MWs, leading to the conclusion that Celia seipin forms abnormal,

larger aggregates.

Considering the predicted structure of seipin (Fig. II) it is not

unreasonable that the lack of the second transmembrane domain in
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Celia seipin (Fig. XIII) may be increasing its tendency to aggregate.

The impaired binding to the ER membrane might elicit the

compromised oligomerisation and aggregation. It has been

described that the first transmembrane domain is essential for

retention in the ER and that constructs lacking the second

transmembrane domain have the C-terminus located in the ER

lumen [Ito et al., 2008]. Thus, in Celia seipin, from the first

transmembrane domain the rest of the protein may be retained into

the ER, acting as a seed for the aggregation of the protein. In view of

the described interaction of seipin with other proteins [Sim et al.,

2013b, Junfeng et al., 2014, Talukder et al., 2015], it cannot be ruled

out that these proteins may be also forming part of the aggregates.

Further studies are necessary to determine the composition of these

aggregates.

On the other hand, in view of the low degree of lipodystrophy

showed by the index case compared with compound heterozygous

patients, Celia seipin might retain some of its activity. The first

transmembrane domain and the core region are important for the

interaction of seipin with both AGPAT2 [Talukder et al., 2015]

whereas the lack of the second transmembrane domain does not

affect this interaction. However, the lack of the C-terminus impairs

the interaction of seipin and lipin 1 [Sim et al., 2013b]. Therefore,

Celia seipin, lacking the second transmembrane domain and the C-

terminus, might be able to interact with AGPAT2 but not with lipin 1,

and this interaction could be sufficient to exert some of its functions.
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The severe neurodegenerative phenotype showed by homozygous

patients carrying the c.985C>T mutation [Guillén-Navarro et al.,

2013], together with the finding of intranuclear neuronal inclusions

containing seipin aggregates, the high levels of Celia seipin in brain

from the index case and the impaired oligomerization provoked by

the mutation points to a gain of toxic function in Celia´s

encephalopathy. Therefore, heterozygous carriers would be

expected to suffer some degree of pathology caused by the

expression of a small amount of Celia seipin (Fig. 10A and Table 1).

Strikingly, they are completely asymptomatic. A complete clinical

evaluation of patient’s parents carrying the c.985C>T mutation was

carried out. Clinical exam, brain MRI, electromyography and nerve

conduction studies were normal [Guillén-Navarro et al., 2013]. This

contradiction might be explained by a threshold effect according to

which a higher amount of Celia seipin than that expressed in

heterozygous carriers would be necessary to exert a toxic effect.

Nevertheless, the existence of compound heterozygous patients

carrying Celia´s mutation together with other lipodystrophic seipin

mutations (c.538G>T or c.507_511del) and showing the same

phenotype as homozygous patients [Guillén-Navarro et al., 2013],

rules out such a threshold effect. To date there are 4 identified

compound heterozygous patients, 3 of whom have already died. The

remaining one is a female child of 5.5 years of age, who is showing

signs of the disease since 3 years of age. Currently, she shows

symptoms of progressive neurodegeneration, with psychomotor

delay, brain glucose hypometabolism and language impairment.

Therefore, carrying a single copy of the mutant allele, together with
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the absence of functional wt seipin, is sufficient to develop the

disease (Fig. 11 and Table 2), suggesting a more complex

pathogenic molecular mechanism.

Bearing in mind the lack of symptoms and the wt/Celia seipin 10:1

ratio found in heterozygous carriers, is plausible thinking that the

excess of wt seipin might exert a positive effect over the toxicity

attributed to Celia seipin. This hypothesis led to study the interaction

and oligomerization of both wt and Celia seipin forms at a 10:1 ratio

of wt/Celia seipin. Perhaps an excess of wt seipin might co-opt Celia

seipin units into mixed oligomers of a normal size, thus preventing

their aberrant aggregation.

An interaction of FLAG-wt and Myc-Celia seipin was confirmed by

co-immunoprecipitation. This interaction was observed at both a 1:1

and a 10:1 ratio (wt:Celia) (Fig. 13). In addition, by density gradient

fractionation it was observed a change in the buoyancy pattern of

Celia seipin at a 10:1 ratio of Myc-wt/Myc-Celia seipin. Specifically,

at a 10:1 ratio Celia seipin migrates at a lighter fraction than when

alone, mimicking the behavior of wt seipin (Fig. 14). This suggests

that wt seipin is able to “drag” Celia seipin into mixed oligomers

changing its flotation pattern. This finding clearly supports the

existence of interaction between wt and Celia seipin through mixed

oligomers (Fig. 15). Because of the absence of wt seipin, in

compound heterozygous patients, this proposed phenotype rescue

would not be possible.
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Figure 15.- Proposed model for the role of Celia seipin in the oligomerization

process in both heterozygous carriers and homozygotes compared with normal wt

oligomers. Please see the text for details. Inspired by the model of yeast seipin

oligomers proposed by Binns and cols. (2012).

These results are reminiscent of prevention of aggregation of N88S

and S90L seipin mutants when co-expressed with wt seipin [Fei et

al., 2011a], and, inversely, of the failure of wt seipin to form normal

oligomers in the presence of an excess of A212P mutant seipin [Sim

et al., 2013a].

A recent study carried out for a 4-base pair frameshift deletion at the

DISC1 gene shows that mutant DISC1 interacts with wild type

DISC1 and depletes it in a dose-dependent manner by forming

mixed aggregates [Wen et al., 2014]. Thus, mutant DISC1 might be
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“dragging” wild type DISC1 into mixed oligomers exerting its

pathogenic effect. These findings support the idea of a mechanism

by which, in heterozygous carriers, wild type and mutant protein

interact through the formation of mixed oligomers.

The presence of Celia seipin aggregates in nuclear inclusions begs

the question of how a presumed ER protein [Cartwright and

Goodman, 2012] ends up in that localization. The results described

in this thesis demonstrate by biochemical (subcellular fractionation)

and optical (confocal immunofluorescence microscopy in different

cell lines) methods that seipin, besides localizing to the ER, is also

present in a nuclear/perinuclear localization, most probably in the

nuclear envelope (Fig. 3 and Fig. 4).

The outer nuclear membrane is continuous with the ER and contains

several proteins in common with it [Goyal and Blackstone, 2013,

Mauger, 2012]. Because of this, a masking effect of the ER located

seipin over the perinuclearly located seipin may have occurred in

previous immunofluorescence studies. Methanol/Acetone fixation,

used in this study, avoids this problem by precipitating perinuclearly

located seipin on the nuclear envelope, unmasking and rendering it

more available for antibody detection

(http://microscopy.duke.edu/sampleprep/if.html [Accessed January

8, 2015]).

On the other hand, given the proposed role for seipin in lipid droplet

synthesis and adipogenesis it is noteworthy the recently described
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existence of nuclear lipid droplets. Nuclear lipid droplets constitute

specific subdomains within the nucleus that store nuclear lipids and

may be involved in nuclear lipid homeostasis [Layerenza et al.,

2013, Uzbekov and Roingeard, 2013]. Nuclear lipids are important to

the cell, playing an active role in cell proliferation, differentiation and

apoptosis. It has been proposed that the ultimate role of nuclear lipid

droplets could be the regulation of enzymes involved in nuclear-lipid

metabolism, signaling events and interaction with transcription

factors such as PPAR. Seipin could be related to these new

structures in a similar way that it is related to classic lipid droplets.

Because of the continuum between ER membrane and nuclear

envelope, seipin might exert the same function in nuclear droplet

synthesis than in classic lipid droplets.

It should be pointed out that the results exhibited here have been

obtained in a seipin overexpression cell model. Whether

endogenous seipin can also be located in the nucleus remains to be

elucidated. Further studies are necessary to confirm this point.

Intranuclear inclusions, like huntingtin inclusions in Huntington

disease, are ubiquitinated in Celia’s Encephalopathy [Guillén-

Navarro et al., 2013], being also positive for Celia seipin (Fig. 7 and

Appendix I). Therefore, is not unreasonable to think that these

inclusions may contain fragments unsuccessful degraded by

proteolysis. In Huntington disease, N-terminal cleaved fragments of

mutant huntingtin are translocated to the nucleus via perinuclear

sites, where accumulate and form intranuclear inclusions [Sawa et
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al., 2005, Walker, 2007]. The translocation of mutant huntingtin to

the nucleus involves a ternary complex with GAPDH and Siah1 [Bae

et al, 2006]. Celia seipin might be reaching the nucleus through a

similar mechanism.

In order to explore early pathogenic alterations, an unbiased

proteomic study of preadipocytes from the index case was carried

out. Results highlight the role of antioxidant activity and cellular

stress in Celia’s Encephalopathy (Table 3 and Table 4). Differential

regulation of oxidoreductases may be caused by an increase in

oxidative stress in preadipocytes. Increased antioxidant enzyme

activity has been extensively related to other neurodegenerative

diseases [Lin and Beal, 2006].

Chaperones are also differentially regulated in the homozygous

patient, in agreement with the function attributed to this class of

proteins in response to cellular stress. The differential regulation of

some chaperones (e.g. Heat shock cognate 71 kDa protein or

BiP/GRP78) being a side-effect caused by their accumulation in

aggregates [Waelter et al., 2001] cannot be ruled out. Such

aggregates are most likely insoluble, therefore not contributing to the

sample submitted to proteomic assays. It should be noted, however,

that aggregates have not been observed yet in preadipocytes, and in

consequence further studies are required. Strikingly, cytoskeleton

regulation is also affected in preadipocytes from the index case.

Bearing in mind the proposed role for seipin in cytoskeleton

remodeling during adipogenesis [Yang et al., 2013b] a possible
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adverse effect of Celia seipin aggregation in this route would not be

surprising.

Taking together the results, it is proposed a central role of Celia

seipin aggregation in the pathogenesis of Celia´s Encephalopathy.

Aberrant aggregation, with subsequent formation of intranuclear

inclusions and ER stress would lead to widespread brain damage

(Fig. 16A). In asymptomatic carriers, interaction of excess wt seipin

with Celia seipin, co-opting it to normal oligomers, would prevent the

damage (Fig. 16B). Thus, Celia´s Encephalopathy appears as a new

member of the class of neurodegenerative diseases associated to

deposition of protein aggregates in the brain, such as Alzheimer´s

disease, Parkinson´s disease, Huntington´s disease, frontotemporal

dementias or prion diseases.



DISCUSSION

156



DISCUSSION

157

Figure 16.- Proposed models. (A) Pathogenic model of Celia seipin. (B)

Phenotype rescue model in healthy heterozygous carriers.

Further efforts will be focused on:

 Obtaining a transgenic mouse model expressing Celia seipin.

 Obtaining a neuronal model of seipin expression, such as a

neuronal stem progenitor cells (NSPCs) based one.

 A more complete characterization of intranuclear inclusions.

 Elucidation of the subcellular location of endogenous seipin.

 Determining the molecular mechanism by which Celia seipin

reaches the nucleus.

 Exploring the links between Celia’s Encephalopathy and other

neurodegenerative diseases like Huntington disease or PD.

 Exploring the role of Celia seipin in promoting adipogenesis.
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VI. Conclusions

 Celia’s Encephalopathy is a new neurodegenerative disease

caused by mutant seipin aggregation.

 Intranuclear neuronal inclusions containing Celia seipin are

found in brain from homozygotes.

 A fraction of both wt and Celia seipin is naturally located in

the nucleus.

 Celia seipin shows impaired oligomerization and a high

tendency to aggregate.

 Celia seipin expression leads to alteration of pathways related

to antioxidant activity and cellular stress.

 Wt and Celia seipin interact through the formation of mixed

oligomers.

 Lack of symptoms in heterozygous carriers could be

explained by a phenotype rescue model.
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APPENDIX I

APPENDIX I: Intranuclear inclusions (additional images).

Figure 1.- Examples of neuronal intranuclear inclusions in hypothalamus from a
homozygous patient, reactive to seipin antibody HPA042394. All the images
belong to the same sample slide. Differences in background are caused by

changes in the microscope settings.
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APPENDIX II: Proteomic analysis (supplementary information).
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Figure 1.- 2D-PAGE gels containing differentially regulated spots (fold change>2,
p<0.05) in preadipocytes from the index case (A) or control preadipocytes (B).
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Figure 2.- Examples of differentially regulated spots (fold change>2, p<0.05) in
preadipocytes from the index case (red) compared with control preadipocytes

(green).
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APPENDIX III: Density separation in sucrose/RIPA buffer gradients.

To discard an influence of detergents in the distribution patterns

observed for wt and Celia seipin a new assay was carried out using

sucrose/RIPA buffer gradients instead of sucrose/PBS gradients.

Similar results were obtained.

Methods

10-60% sucrose gradients were prepared dissolving sucrose in RIPA

buffer (50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 1% NP-40, 0.5%

sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 1 mM DTT, 10 μg/ml

leupeptin and 10 μg/ml aprotinin). 250 µg of protein extracts from

HeLa cells transfected with Myc-wt or Myc-Celia seipin were loaded

on the top of the gradients to a final volume of 2.6 ml, and

centrifuged at 272109 g in a SW60Ti rotor (Beckmann Coulter) at

4ºC for 16 hours. 8 fractions of 325 μl were collected from the top of

each gradient. 14 ul of each fraction were subjected to SDS-PAGE

and analyzed by immunoblotting.
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Results

Figure 1.- Density gradient fractionation. Homogenates of HeLa cells

overexpressing wt (A) or Celia (B) seipin were subjected to density gradient

fractionation in sucrose gradients. Fractions were analyzed by immunoblotting with

anti c-myc antibody.

Wt seipin mainly appears in fraction 5. In contrast, Celia seipin

mainly appears in fraction 6, which suggests an impaired

oligomerization/aggregation of Celia seipin (Fig. 1 and Fig.2).
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Figure 2.- Percentage of seipin in each gradient fraction, as determined by

scanning of WBs.
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ABSTRACT
Background Seipin/BSCL2 mutations can cause type
2 congenital generalised lipodystrophy (BSCL) or
dominant motor neurone diseases. Type 2 BSCL is
frequently associated with some degree of intellectual
impairment, but not to fatal neurodegeneration. In order
to unveil the aetiology and pathogenetic mechanisms of
a new neurodegenerative syndrome associated with a
novel BSCL2 mutation, six children, four of them
showing the BSCL features, were studied.
Methods Mutational and splicing analyses of BSCL2
were performed. The brain of two of these children was
examined postmortem. Relative expression of BSCL2
transcripts was analysed by real-time reverse
transcription-polymerase chain reaction (RT-PCR) in
different tissues of the index case and controls.
Overexpressed mutated seipin in HeLa cells was analysed
by immunofluorescence and western blotting.
Results Two patients carried a novel homozygous
c.985C>T mutation, which appeared in the other four
patients in compound heterozygosity. Splicing analysis
showed that the c.985C>T mutation causes an aberrant
splicing site leading to skipping of exon 7. Expression of
exon 7-skipping transcripts was very high with respect to
that of the non-skipped transcripts in all the analysed
tissues of the index case. Neuropathological studies
showed severe neurone loss, astrogliosis and intranuclear
ubiquitin(+) aggregates in neurones from multiple
cortical regions and in the caudate nucleus.
Conclusions Our results suggest that exon 7 skipping
in the BSCL2 gene due to the c.985C>T mutation is
responsible for a novel early onset, fatal
neurodegenerative syndrome involving cerebral cortex
and basal ganglia.

INTRODUCTION
Phenotypes associated with mutations in the
BSCL2 gene are congenital generalised lipodystro-
phy type 2 (Berardinelli-Seip syndrome type 2,
BSCL Type 2; OMIM: 269700) and BSCL2-related
neurological disorders (OMIM 270685 and
600794).1 2

BSCL type 2 is a rare autosomal recessive dis-
order characterised by marked adipose tissue
paucity, muscle hypertrophy, acromegaloid features,
insulin resistance, hypertriglyceridaemia, early
onset diabetes mellitus and hepatic steatosis.3 Some
degree of mental retardation is often present.4

Most currently described mutations in the BSCL2
gene causing BSCL type 2 are nonsense or frame-
shift mutations leading to premature stop codons.1

On the other hand, BSCL2-related neurological dis-
orders are dominant motor neurone diseases
caused by specific missense mutations.5 6

BSCL2 encodes the protein seipin, highly
expressed in the brain.1 4 Three principal tran-
scripts exist, 462 (BSCL2-03), 398 (BSCL2-04, 05,
06) and 287 (BSCL2-08) amino acids long, respect-
ively.7 Seipin is an integral membrane protein of
the endoplasmic reticulum (ER) with two predicted
transmembrane domains, an intraluminal loop and
amino- and carboxyterminal intracytoplasmic
ends.8 However, the short transcript has a com-
pletely different amino acid sequence from exon 6
onwards due to an alternative splicing which results
in skipping of exon 7 and a reading frame shift.
The function of seipin is incompletely under-

stood. Thus, some studies indicate a role for the
protein in adipogenesis, lipid metabolism and lipid
droplet biogenesis,7 9–14 while others have shown a
potential neural involvement.7 15 16

The diagnosis and follow-up of the index case,
with BSCL phenotype and neurodegeneration, led
us to review retrospectively the charts of other
known patients with similar phenotype. Deceased
patients’ samples, as well as those of their families,
were investigated. Here, we report six patients
from Murcia, in southeastern Spain, from four
apparently unrelated pedigrees, sharing the same
c.985C>T novel mutation in the BSCL2 gene.
Homozygous patients suffered from progressive
encephalopathy since ages 2–3 years, with fatal out-
comes at ages 6–8 years, but showed mild BSCL
clinical features. Three compound heterozygous
subjects showed a typical BSCL phenotype, besides
a neurological clinical course similar to that of the
homozygous cases; a fourth case, still alive, cur-
rently shows, at 42 months, a psychomotor delay.

SUBJECTS AND METHODS
The ethics review panel of Xunta de Galicia
approved this study, conducted according to the
ethical guidelines of the Helsinki Declaration.
Patients’ parents gave informed consent for partici-
pation in the study and publication of clinical and
genetic information.
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Subjects
All patients were born in three nearby towns within a 50 km
radius from the city of Murcia.

The index case was a female, the only child born to a non-
consanguineous couple in 2004. Physical examination was com-
pletely normal at birth. At 4 months of age, the patient showed
hepatomegaly, severe hypertriglyceridaemia, coarse facies, and
striking muscle induration of the limbs. At 6 months, she was
placed on a diet free from animal fat; her liver size and plasma
triglycerides became normal; her psychomotor development
was within normal limits. Genetic analysis of BSCL2 revealed a
novel nonsense mutation (vide infra). She walked independently
at 16 months. By age 2 years, the patient spoke a few monosyl-
labic words and showed poor motor coordination, unsteady gait
and difficulties in standing up, increased muscle tone and brisk
deep tendon reflexes. The patient was thin, with normal nutri-
tional status and Bichat’s fat-pads (figure 1A).

By age 3 years, the patient showed psychomotor regression.
She lost all language and showed severe cognitive impairment.
By age 4 years, she still walked, albeit with ataxic gait. She
showed widespread and generalised fine tremor, dystonia and
sleep disturbances. Generalised tonic-clonic seizures appeared at
this time.

At 5 years of age, the patient was unable to walk or sit unsup-
ported. She showed severe spasticity and suffered convulsive sei-
zures of different morphology. At 6 years of age, she had severe

encephalopathy with tetraparesis, pyramidal and extrapyramidal
signs and severe sleep disorder. All motor skills, social, language
and cognitive development were lost. Cardiac evaluation was
always normal. She died at age 8 years from an aspirative
pneumonia.

Brain MRI at 21 months showed mild subcortical atrophy,
which progressed to moderate atrophy 3 years later.

Electroencephalography showed multifocal spike-wave and
sporadic generalised discharges associated or not with myoclo-
nias. Electromyography and nerve conduction velocity studies
were normal at 3 and 7 years of age. At 6 years of age, nerve
biopsy and muscle mitochondrial respiratory chain study were
both normal. Creatine deficiency, congenital glycosylation
defects, Niemann–Pick disease, GM1 and GM2 gangliosidosis,
metachromatic leukodystrophy and neuronal ceroid lipofuscino-
sis were excluded. Additional genetic investigations including
high-resolution karyotype, DNA methylation analysis for the
15q11.2-q13 Angelman syndrome/Prader–Willi syndrome
region, lipoprotein lipase gene analysis and MECP2 gene ana-
lysis were also normal.

Patient 2 was a boy born to non-consanguineous, healthy
parents in 1986. At 4 months of age, he showed a BSCL pheno-
type (figure 1B). He walked independently at 12 months of age.
At 3 years of age, he had hyperactive behaviour, mild cognitive
impairment and language delay, and began to show tremor and
myoclonic seizures. EEG showed generalised spike-wave

Figure 1 Images, pedigrees and electropherograms of the studied subjects. Whole black symbols indicate homozygotes, half black or grey symbols
indicate asymptomatic carriers, and black and grey symbols indicate compound heterozygotes. (A) Index case (p.Arg329X homozygote) deceased at
8 years of age. This patient had a lipoatrophic appearance at 6 months of age, which regressed subsequently. Note full cheeks at 17 months, 2.5
and 5.5 years of age. (B) Second case, deceased at 8 years of age. He was a compound heterozygote (Arg329X/Glu180X) with a mixed phenotype,
both lipodystrophic and neurological. (C) Third case, deceased at 7 years of age. He is the second uncle of the fifth case and was a compound
heterozygote (Arg329X/Tyr170CysfsX6) with a mixed phenotype, both lipodystrophic and neurological. (D) Fifth case. She is a compound
heterozygote (Arg329X/Tyr170CysfsX6) with typical features of Berardinelli-Seip syndrome and psychomotor delay. (E) Pedigree of the index case and
(F) electropherogram of the c.985C>T mutation in homozygosis showing a C>T transition (CGA>TGA, arginine for premature stop codon). (G)
Pedigree of the third, fourth and fifth cases and, (H) electropherogram of c.507_511del mutation. (I) Pedigree of the second case, and ( J)
electropherogram of the c.538G>T mutation showing a G>T transversion (GAG>TAG, glutamic acid for premature stop codon). (K) Pedigree of the
sixth case.
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discharges. At 4 years of age, he had normal triglyceridemia,
pyramidal signs, language loss and more severe epilepsy with
myoclonic, partial and generalised seizure of difficult control.
Progressive neurological deterioration continued with dystonia
and difficult swallowing. He died at 8 years of age, maintaining
his lipodystrophic phenotype, because of respiratory failure in a
status epilecticus. Extensive metabolic work-up and brain MRI
were normal.

Patient 3 was the first child born to a healthy, non-
consanguineous couple in 1976. His development was normal
in the first year, he walked independently at the 13th month.
His parents noticed abnormal communication skills, language
delay and hyperactivity during his second year of life. At age 2
years and 5 months, he was admitted to the hospital due to
complex partial seizures. He had BSCL phenotype, cognitive
dysfunction, and ataxic gait (figure 1C). No hepatomegaly or
hypertriglyceridaemia was present. At age 5 years, he showed
severe cognitive impairment and progressive deterioration. At
age 7 years, he had frequent seizures (myoclonic, partial and
generalised tonic-clonic), and died from a severe respiratory
infection.

Patient 4 was the younger brother of patient three, born in
1990. At 3 months of age, he showed a lipodystrophic pheno-
type, hepatomegaly and hypertriglyceridaemia. He walked inde-
pendently at 15 months of age. At age 3 years, he showed
hyperactivity, severe language delay and myoclonic epileptic sei-
zures. His neurological clinical course was similar to his broth-
er’s, and he died at the age of 7 years due to respiratory
infection.

Patient 5 was the only female child born to a healthy, non-
consanguineous couple. Her mother was the first cousin of
patients 3 and 4 by paternal lineage. At 2 months of age, she
showed the typical BSCL phenotype (figure 1D), and she
walked independently at 16 months of age. Currently, at 3 years
and 6 months of age, she shows also a mild psychomotor delay,
affecting the language acquisition and behaviour (irritability,
hyperactivity and sociability), and brain hypometabolism (vide
infra).

Patient 6 was the third child to healthy and consanguineous
parents born in 1981. Her first referred sign was developmental
delay without lipodystrophic phenotype. She walked independ-
ently at 19 months of age with ataxic gait. Myoclonic seizures
were noted by the age of 4 years. During her 5th year, a severe
neurologic regression with marked irritability, dysphagia, sleep
disorder and pyramidal signs was detected, and a neurological
clinical course similar to that of the index case followed. The
patient died at 6 years of age in another hospital. The report on
cause of death is not available.

For more clinical information see table S1 in online supple-
mentary data.

Clinical evaluation of patients’ parents: Clinical exam, brain
MRI, electromyography and nerve conduction velocity studies
of seven asymptomatic parents carrying the c.985C>T mutation
(vide infra) were normal.

METHODS
Genetic studies
For the mutational analyses, genomic DNA was isolated from
peripheral leukocytes using standard procedures.17 BSCL2
exons 1–11, and the surrounding intronic sequences from the
subjects, were PCR-amplified and sequenced as described.1

BSCL2 exons 4 and 7 were also analysed in 322 volunteers
from the three towns from which the cases originated, and in
50 control subjects from Galicia (northwestern Spain).

Haplotype construction
Three biallelic markers within BSCL2, SNPs rs2850596,
rs74388071 and rs2850597, plus the c.985C>T mutation were
selected to construct haplotypes of 100 individuals. This group
included the 13 carriers of the c.985C>T mutation, 14 relatives
not carrying the mutation, and 72 controls from the same geo-
graphical region. The haplotypes were constructed by the
Bayesian statistical method implemented in the PHASE V.2.0.2
program.18 The markers were genotyped by direct sequencing
of PCR products as described above.

Adipose tissue biopsies and cell culture
A small sample of subcutaneous adipose tissue of the abdominal
area was obtained from the index patient at age 6 years. Control
adipose tissue sample was obtained from a 6-year-old normal
boy during cryptorchidism surgery, in accordance with the
current Spanish legislation. A small piece of tissue was placed
on a 5 cm dish containing Dulbecco’s modified Eagle’s medium
(DMEM) supplemented (Sigma, Missouri, USA) with 30% fetal
bovine serum (FBS) (Gibco Invitrogen, New York, USA) and
gentamicin. Preadipocytes were recognised by the presence of
small lipid droplets within the fibroblast-like cells using a phase
microscope.

Tissue samples
Brain, skeletal muscle, subcutaneous and visceral adipose tissue,
liver, kidney and vagal nerve were obtained from the index case
during autopsy. Similar samples were obtained from three male
adult decedents, 35, 50 and 79 years old, respectively, all of
whom had killed themselves, with autopsy performed in accord-
ance with the Spanish legislation.

BSCL2 expression studies
Total RNA was extracted from tissue samples, lymphocytes,
primary preadipocytes and fibroblasts and reverse-transcribed as
previously reported.19 BSCL2 cDNAwas amplified with primers
designed with the Primer3Plus software (http://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) (forward:
50-CAGATGCTGGACACACTGGT-30, reverse: 50-ATCACTGG
CCTCAGGCTCTA-30). PCR conditions are available upon
request. Amplification fragments obtained were separated out by
low-melting agarose gel electrophoresis (1%). The resulting
bands were excised from agarose gel, and cDNA was extracted
using the Qiaex II gel extraction kit (Qiagen, Chatsworth, CA,
USA). cDNAwas then amplified with the same primers and con-
ditions as used for the first PCR; fragments were separated by
agarose gel electrophoresis and directly sequenced.

Splicing analysis was as indicated in figure 2.
Expression of BSCL2 mRNA was quantified in a Light Cycler

2.0 (Roche Diagnostics, Sant Cugat del Vallès, Spain) using spe-
cific probes and oligonucleotide primers designed by Universal
ProbeLibrary (Roche Diagnostics). Specific designed primers
were used for BSCL2 exon 7 transcripts and for BSCL2 spliced
transcript. Details are available upon request. Results were nor-
malised to the RNA polymerase II and 18s genes, using the
2−ΔΔ CT method.21

Cell studies
Preadipocytes were cultured from biopsy samples of adipose
tissue, and imaged by transmission electron microscopy (see
online supplementary data). ER stress marker, BiP, was analysed
by western blot (WB).
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BSCL2 transfection into HeLa cells: A plasmid containing
wild type (wt) seipin fused to a myc tag (6 myc-wt seipin pCS2
+MT) was a kind gift from D Ito, Keio University, Japan. A
seipin R329X mutant was obtained by site-directed mutagenesis
using the QuikChange II Site-Directed Mutagenesis Kit follow-
ing the manufacturer’s instructions (Stratagene, Cedar Creek,
Texas, USA) with the oligonucleotide 50-GGCATCTGGCCC
TGACACCGCTTCTC-30 and its reverse complement on the wt
plasmid. A plasmid containing the sequence of skipped seipin
fused to myc was created as follows: a 431 bp fragment without
exon 7 was amplified from cDNA of the index patient, purified
and sequenced as described above, and then it was inserted into
the pGEM-T-easy vector following the manufacturer’s instruc-
tions (Promega, Wisconsin, USA). Then, a shorter fragment con-
taining exons 6 and 8 was obtained by digestion with the
restriction enzymes Eco0109I and BsiWI (New England Biolabs,
Ipswich, Massachusetts, USA) from the cloned fragment and
inserted at the corresponding site in the 6 myc-wt seipin pCS2
+MT plasmid with the wt fragment previously removed using
the same enzymes. Correct cloning was verified by sequencing.

HeLa cells were maintained in DMEM supplemented with
10% FBS, 1% penicillin/streptomycin (Sigma) and 1%
L-glutamine (Gibco). Transfection was performed using Fugene
6 Transfection Reagent (Promega, Wisconsin, USA), according
to the manufacturer’s instructions. After 48 hours, the cells
were lysed, using cold lysis buffer (20 mM HEPES, pH 7.4,
2 mM Ethylene-bis(oxyethylenenitrilo)tetraacetic acid (EGTA),

Na3VO4, 1% Triton X100, 10% Glycerol, 50 mM
β-Glycerophosphate, 1 mM Dithiothreitol (DTT), 2 μM leupep-
tin, 0.1% aprotinin and 400 μM Phenylmethyl flouride
(PMSF)). Cell lysates were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a polyvinylidene difluoride (PVDF) transfer membrane
(Millipore, Massachusetts, USA). The membrane was probed
with 1:200–1:1000 anti c-Myc (Santa Cruz Biotechnology,
California, USA) followed by 1:2000 ECL anti-mouse IgG
horseradish peroxidase-linked secondary antibody (GE
Healthcare UK, Buckinghamshire, UK).

Seipin subcellular fractionation analysis
The method of Yokoyama et al22 was followed. Briefly, HeLa
cells were washed twice with PBS and harvested. Cells suspended
in ice-cold buffer A (10 mM Hepes, pH 7.0, 5 mM MgCl2,
25 mM KCl, 1 mM Na3VO4, 1 mM PMSF, 10 μg/ml leupeptin,
and 10 μg/ml aprotinin) were disrupted by repeated passage (10
times) through a 23-gauge needle, and then mixed immediately
with an equal volume of ice-cold buffer A containing of 0.25 M
sucrose. The mixture was centrifugated at 500×g for 10 min.
The pellet was resuspended in an equal volume of ice-cold buffer
A containing 0.1% of NP-40 and then homogenised again by
passage through a 23-gauge needle 10 times. Nuclei were isolated
by centrifugation at 500×g for 10 min, washed once with buffer
A containing 0.1% of NP-40, and lysed in lysis buffer (10 mM
Hepes, pH 7.0, 0.5 M KCl, 1.5 mMMgCl2, 0.2 mM EDTA,

Figure 2 Splicing analysis and amplification of the BSCL2 c.985C>T and wild-type transcripts. (A) To confirm the hypothesis that the BSCL2
c.985C>T mutation results in a branch site (CCCCAG>CCCTAG) favouring splicing, the sequence of this gene in the region of the pathogenic
mutation was analysed in silico with four splice site prediction programmes (*NNSPLICE 0.9, #Alternative Splice Site Predictor (ASSP), §NetGene2
v2.4 and †Human Splicing Finder v2.4.1). Human Splicing Finder v2.4.1, used to determine potential branch points, confirmed that the wild-type
sequence (CCCCAG) has a consensus value of 86.03, whereas once mutated, the value of the branch point motif (CCCTAG) increases to 95.07.
According to this computational tool, which is also able to establish potential splice sites, the mutated BSCL2 sequence analysed is predicted to
have two splicing sites: a donor site at the beginning of intron 6–7 (CTGGGCTCAGgtgaggggcc) with a score of 96.91†, and an acceptor site at the
end of intron 7–8 (tcctccacagGTTAACATCC) with a score of 96.95†. The same analysis was performed using NetGene2 v2.4§ and NNSPLICE 0.9*,
which corroborate the presence of these splice sites: 0.96§* for the donor site and 0.96§—0.98* for the acceptor site. The ASSP tool was used to
determine the constitutive or cryptic nature of the splice site: both donor and acceptor sites are constitutive, with high splice site scores of 14.346#
and 13.11#, respectively.20 (B) Results of the amplification of a 573 bp region of cDNA from lymphocytes, fibroblasts and preadipocytes from the
index case and different control subjects. Only samples from the index case show the presence of a 431 base pair-long additional band (bands 2, 5
and 8). (C) Sequencing of the 431 base pair band showed complete skipping of exon 7.
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1 mM DTT, 1 mM PMSF, 10 μg/ml leupeptin, and 10 μg/ml
aprotinin). This is the subcellular fraction enriched in nuclei.
EDTA was added to the supernatant from the initial low-speed
centrifugation (500 × g) to a final concentration of 10 mM, and
the mixture subjected to centrifugation at 16 000×g for 15 min.
The resultant pellet was washed once with buffer A containing of
0.25 M sucrose and lysed in a RIPA buffer (50 mM Tris-HCl, pH
7.2, 150 mM NaCl, 5 mM EDTA, 2 mM Na3VO4, 1% NP-40,
0.25% sodium deoxycholate and 0.05% SDS, 1 mM
PMSF, 10 μg/ml leupeptin, and 10 μg/ml aprotinin). This fraction
represents the standard subcellular fraction enriched in mito-
chondria + microsomes. The supernatant from the centrifuga-
tion at 16 000×g represents the subcellular fraction enriched in
cytosol + plasma membrane. All centrifugations were carried out
at 4 °C. A sample (100 μl) of the initial whole-cell suspension
was lysed directly in RIPA buffer as control.

Each fraction was analysed by WB using 9E10 anti-myc
(Santa Cruz Biotechnology), anti-BiP (Cell Signaling,
Massachusetts, USA), anti-Fibrillarin (H140) (Santa Cruz
Biotechnology), anti-Grp94 (Cell Signaling) and anti-GAPDH
(Sigma Aldrich, Missouri, USA) antibodies.

Immunofluorescence assay
HeLa cells grown on Milicell EZslide (Millipore) were trans-
fected with the appropriate expression plasmid. After 48 hours,
the cells were fixed with 4% paraformaldehyde ice cooled for
10 min, and then permeabilised in 0.5% Triton X-100 at room
temperature for 5 min. After blocking of non-specific binding
(5% BSA, 1 hour at room temperature), the slides were incu-
bated with the primary antibody (9E10, 1:1000) at 4 °C over-
night. The next day, after four washes, the slides were incubated
with Texas Red conjugated antimouse secondary antibody and
Hoechst 33258 stain (Sigma Aldrich) for 1 hour in darkness,
and mounted. Immunofluorescence staining was examined using
a Leica TCS SP5 confocal microscope and LAS AF Software
(Leica, Mannheim, Germany).

Quantitative brain PET/MRI: Functional Positron Emission
Tomography (PET) studies were performed on patient 5 at 2
years and 8 months of age. Both visual inspection and quantita-
tive analysis were carried out to identify brain areas with abnor-
mal metabolism. These areas were coregistered to a
T1-weighted MRI-based atlas to obtain anatomical localisation
(see online supplementary data for details).

RESULTS
Mutational analysis of BSCL2 gene
The index patient was homozygous for a novel nonsense muta-
tion NM_001122955.3: c.985C>T, p.Arg329X in BSCL2
(figure 1E, F). Her parents were asymptomatic heterozygous
mutation carriers. Patient 5 was a compound heterozygote for
BSCL2: c.985C>T in the maternal allele and c.507_511del, (p.
Tyr170CysfsX6) in the paternal allele (figure 1G, H). DNA
from patients 3, 4 and 6, who died more than 15 years ago, was
unavailable. The mother of the second case was a heterozygous
carrier of the c.985C>T mutation, while his father was a het-
erozygous carrier of yet another novel nonsense BSCL2 muta-
tion: c.538G>T (p.Glu180X) (figure 1I, J). Both parents were
asymptomatic. The situation was similar for patients 3 and 4:
their asymptomatic father carried the frameshift BSCL2 muta-
tion c.507_511del,1 and their asymptomatic mother the same
mutation as the index patient (figure 1G, H). The parents of the
case 6 were asymptomatic heterozygous carriers of the
c.985C>T mutation (figure 1K).

The c.985C>T mutation appeared in heterozygosity in eight
samples from the Murcia genetic study (allelic frequency: 0.012).
Haplotype analysis suggests a founder effect (see online supple-
mentary data for details). The other two mutations were not found
in the 644 chromosomes from that area. None of these mutations
was found in the 100 control chromosomes from Galicia.

Splicing analysis
The c.985C>T mutation causes an aberrant splicing site leading
to skipping of exon 7 (figure 2A). As seen in figure 2B, samples
from the index case exhibited, besides the 573 bp band corre-
sponding to normal splicing, a second 431 bp band correspond-
ing to the alternatively spliced product. Sequencing of this band
confirmed skipping of exon 7 (figure 2C), which would give
rise to the mutated protein, p.Tyr289LeufsX64.

Brain PET/MRI from patient #5 (2.8 years old)
Visual inspection revealed bilateral temporal and occipital hypo-
metabolism and also unilateral left thalamic hypometabolism
(figure 3). For quantitative values, see the online supplementary
data.

Autopsy study of the index case: This study revealed a severe
lack of subcutaneous and visceral adipose tissue (see online

Figure 3 Brain PET/MRI from patient 5 (2.8 years old). A 18F-FDG PET
study was performed based on the European Association of Nuclear
Medicine (EANM) standard clinical protocol for paediatric examinations.
Co-registration of T1-weighted MRI and functional PET images was
required in order to combine functional and anatomical information in a
common reference image. A fused PET/MR image of the patient was
obtained by using a mutual information approach from Statistical
Parametric Mapping (Welcome Department of Cognitive Neurology,
London, UK). PET data were then resampled along the planes of the
MRI. In this picture we show the representation of the hypometabolic
areas (from green to purple) coregistered to the brain MNI MRI atlas,
which were obtained from the quantitative analysis. The bilateral
hypometabolism related to the temporal and occipital areas, and the
unilateral hypometabolism in the thalamic area, are shown.
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supplementary data for details). On the other hand, postmortem
examination revealed symmetrical moderate cortical atrophy of
frontal, parietal and occipital lobes, intense atrophy of the
caudate nucleus, and moderate atrophy of the cerebellar vermis.
On histological examination, atrophic areas displayed intense
neuronal loss and astrogliosis. Immunohistochemical examin-
ation revealed intense immunoreactivity for phosphorylated neu-
rofilaments in remaining neurones that frequently contained
small proximal axonal spheroids. Occasionally, these neurones
displayed ubiquitin-positive intranuclear inclusions; either globu-
lar or granular (figures 4A–C). Postmortem examination of arch-
ival fixed material from case 3 overall agreed with observations
on material from the index case (see online supplementary data).

ER hypertrophy and increased BiP expression in preadipo-
cytes from the index case. In the index case, preadipocyte cyto-
plasm was rich in markedly dilated rough ER, filled with
medium dense granular material (figure 4D). Expression of the
reticulum stress marker BiP was increased in the index case com-
pared with the control (figure 4E).

BSCL2 transcript expression
The relative expression of the different seipin transcripts in both
tissue samples and primary cultures is shown in figure 5A–D
(and in tables S2–S4, online supplementary data). Expression of
BSCL2 transcripts containing exon 7 was reduced in all samples
from the index case (to ≈9% of control values in the central
nervous system (CNS) and ≈34% in the other tissues).
Expression of the BSCL2 transcript without exon 7 in the
control samples was negligible (<0.5%) compared with the

other transcripts. However, the exon 7-skipping transcripts were
highly expressed in all the index case samples compared with
their respective control samples (≈600% in CNS and ≈1300%
in the other tissues).

Seipin overexpression in HeLa cells
Myc-tagged wt, exon 7 skipped, and R329X mutant seipin were
overexpressed in HeLa cells (figure 6A). Increased ER stress
caused by exon 7 skipped seipin was confirmed by a clearly
higher level of BiP expression (figure 6B). To determine their
subcellular location, wt, exon 7 skipped and R329X mutant
seipin were analysed by confocal microscopy. All three seipin
forms presented a diffuse cytoplasmic localisation, as previously
described.23 However, intense fluorescence rings were also
detected surrounding cell nuclei, suggesting perinuclear/nuclear
localisation of a fraction of seipin (figure 6C). Subcellular frac-
tions were analysed using an anti c-Myc antibody; nuclear local-
isation of wt and exon 7 skipped seipin were confirmed;
immunoblots suggest a higher fraction of skipped seipin loca-
lised in the nucleus as compared with wt seipin (figures 6D,E).

DISCUSSION
Here, we report a new neurodegenerative syndrome associated
with a novel mutation in the BSCL2 gene, c.985C>T. This
mutation gives rise to an aberrant splicing site which causes
complete skipping of exon 7, change of reading frame and early
termination which would result in the aberrant protein p.
Tyr289LeufsX64. This mutation, whether homozygous or in
compounded heterozygosity with a second BSCL2 ‘classic’

Figure 4 (A) Serial coronal sections of the left brain hemisphere from the level of the head of the caudate nucleus (left) to the level of thalamus
(right). Note the extreme atrophy of the caudate nucleus (arrow, left) and the atrophy of the posterior corpus callosum and parasagital parietal
cortex (arrow, right). (B) High-power image of involved occipital cortex immunostained for phosphorylated neurofilaments (SMI 213) showing
multiple small immunoreactive axonal spheroids (arrows). (C) High-power image of involved parietal cortex immunostained for ubiquitin showing
two pyramidal neurones containing conspicuous reactive intranuclear inclusions (arrows). (D) Ultraestructural analysis of preadipocytes in primary
culture from two control subjects and the index case: white lines indicate width of the rough endoplasmic reticulum. (E) The expression of the
reticulum stress marker BiP in primary preadipocytes was increased in the index case as compared with the control. The immunoblots shown are
representative of two independent experiments.
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mutation, results in an extremely severe neurological syndrome
that leads to death during the first decade of life. The index
patient, homozygous for c.985C>T, initially showed clinical fea-
tures of BSCL that disappeared during the first months of life.
Although the necropsy study of this patient showed a severe
loss of adipose tissue, this contrasts with the phenotype of the
patient, in whom adipose tissue was present (figure 1A). On the
other hand, the sixth case, also homozygous for c.985C>T, did
not show any evidence of transient lipodystrophy. Thus, some
degree of lipodystrophy might indeed exist in homozygous sub-
jects albeit in a much lower degree than in compound heterozy-
gous children.

Regarding the only surviving child (patient 5), although at
present she does not show any clinical evidence of neurodegen-
eration, given her genetic background, the presence of poor lan-
guage acquisition and abnormal behaviour, and taking into
account the natural history of her relatives (patients 3 and 4), it
is reasonable to expect a neurological involution, although we
must be very cautious about this.

So far, BSCL2 mutations had been associated with a higher
prevalence of intellectual impairment,4 but never before with
such specific fatal neurodegenerative course. Strikingly, Van
Maldergem et al4 reported a case of severe psychomotor delay
and pyramidal signs due to a splice site mutation resulting in
exon 7 skipping. However, no information about the age and
clinical evolution of this patient was provided.

Analysis of expression of BSCL2 transcripts showed that in
normal subjects, the short transcript has a very low transcription

rate (<0.5%), in agreement with published studies.7 Further,
total seipin expression in the index case was much reduced in
all tissues; however, the expression of transcripts without exon
7 was very high compared with controls. This finding strongly
suggests that this transcript plays a key role in the pathogenesis
of this new neurological disease, and also allows us to speculate
about a possible positive role it might have in the maintenance
of adipogenesis.

The large RE dilatation observed in preadipocytes from the
index case, and the increment of BiP in these and in transfected
HeLa cells, suggest a possible accumulation of misfolded seipin
within the ER, inducing ER stress, which might activate the
unfolded protein response,24 25 perhaps leading to neurone
apoptosis, as in other neurodegenerative diseases.26–30 The
neuropathological studies showed a pattern of regional degener-
ation, with major involvement of cortical areas and basal
ganglia. Strikingly, one of the most affected areas was the
caudate-putamen nucleus; together with the presence of
ubiquitin-immunoreactive intranuclear inclusions, this might
suggest some pathogenic analogy with Huntington’s disease and
some frontotemporal dementias and hereditary ataxias,31 32

although caution must be exercised given the non-specific
nature of these findings. On the other hand, our studies with
seipin-transfected HeLa cells show that seipin, besides localising
in the ER, also appears in the nucleus. In Huntington’s disease,
intranuclear inclusions are the result of intranuclear accumula-
tion of Huntington fragments.33 We have not yet been able to
prove that the intranuclear inclusions seen in the brain of the

Figure 5 (A) Relative expression of exon 7-skipping BSCL2 transcripts in different tissues normalised to the 18s gene. (B) Percentage of change
referred to the control pituitary in the expression of exon 7-skipping BSCL2 transcripts. (C) Relative expression of BSCL2 transcripts containing exon
7 in different tissues. (D) Percentage of change referred to the control pituitary in the expression of the exon 7-containing BSCL2 transcripts; white
bar: controls; black bar: index case. Control subjects, n=3. All samples were analysed in quadruplicate.
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index case are made up of seipin, as sufficiently specific seipin
antibodies are not available. Efforts in that direction are under
way. However, seipin/seipin fragment accumulation is the most
parsimonious hypothesis. In this respect, our results showing
nuclear localisation of seipin are particularly relevant.

In summary, we describe a new fatal and early onset neurode-
generative syndrome associated with exon 7 skipping in the
BSCL2 gene, mainly affecting cortical areas and basal ganglia,
which should be considered in the differential diagnosis of the
late infantile progressive genetic encephalopathies. This study
highlights the importance of seipin, a mysterious protein,
usually related with adipocyte biology, in brain function.
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Figure 6 (A) Immunoblot analysis of wild-type, exon 7-skipping and R329X seipin. Lysates from transfected HeLa cells were analysed by western
blot with c-Myc (9E10) antibody. The membrane was reprobed with anti-GAPDH as an internal loading control. Wild-type seipin exhibited a MW of
≈90 kDa, whereas exon 7-skipped seipin appeared to have a MW of ≈60 kDa, in agreement with previously published results23 and taking into
account the theoretical mass decrease resulting from loss of exon 7. Moreover, R329X seipin showed a MW of ≈45 kDa, consistent with the stop
codon produced by the mutation. High MW polymers and lower MW N-terminal fragments were detected in all cases, also in agreement with the
literature.23 (B) Immunoblot analysis of BiP expression in lysates from transfected HeLa cells. GAPDH was probed as internal loading control.
(C) Subcellular localisation of wild-type, exon 7 skipped and R329X seipin. Transfected HeLa cells were incubated with anti c-Myc (9E10) followed
by Texas Red conjugated antimouse secondary antibody and Hoechst 33258 staining. Cells transfected with an empty vector was used as a control.
All images were acquired by confocal microscopy under the same conditions. (D) and (E) Subcellular fractionation analysis. HeLa cells overexpressing
wild-type or exon 7-skipped seipin were subjected to subcellular fractionation. Fractions were analysd by western blot using c-Myc (9E10), GAPDH
(cytoplasmic marker), Fibrillarin (nuclear marker) and Grp94 (ER marker) antibodies. Cells transfected with an empty vector were used as a control.
The immunoblots and confocal pictures shown are representative of two independent experiments.
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Abstract

Celia’s Encephalopathy (MIM #615924) is a recently discovered fatal
neurodegenerative syndrome associated with a new BSCL2 mutation
(c.985C>T) that results in an aberrant isoform of seipin (Celia seipin).
This mutation is lethal in both homozygosity and compounded
heterozygosity with a lipodystrophic BSCL2 mutation, resulting in a
progressive encephalopathy with fatal outcomes at age 6-8. Strikingly,
heterozygous carriers are asymptomatic, conflicting with the gain of
toxic function attributed to this mutation. Here we report new key
insights about the molecular pathogenic mechanism of this new
syndrome. Intranuclear inclusions containing mutant seipin were found
in brain tissue from a homozygous patient suggesting a pathogenic
mechanism similar to other neurodegenerative diseases featuring brain
accumulation of aggregated, misfolded proteins. Sucrose gradient
distribution showed that mutant seipin forms much larger aggregates
as compared with wild type (wt) seipin, indicating an impaired
oligomerization. On the other hand, the interaction between wt and
Celia seipin confirmed by coimmunoprecipitation (CoIP) assays,
together with the identification of mixed oligomers in sucrose gradient
fractionation experiments can explain the lack of symptoms in
heterozygous carriers. We propose that the increased aggregation and
subsequent impaired oligomerization of Celia seipin leads to cell death.
In heterozygous carriers, wt seipin might prevent the damage caused
by mutant seipin through its sequestration into harmless mixed
oligomers.
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Introduction

Seipin is an endoplasmic reticulum (ER) resident protein highly
expressed in brain and testicles (Windpassinger et al., 2004). It has 3
isoforms of 462, 398 and 287 amino acids (Cartwright and Goodman,
2012). Its predicted structure would encompass two transmembrane
domains, a conserved core region and both amino- and carboxi- termini
facing the cytoplasm (Lundin et al., 2006).

The function of seipin remains incompletely understood. There are
evidences for a role of seipin in lipid droplet (LD) synthesis (Fei et al.,
2011 Szymanski et al., 2007 and Yang et al., 2013a) and adipocyte
differentiation (Payne, 2008, Yang, 2013a and Yang, 2013b). Previous
studies have shown the existence of seipin oligomers of about 9
subunits in yeast related to the synthesis of lipid droplets (Binns et al.,
2010). In addition, oligomers of 12 subunits have also been described
for human seipin (Sim et al., 2013a).

Recently, new roles for seipin in nervous tissue have been proposed.
Seipin might regulate excitatory synaptic transmission by modulating
AMPA receptor levels (Wei et al., 2013) and synaptic vesicle
exocytosis by directly regulating synaptic vesicle docking (Wei et al.,
2014). Furthermore, a role for seipin in the mobilization of lipids to the
developing brain has also been proposed (Hötta-Vuori et al., 2013).

Mutations in the Seipin/BSCL2 gene cause either type 2 congenital
generalized lipodystrophy (CGL2) (Magré et al., 2001) or dominant
motor neuron diseases (Windpassinger et al., 2004). However, we
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recently reported on a novel mutation in the BSCL2 gene (c.985C>T)
that results in a fatal neurodegenerative syndrome (Guillén-Navarro et
al., 2013) henceforward called “Celia’s Encephalopathy” (MIM
#615924). This mutation induces an alternative splicing event that
results in skipping of exon 7 and a reading frame shift giving place to a
new aberrant protein, hereafter called Celia seipin.

To date, six patients have been identified. Two of them are
homozygous for the c.985C>T mutation whereas the other four are
compound heterozygous, carrying the c.985C>T mutation plus a
lipodystrophic mutation (c.538G>T or c.507_511del). Both homozygous
and compound heterozygous patients showed a similar neurological
course, suffering from progressive encephalopathy starting at age 2-3,
with a fatal outcome at age 6-8. Strikingly, heterozygous carriers are
asymptomatic, conflicting with the gain of toxic function attributed to the
mutation (Guillén-Navarro et al., 2013).

The pathogenic mechanism by which Celia seipin exerts its pathogenic
effect is not completely understood. Our previous work has shown high
expression level of BiP, an ER stress marker, in Celia seipin-
overexpressing compared to control cells (Guillén-Navarro et al., 2013).
ER stress has been extensively associated to several
neurodegenerative diseases (Matus et al., 2011). Besides, we found
ubiquitin positive intranuclear inclusions in the hypothalamus of the
index case (Guillén-Navarro et al., 2013). Ubiquitin positive intranuclear
inclusions have been associated to other neurodegenerative
syndromes like Huntington’s disease (Sieradzan et al., 1999).

Likewise, ER stress has been demonstrated in the N88S and S90L
mutations of the seipin gene, both of which lead to motor neuropathies
(Ito and Suzuki, 2007 and Ito et al. 2008). Moreover, cytoplasmic
inclusion bodies with a cytoprotective function have been detected in
association to these mutations (Ito et al., 2008 and Ito et al., 2012).On
the other hand, mild mental retardation has been reported linked to
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CGL2 (Van Maldergem et al., 2002) suggesting an impairment of brain
functions of seipin. However, considering the short term lethal nature of
Celia’s Encephalopathy, a different or more aggressive pathogenic
mechanism has to be involved in this new disease.

The results reported here provide new insights about the molecular
mechanism involved in Celia’s Encephalopathy.

Materials and Methods

This study was approved by the local Ethics Review Panel of Xunta de
Galicia (Spain) and was in accordance with the Declaration of Helsinki.
Patient’s relatives gave informed consent for participation in the study
and publication of clinical and biochemical information.

Tissue samples

Hypothalamus samples were obtained from the homozygous index
case during autopsy and from two control cases (both of them males,
43 and 68 years at death, respectively) deceased by suicide, with
autopsy performed in accordance with the Spanish legislation.

Adipose tissue samples were obtained by biopsy of the abdominal area
from a homozygous patient (index case), at 6 years of age, and from
an age-matched healthy control. Small pieces of visceral adipose
tissue were placed on a 60 mm dish (BD FalconTM, Mississauga, ON,
Canada) containing Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich, St. Louis, MO, USA) plus 30% fetal bovine serum
(FBS) (Gibco, Life Technologies, Gaithersburg, MD, USA) and 50
μg/ml gentamicin (Sigma-Aldrich), and incubated at 37 ºC with 5% CO2

in a Water-Jacket CO2 incubator (NuAire, Plymouth, MN, USA).
Preadipocytes were recognised by the presence of small lipid droplets
in the fibroblast-like cells. Preadipocytes were tripsinized with TrypLE™
Express Stable Trypsin-like Enzyme with Phenol Red (Gibco) and
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cultured on 100 mm dishes in DMEM containing 10% FBS and 1%
penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA).

Cell culture and transfection

HeLa, 3T3, HEK293 and COS-7 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with
10% FBS (Gibco), 1% penicillin/streptomycin (Invitrogen) and 1% L-
glutamine (Gibco). SH-SY5Y cells were grown in 1:1 Ham’s F12:Earle’s
Balanced Salt Solution (Sigma-Aldrich) supplemented with 15% FBS
(Gibco), 1% penicillin/streptomycin (Invitrogen), 1% L-glutamine
(Gibco) and 1% non-essential amino-acids (NEAA) (Gibco).
Transfections were performed with TurboFect (Thermo-Fisher
Scientific, Waltham, MA, USA) or Fugene 6 (Promega, Fitchburg, WI,
USA) according to the manufacturer’s instructions.

cDNA

A plasmid containing wild type human seipin fused to a myc tag (6
myc-wt seipin pCS2+MT) was a kind gift from D. Ito, Keio University,
Japan. Myc fused Celia seipin expression plasmid were previously
described (Guillén-Navarro et al., 2013).

Plasmids containing wild type or Celia seipin fused to a FLAG tag were
created as follows: seipin cDNA was amplified by PCR using primers
designed for human wt seipin (forward: 5’-
GCCGAATTCATGTCTACAGAAAAGGTAGACCA-3’; reverse: 5’-
GCCTCTAGAGGAACTAGAGCAGGTGGGG-3’) and Celia seipin
(forward: 5’-GCCGAATTCATGTCTACAGAAAAGGTAGACCA-3’;
reverse: 5’-GCCTCTAGAGGGGCTGCTGATCTGGTTT-3’), then
digested with the restriction enzymes EcoRI (Thermo-Fisher Scientific)
and XbaI (Thermo-Fisher Scientific), purified and inserted into
p3XFLAG-CMV-14 (Sigma-Aldrich) plasmid. Correct cloning was
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verified by sequencing. Control plasmids were empty p3XFLAG-CMV-
14 (Sigma-Aldrich) and pCS2+MT.

Antibodies

The following primary antibodies were used in this study: anti seipin
(HPA042394) rabbit polyclonal antibody (1:40-1:500, The Human
Protein Atlas [Uhlen, 2010]), anti c-myc (9E10) mouse monoclonal
antibody (1:1000, Santa Cruz Biotechnology, Dallas, TX, USA), anti-
FLAG rabbit polyclonal antibody (1:1000, Sigma-Aldrich), anti-GAPDH
(1:10000, Sigma-Aldrich), anti-Tubulin (1:5000, Sigma-Aldrich). The
following secondary antibodies were used: Alexa Fluor 555- conjugated
anti-mouse IgG secondary antibody (Invitrogen), horseradish
peroxidase-linked anti mouse IgG secondary antibody (GE Healthcare
UK, Buckinghamsire, UK), horseradish peroxidase-linked anti rabbit
IgG secondary antibody (Dako, Glostrup, Denmark).

Density gradient fractionation

Lysates (vide infra) from HeLa cells transfected with Myc-wt, Myc-Celia
or both seipin isoforms (10:1 proportion) were loaded on the top of 10-
60 % sucrose gradients (sucrose dissolved in PBS) (Supplementary
Material, Fig. S1A) and centrifuged at 272109 g in a SW60Ti rotor
(Beckmann Coulter, Brea, CA, USA), 16 h, 4ºC.

8 fractions of 325 μl were collected from the top, subjected to SDS-
PAGE and analyzed by immunoblotting with 1:1000 anti c-myc (9E10)
antibody (Santa Cruz Biotechnology) followed by incubation with
horseradish peroxidase-linked secondary antibody (GE Healthcare).

The MW of the oligomers was estimated using the theoretical MW of
Myc-wt seipin (58 kDa) and Myc-Celia seipin (46 kDa). According to the
calibration curve (Supplementary Data, Fig. S1B) Myc-wt seipin
oligomers have a MW of approximately 690 kDa. Dividing the
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estimated MW of Myc-wt seipin oligomers and the MW of each subunit
we can conclude that the oligomers are composed of 12 subunits
(690/58 = 11.89). Myc-Celia seipin aggregates have a MW of 1250-
2000 kDa, being composed of between 27 and 44 subunits. This
estimation is the result of 3 independent assays.

Western Blot analysis

HeLa cells were transfected with Myc-wt seipin, Myc-Celia seipin or
empty vector. After 48 hours, cells were lysed in RIPA buffer (50 mM
Tris-HCl, pH 7.2, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1mM PMSF, 1mM DTT, 10 μg/ml leupeptin
and 10 μg/ml aprotinin). Protein content was determined by using the
Bio-Rad protein assay (Bio-Rad laboratories, Hercules, CA, USA).
Protein samples were separated by SDS-PAGE and transferred to a
PVDF transfer membrane (Millipore, Billerica, MA, USA). The
membrane was probed with primary antibodies and subsequently with
horseradish peroxidase-linked secondary antibodies.

Immunoblots showed in Figure 2A and 2B were scanned and analyzed
by densitometry using the Image J 1.48v software (National Institutes
of Health, Bethesda, MD, USA). All blots shown are representative of a
minimum of 3 experiments.

BSCL2 expression study

Total RNA was extracted from lymphocytes and reverse-transcribed as
previously reported (Victoria et al., 2010). BSCL2 cDNA PCR details
are available upon request. Expression of BSCL2 mRNA was
quantified in a Light Cycler 2.0 (Roche Diagnostics, Sant Cugat del
Vallés, Spain) using specific probes and oligonucleotide primers
designed by Universal Probe Library (Roche Diagnostics)
(Supplementary Data, Fig. S3B). Results were normalized to the RNA



9

polymerase II and 18s genes, using the 2-ΔΔ CT method (Livak and
Schmittgen, 2001).

Co-immunoprecipitation

Lysates (vide supra) from transfected HeLa cells were subjected to
coimmunoprecipitation using the Pierce c-Myc Tag IP/Co-IP Kit
(Thermo-Fisher Scientific) according to the manufacturer’s instructions.
500 μg of lysates were incubated in spin columns with anti c-Myc
agarose overnight at 4ºC. Myc immunoprecipitates were eluted with
non-reducing sample buffer, boiled for 5 min, separated by SDS-PAGE
and analyzed by immunoblotting with 1:1000 anti c-Myc antibody.

Immunohistochemistry

Paraffin sections of the posterior hypothalamus, at a coronal level
including the mammillary body, of the homozygous index case and two
control cases (both of them males, 43 and 68 years at death,
respectively) were immunostained with anti-seipin antibody
HPA042394 (The Human Protein Atlas). Primary antibody was
incubated at 1:40-1:500 dilutions and heat-induced antigen retrieval
was performed by pressure cooker heating using PT-Link (Dako).
Staining was amplified and revealed by means of the Dako Envision
system (Dako).

Immunostaining and confocal imaging

HeLa, SH-SY5Y, HEK293, COS7 and 3T3 cells were grown in EZ
Millicell slides (Millipore) and transfected with Myc-wt seipin, Myc-Celia
seipin or empty vector. After 48 h, cells were fixed with 1:1 Methanol-
Acetone for 20 min at -20 ºC and permeabilized in 0.5% Triton X-100.
Non-specific binding was blocked with 5% BSA. Slides were incubated
with 1:1000 anti c-myc (9E10) antibody (Santa Cruz Biotechnology) at
4ºC overnight. The next day, after four washes, the slides were
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incubated with Alexa Fluor 555 (Thermo-Fisher Scientific) conjugated
anti mouse secondary antibody and DAPI stain (Sigma-Aldrich) for 1
hour in darkness and mounted. Immunofluorescence staining was
examined a Leica TCS SP5 confocal microscope and LAS AF Software
(Leica, Mannheim, Germany).

Proteomic analysis

Proteomic analysis of preadipocytes was performed using high-
resolution two-dimensional gel electrophoresis (2-DE) for protein
separation and matrix-assisted laser desorption/ionization mass
spectrometry (MALDI/MS) or nanoflow liquid chromatography-
electrospray ionization-tandem mass spectrometry (nLC-MS/MS) for
the analysis of selected differentially regulated protein spots. Further
details are available in Supplementary Data, S6.

Results

Celia seipin forms intranuclear aggregates in the brain

Our previous work showed the presence of intranuclear ubiquitin-
positive inclusions in the brain of the index case, likely to contain
misfolded, aggregated mutant seipin.

To confirm the presence of seipin in these intranuclear ubiquitin
positive inclusions we performed an immunohistochemistry study.
Hypothalamic tissue from the index case (homozygous for the
c.985C>T mutation) was probed with anti-seipin (Supplementary Data,
Fig. S1) and anti-ubiquitin antibodies. We observed several scattered
positively stained intranuclear inclusions in neurons of the posterior
hypothalamic nuclei of the patient (Fig. 1A-C). As previously reported
(Guillén-Navarro et al., 2013) ubiquitin-reactive intranuclear inclusions
were also frequently observed in neurons (Fig. 1B). These inclusions
were mostly single and round-shaped, although occasional multiple
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inclusions were also observed. Some of the ubiquitin-reactive
inclusions were recognized by the seipin-specific antibody; ubiquitin-
reactive inclusions were found in a higher number probably because of
a higher sensibility of the anti-ubiquitin antibody. No neuronal nuclear
inclusions were identified in the control cases (Fig. 1D).

Celia seipin exhibits aberrant oligomerization status

It has been shown that human wt seipin forms oligomers of 12 subunits
(Sim et al., 2013a). At least for the yeast seipin homolog FLD1, these
oligomers are involved in the generation of lipid droplets at the ER-LD
junctions (Szymanski et al., 2007). We reasoned that mutated seipin
might fail to assemble correctly. Instead, aberrant aggregation would
result in the observed inclusions.

To test this hypothesis, protein extracts from HeLa cells overexpressing
Myc-wt or Myc-Celia seipin were subjected to fractionation in 10 to 60%
sucrose density gradients (Supplementary Data, Fig. S2A). Fractions of
325 μl were collected and analyzed by western blot (WB) (Fig. 2A).
Wt seipin mainly appears in fraction 6. According to the calibration
curve (Supplementary Data, Fig. S2B), this corresponds to a molecular
weight (MW) of 690 kDa which means that wt seipin is made up of
oligomers of 12 subunits. In contrast, Celia seipin mainly appears in
fraction 8, which suggests that it forms much larger aggregates under
similar conditions. These results suggest impaired
oligomerization/aggregation of Celia seipin.

Both Celia and wt seipin are localized at the ER/nucleus continuum

The fact that aberrant aggregates of Celia seipin appear in the nucleus
begs the question of how a protein that is theoretically located in the
ER can reach that localization. However, previous studies have shown
that mutant seipin can appear in a ring surrounding the cell nucleus
(Payne et al., 2008, Sim et al., 2013a). This has been confirmed for
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A212P and L61P mutations, both of which lead to classic lipodystrophy,
although this perinuclear localization has only been observed in
C3H10T1/2 cells. On the other hand, we have previously detected, by
microscopy and subcellular fractionation, the presence in the nuclear
fraction of both wt and Celia seipin (Guillén-Navarro et al., 2013).
Because of the continuity between the ER membrane and the outer
nuclear envelope (Goyal et al., 2013 and Mauger, 2012), a perinuclear
localization for an ER protein like seipin is not unreasonable.
Perinuclear localization of Celia seipin would be consistent with the
observed intranuclear deposition of aberrant aggregates.

By immunofluorescence, we compared the subcellular localization of wt
and Celia seipin in 5 different cell lines: HeLa, SH-SY5Y, 3T3, HEK293
and COS7. Both seipin isoforms appeared surrounding the nucleus in
addition to their normal cytoplasmatic localization (Fig. 3).

BSCL2 expression levels in heterozygous carriers

Our previous findings point to a gain of toxic function for the new
aberrant protein Celia seipin. Therefore, the absence of symptoms
observed in heterozygous carriers for the c.985C>T mutation is
strikingly paradoxical. We hypothesized that interaction of wt with Celia
seipin might inhibit aberrant aggregation of the latter in heterozygous
individuals, thus rescuing the disease phenotype. We therefore
quantitated expression levels of RNA corresponding to both seipin
isoforms in two heterozygous carriers (parents of the index case) by
real time RT-PCR (Supplementary Data, S3A), to assess their relative
abundance, as a first step to validate our hypothesis. We found a 10:1
ratio of wt seipin to Celia seipin (Fig. 4A). The difference with the
expected Mendelian ratio of 1:1 might be explained by the degradation
of the majority of the conceivably less stable Celia seipin mRNA, by
nonsense-mediated mRNA decay (NMD), as suggested for other
mutations (Frischmeyer & Dietz, 1999, Caputi, 2002). While our results
were obtained in lymphocytes, it is reasonable to extrapolate them to
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brain, where a vast excess of wt seipin over Celia seipin would facilitate
a protective neutralization of Celia seipin if wt seipin were able to
interact with it.

To complete a comprehensive picture of seipin expression in
heterozygous mutation carriers, we compared expression of wt seipin
in lymphocytes from heterozygous carriers vs. healthy homozygous
controls. Expression in heterozygous carriers was found to be 35% as
compared to controls, a value slightly lower but overall consistent with
the expected mendelian 50% (Fig. 4B).

Celia seipin and wt seipin interact with one another

The interaction between wt and mutant forms of seipin has been
proved in previous studies (Fei et al., 2011). To assess whether Celia
and wt seipin can interact we developed a coimmunoprecipitation
assay. HeLa cells were co-transfected with both FLAG-wt seipin and
Myc-Celia seipin at two different ratios: 1:1 and 10:1 (wt:Celia), the
latter ratio simulating the expression levels found in heterozygous
carriers. Lysates were immunoprecipitated with anti c-myc agarose and
the precipitate probed with an anti-FLAG antibody.

Interaction between wt and Celia seipin was observed at both 1:1 and
10:1 ratios (Fig. 5 & Supplementary Data, Fig. S4). At a 10:1 ratio,
though, the intensity of FLAG-wt seipin bands (corresponding to FLAG-
wt seipin trapped in Myc-Celia precipitates) was higher than that seen
at a 1:1 ratio. In this experiment, as samples were boiled in Laemli
buffer prior to electrophoresis separation, tagged seipin appeared as
several bands corresponding to monomers (shown in Fig. 5), partially
dissociated oligomers and high MW aggregates, (Supplementary Data,
Fig. S4) as previously described (Fei et al., 2011, Yang et al., 2013a).
These results clearly confirm the interaction between wt seipin and
Celia seipin.
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Identification of wt-Celia seipin mixed oligomers

Once their interaction was confirmed, we proceeded to assess whether
wt and Celia seipin might be capable of forming mixed oligomers,
recruiting Celia seipin into mixed, normal size oligomers, thus impeding
their aggregation into larger, presumably toxic, oligomers. We therefore
expressed wt and Celia seipin at a 10:1 ratio in HeLa cells and
performed density gradient ultracentrifugation of cell extracts. We found
a change in the pattern of distribution of Celia seipin when co-
expressed with a 10:1 excess of wt seipin. More specifically, the
flotation pattern of Celia seipin was found to mimic that of wt seipin
(Fig. 2B–D). This result clearly indicates the interaction between both
seipin isoforms through the formation of mixed oligomers.

Proteomic analysis of preadipocytes from a homozygous patient

To further investigate the molecular changes that might be provoked by
Celia seipin we performed a proteomic analysis. The analysis was
carried out in preadipocytes, as we reasoned that this would allow us to
detect early pathogenic changes, as opposed to the terminal changes
that might be encountered in brain tissue obtained at necropsy.

Proteomic identification of differentially regulated proteins in
preadipocytes from the index case as compared with an age-matched
healthy control was performed. The analysis was based on two-
dimensional gel electrophoresis (2-DE) and mass spectrometry
(Supplementary Data, S6). We set a fold change threshold for
differentially regulated features of > 2. Several differentially regulated
protein spots (p < 0.05) were found (Supplementary Data, Fig. S5). Of
them, we were able to identify 32 corresponding to 20 differentially
regulated open-reading frames (ORFs) (Table 1).
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The differentially regulated protein dataset was characterized using
PANTHER (Mi et al., 2010) protein classes (Supplementary Data, S7).
Proteins belonging to PANTHER classes “oxidoreductase” (25% of
differentially regulated proteins) and “chaperone” (20% of differentially
regulated proteins) were predominant in preadipocytes from the index
case.

GO-BP and GO-MF categories were assessed in the differentially
regulated protein dataset using DAVID Bioinformatics Resources v6
(Dennis et al., 2003 and Huang et al., 2009). GO-BP categories
significantly overrepresented (p< 0.05) were summarized using
REVIGO (Supek et al., 2011). Enrichment in GO-BP categories related
to cellular stress (“cellular response to reactive oxygen species”),
cytoskeleton regulation (“negative regulation of actin filament
depolimerization”), or apoptosis (“negative regulation of apoptotic
processes” or “release of cytochrome c from mitochondria”) and GO-
MF term “oxidoreductase activity” was found in preadipocytes from the
index case.

Discussion

Mutations in BSCL2 have been traditionally associated with
lipodystrophy (loss of function mutations), and, more recently, with
neuro-motor syndromes (gain of toxic function mutations), all of them
non-lethal diseases in the short term. However, the appearance of a
fatal neurodegenerative syndrome caused by a new seipin mutation
suggests unknown pathogenic mechanisms to be associated to this
protein.

Here, we report new clues that cast more light about the pathogenicity
observed in Celia’s Encephalopathy, offering also an explanation of the
lack of symptoms in heterozygous carriers.
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First, we have confirmed that the ubiquitin positive intranuclear
inclusions observed in hypothalamus from the index case contain Celia
seipin. Second, we have demonstrated an impaired oligomerization of
Celia seipin, forming large aggregates. Third, we have obtained new
evidence showing that a fraction of seipin is naturally located in the
nucleus. Fourth, we have demonstrated the interaction between wt and
Celia seipin resulting in the formation of mixed oligomers. And fifth, we
have found significant changes in some key pathways and biological
processes in preadipocytes from the index case, suggesting increased
reticulum stress.

The immunohistochemical analysis of hypothalamus from the index
case has confirmed that the ubiquitin positive intranuclear inclusions
previously observed contain seipin. These inclusions are likely to form
because of the impaired oligomerization and aggregation of Celia
seipin. Neuronal intranuclear inclusions have been found in several
neurodegenerative diseases like Huntington’s disease (Davies et al.,
1997). In fact, the pattern of distribution of intranuclear inclusions,
present only in a few cells in specific brain locations, typical of
Huntington´s disease (Margulis and Finkbeiner, 2014), is very
reminiscent of what we observe in our case. Of note, seipin has been
found to be up-regulated in proteomic analyses of Parkinson’s disease
(PD) patients in both substantia nigra (Licker et al., 2014) and locus
coeruleus (Van Dijk et al., 2011). Interestingly, in the same way as
seipin, α-synuclein, a protein that aggregates in PD, has been related
to lipid droplet synthesis (Cole et al., 2002), supporting a possible link
between PD and Celia’s Encephalopathy.

On the other hand, cytoplasmic inclusion bodies with a neuroprotective
function have been described for N88S and S90L mutations (Ito et al.,
2008 and Ito et al., 2012); a similar protective function of Celia Seipin
intranuclear inclusions cannot be ruled out at this point and merits
further investigation.
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Previous studies have shown the existence of interaction between wt
seipin and some mutant seipin forms (N88S and A212P) (Fei et al.,
2011, Sim et al., 2013a). Self-interaction of wt seipin has also been
demonstrated (Fei et al., 2011). In fact, there is experimental evidence
suggesting that human seipin forms oligomers of 12 subunits (Sim et
al., 2013a), while yeast seipin forms 9-mers (Binns et al., 2010). By
density gradient fractionation we have confirmed the existence of wt
seipin oligomers of 12 subunits. In contrast, Celia seipin showed
impaired oligomerization, forming large aggregates. It should be kept in
mind that the analytical approach used (density gradient fractionation)
has some limitations. Detergent molecules present in the solubilization
buffer and bound to seipin oligomers, might lead to a slight
overestimation of their MW. Furthermore, they might alter their flotation
properties. Therefore, the estimated MWs should be considered with
caution. Of note, when fractionation was carried out in a gradient
including the same concentration of detergent present in the samples
(1% NP-40, 0.1% SDS) similar results were obtained (data not shown).
However, the fact that a value of 12 units has been obtained for wt
seipin oligomers, in agreement with previous estimations obtained by
other methods, (Sim et al., 2013a) supports the overall soundness of
the method. In any case, a different flotation pattern is clearly observed
in Celia seipin with respect to wt seipin, independently of their absolute
MWs, which allows us to conclude that Celia seipin forms abnormal,
larger aggregates.

The severe neurodegenerative phenotype showed by homozygous
patients carrying the c.985C>T mutation (Guillén-Navarro et al., 2013),
together with the finding of inclusions containing Celia seipin and the
impaired oligomerization provoked by the mutation points to a gain of
toxic function in Celia´s encephalopathy. Therefore, heterozygous
carriers would be expected to suffer some degree of pathology caused
by the expression of a small amount of Celia seipin (Fig. 4A and
Supplementary Data, Fig. S3A). Strikingly, they are completely
asymptomatic. This contradiction might be explained by a threshold
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effect according to which a higher amount of Celia seipin than that
expressed in heterozygous carriers would be necessary to exert a toxic
effect. Nevertheless, the existence of compound heterozygous patients
carrying Celia´s mutation together with other lipodystrophic seipin
mutations (c.538G>T or c.507_511del) and showing the same
phenotype as homozygous patients (Guillén-Navarro et al., 2013), rules
out such a threshold effect. Carrying a single copy of the mutant allele
is sufficient to develop the disease, suggesting a more complex
pathogenic molecular mechanism.

Given the 10:1 wt/Celia seipin ratio found in heterozygous carriers (Fig.
4A), we hypothesized that wt seipin might co-opt Celia seipin units into
mixed oligomers of a normal size, thus preventing their aberrant
aggregation.

We have been able to confirm an interaction of FLAG-wt and Myc-Celia
seipin by coimmunoprecipitation. Figure 5 shows how FLAG-wt and
Myc-Celia seipin co-immunoprecipitate when assayed at a 10:1 ratio,
as represented by the band of ~60 kDa detected by anti-FLAG
antibody in Myc immunoprecipitates. This band corresponds to FLAG-
wt seipin monomers. While in Figure 5 co-immunoprecipitation is not
evident at a 1:1 co-expression ratio. In Figure S4, FLAG-wt and Myc-
Celia seipin co-immunoprecipitation at a 1:1 ratio is attested by a band
of ~250 kDa detected by the anti-FLAG antibody in Myc
immunoprecipitates. This high MW band corresponds to aggregates
formed because of the boiling of the samples (Fei et al., 2011, Yang et
al., 2013a). Therefore, interaction is confirmed at both 10:1 and 1:1
ratios.

The lack of a FLAG-wt seipin monomers band at a 1:1 ratio can be
explained by the relative load of mixed oligomers (vide infra) in each
sample. At a 10:1 wt:Celia ratio, almost all Myc-Celia seipin should,
according to our proposed model (Fig. 6), be trapped in mixed
oligomers composed mostly of wt seipin. Bearing in mind that samples
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are not subjected to denaturalization until the final step, mixed
oligomers likely maintain their structure during co-immunoprecipitation.
Therefore, a high amount of FLAG-wt seipin might immunoprecipitate
with a small amount of Myc-Celia seipin, detected as monomers,
partially dissociated oligomers and high MW aggregates. On the other
hand, at a 1:1 ratio fewer Myc Celia units will be trapped in such mixed
oligomers. In this case, samples should likely contain FLAG-wt seipin
oligomers, Myc-Celia seipin oligomers and a few mixed oligomers.
Therefore, just a small amount of FLAG-wt seipin would co-
immunoprecipitate with Myc-Celia seipin.

In addition, by density gradient fractionation we observed a change in
the buoyancy pattern of Celia seipin at a 10:1 ratio of Myc-wt/Myc-Celia
seipin. Specifically, at a 10:1 ratio Celia seipin migrates at a lighter
fraction than when alone, mimicking the behavior of wt seipin (Fig. 2B–
D). This suggests that wt seipin is able to “drag” Celia seipin into mixed
oligomers changing its flotation pattern. This finding clearly supports
the existence of interaction between wt and Celia seipin through mixed
oligomers (Fig. 6). Because of the absence of wt seipin, in compound
heterozygous patients, this proposed phenotype rescue would not be
possible.
Our results are reminiscent of prevention of aggregation of N88S and
S90L seipin mutants when coexpressed with wt seipin (Fei et al.,
2011), and, inversely, of the failure of wt seipin to form normal
oligomers in the presence of an excess of A212P mutant seipin (Sim et
al., 2013a).

The presence of Celia seipin aggregates in nuclear inclusions begs the
question of how a presumed ER protein (Cartwright and Goodman,
2012) ends up in that localization. In a previous study we demonstrated
by both subcellular fractionation and confocal immunofluorescence
microscopy in HeLa cells that seipin, besides localizing to the ER, is
also present in a nuclear/perinuclear localization (Guillén-Navarro et
al., 2013). Here, by a more comprehensive confocal



20

immunofluorescence microscopy study in different cell lines, we
confirm that both wt and Celia seipin are located surrounding the
nucleus, most probably in the nuclear envelope.

The outer nuclear membrane is continuous with the ER and contains
several proteins in common with it (Goyal and Blackstone, 2013,
Mauger, 2012). Because of this, a masking effect of the ER located
seipin over the perinuclearly located seipin may have occurred in
previous immunofluorescence studies. Methanol/Acetone fixation, used
in our study, avoids this problem by precipitating perinuclearly located
seipin on the nuclear envelope, unmasking and rendering it more
available for antibody detection
(http://microscopy.duke.edu/sampleprep/if.html [Accessed January 8,
2015]).

On the other hand, given the proposed role for seipin in lipid droplet
synthesis and adipogenesis it is noteworthy the recently described
existence of nuclear lipid droplets (Layerenza et al., 2013). Seipin could
be related to these structures in a similar way that it is related to classic
lipid droplets.

In order to explore early pathogenic alterations, we carried out an
unbiased proteomic study of preadipocytes from the index case.
Results highlight the role of antioxidant activity and cellular stress in
Celia’s Encephalopathy. Differential regulation of oxidoreductases may
be caused by an increase in oxidative stress in preadipocytes.
Increased antioxidant enzyme activity has been extensively related to
other neurodegenerative diseases (Lin and Beal, 2006).

Chaperones are also differentially regulated in the homozygous patient,
in agreement with the function attributed to this class of proteins in
response to cellular stress. The differential regulation of some
chaperones (e.g. Heat shock cognate 71 kDa protein or BiP/GRP78)
being a side-effect caused by their accumulation in aggregates
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(Waelter et al., 2001) cannot be ruled out. Such aggregates are most
likely insoluble, therefore not contributing to the sample submitted to
proteomic assays. It should be noted, however, that aggregates have
not been observed yet in preadipocytes, and in consequence further
studies are required. Strikingly, cytoskeleton regulation is also affected
in preadipocytes from the index case. Bearing in mind the proposed
role for seipin in cytoskeleton remodeling during adipogenesis (Yang et
al., 2013b) a possible adverse effect of Celia seipin aggregation in this
route would not be surprising.

Taking together our results, we propose a central role of Celia seipin
aggregation in the pathogenesis of Celia´s Encephalopathy. Aberrant
aggregation, with subsequent formation of intranuclear inclusions and
ER stress would lead to widespread brain damage. In asymptomatic
carriers, interaction of excess wt seipin with Celia seipin, co-opting it to
normal oligomers, would prevent the damage. Thus, Celia´s
Encephalopathy appears as a new member of the class of
neurodegenerative diseases associated to deposition of protein
aggregates in the brain, such as Alzheimer´s disease, Parkinson´s
disease, Huntington´s disease, frontotemporal dementias or prion
diseases.
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Legends to figures

Figure 1. Immunohistochemical staining for seipin and ubiquitin in
pathological and control cases. A-B: High magnification images of
neuronal intranuclear inclusions in hypothalamus from a homozygous
patient, reactive to seipin (HPA042394) (A) and to ubiquitin (B)
antibodies. C-D: Low magnification images of the posterior
hypothalamus of a homozygous patient (C) and a control case (D). The
higher seipin-reactivity observed in neuronal bodies in the control case
compared with the homozygous patient could be caused by the lower
expression level of Celia seipin. Scale bar: 50 μm (C) and 100 μm (D).

Figure 2. Density gradient fractionation of wt and Celia seipin.
Homogenates of HeLa cells overexpressing (A) wt or Celia seipin and
(B) wt and Celia seipin co-expressed at a 10:1 (wt:Celia) ratio were
subjected to sucrose gradient fractionation. (C) Percentage of seipin in
each gradient fraction, as determined by scanning of WBs. (D) Higher
exposure time image of the band with MW = 50 in panel B (expression
10:1, wt:Celia).

Figure 3. Subcellular localization of seipin in several cell lines.
HeLa, 3T3, SH-SY5Y, HEK293 and COS7 cells grown on coverslips
were transfected with wt seipin, Celia seipin or empty vector,
immunostained with anti c-Myc (9E10) and imaged by confocal
microscopy. Nuclei were stained with DAPI.

Figure 4. BSCL2 expression levels in healthy heterozygous
carriers. (A) Percentage of wt and Celia seipin in lymphocytes from
heterozygous carriers. Total RNA extracted from lymphocytes was
analyzed by real time RT-PCR. Wt seipin was measured as BSCL2
bearing exon 7 transcript whereas Celia seipin was measured as exon
7 skipped BSCL2 transcript (Supplementary Data, S3A–B). (B)
Percentage of wt seipin in lymphocytes from heterozygous carriers
compared to non-carriers (wt/wt).
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Figure 5. Wt and Celia seipin interact. Equal amounts of lysates from
transfected HeLa cells were immunoprecipitated with anti c-myc and
examined for coimmunoprecipitation of FLAG-wt seipin by
immunoblotting. Lysates were previously probed with antibodies to
confirm the validity of the transfection.

Figure 6. Proposed model for the pathogenic mechanism of Celia
seipin in homozygotes (A) and phenotype rescue in heterozygous
carriers (B). Please read the text for details.

Table 1. List of differentially regulated proteins when comparing
preadipocytes from the index case vs. control.
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APPENDIX VI

APPENDIX VI: Supplementary studies

This appendix contains information about preliminary and preparatory

experiments, confirmatory studies and studies that provided

inconclusive results. None of these data are likely to be prepared for

publication and therefore they are presented as a separate set.

1. Testing of commercial antibodies against seipin.

2. Generation of polyclonal antibodies against wt and Celia seipin.

3. His tag fused seipin expression and purification.

4. Over-expression of wt and Celia seipin in primary neurons and

mammalian cell lines using adenovirus.

5. Analysis of ER stress in brain and nervous tissue from the index

case.

6. Assessment of farnesylation of the carboxi-terminal region of

seipin.

7. Cell death assay.
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1. Testing of commercial antibodies against seipin.

The first choice to detect Celia seipin was immunoblotting using

commercial antibodies. Despite the lack of bibliography about useful

commercial antibodies against seipin, two different ones,

corresponding to the N-terminal or the C-terminal region of seipin, were

tested.

Methods

Protein extracts (25 µg unless otherwise indicated) from HeLa cells

transfected with Myc-wt seipin, Myc-Celia seipin or empty vector were

analyzed by immunoblotting. N-terminal Anti-seipin (1:500, Abgent,

San Diego, CA, USA) or C-terminal anti-seipin (1:1000, Sigma-Aldrich)

were used as primary antibodies.

Results

Non-specific bands were observed when tested both commercial

antibodies by immunoblotting (Fig. 1).
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Figure 1.- Testing of commercial antibodies against seipin. Immunoblotting

corresponding to (A) 1:1000 C-terminal anti-seipin (Sigma-Aldrich) antibody and (B)

1:500 N-terminal anti-seipin (Abgent) antibody.

Discussion & Conclusion

The existence of a band in the lane corresponding to HeLa cells

transfected with empty vector confirms the lack of specificity of the

antibodies. Therefore, these commercial antibodies are discarded for

its use in detecting wt seipin or Celia seipin.
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2. Generation of polyclonal antibodies against wt and Celia seipin.

Because of the absence of a reliable commercial antibody against

seipin the development of a polyclonal antibody against wt and Celia

seipin became a key point to be solved.

Methods

Two rabbits were injected with peptides corresponding to the N-

terminal region of wt seipin (CA-15, sequence: CDQIKGPDKEEEPPA)

and the C-terminal region of Celia seipin (CS-18, sequence:

CSEPAGGALRQRPTCSSS). Pre-immunization, 1st bleed and 2nd

bleed anti-sera and concentrated antibodies (1:200 dilution) were

obtained and used as primary antibodies in an immunoblotting assay.

Protein extracts (25 µg unless otherwise indicated) from preadipocytes

from the index case, from preadipocytes from a patient homozygous for

a “classic” lipodystrophy mutation (c.517dup) and from HeLa cells

overexpressing wt or Celia seipin were analyzed. Protein extracts from

fibroblast and different tissues from healthy controls (obtained by

necropsy) and mock transfected HeLa cells were also used.

Results
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Figure 2.- Testing of rabbit anti-sera from the 1st bleed. Protein extracts from

preadipocytes from the index case were tested with (A) anti-CA-15 (N-terminal) anti-

serum and (B) anti-CS-18 (C-terminal) anti-serum. Pre-immunization anti-serum was

used as specificity control.

Figure 3.- Testing of rabbit anti-sera from the 1st bleed. Protein extracts from

preadipocytes from a patient homozygous for a “classic” lipodystrophy mutation were

tested with (A) anti-CA-15 (N-terminal) anti-serum and (B) anti-CS-18 (C-terminal)

anti-serum.

Anti-sera from 1st bleed were tested in protein extracts from both

preadipocytes from the index case (Fig. 2) and preadipocytes from a

patient homozygous for a “classic” lipodystrophy mutation (Fig. 3). The

specificity of the anti-sera was quite poor, rendering a high background,
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with reactivity to the commercial MW markers. When assessed protein

extracts from the index case, only expressing Celia seipin, even the

pre-immunization anti-serum seemed to be more specific than the 1st

bleed (Fig. 2). Although it appeared to be some “specific” bands (Fig.

2A, 1st bleed, Rabbit 1 and Fig. 2B, 1st bleed, Rabbit 1), those not

corresponded to the expected MW for Celia seipin (39 kDa) and,

moreover, because of its different C-terminal region, Celia seipin

should be undetectable for the CS-18 (C-terminal) anti serum.

When assessed protein extracts from a patient expressing a truncated

isoform of seipin a presumable specific band was observed for the CA-

15 (N-terminal) anti-serum (Fig. 3A, right panel). However, some bands

were observed with the CS-18 (C-terminal) anti-serum. Because of its

different C-terminal region this truncated mutant seipin should be

undetectable for that anti-serum.

Expecting a higher specificity, anti-sera from 2nd bleed were tested in

protein extracts from preadipocytes from the index case and a patient

homozygous for a “classic” lipodystrophic mutation and from fibroblasts

from two healthy controls (Fig. 4). When assessed CA-15 (N-terminal)

anti-serum, nonspecific bands were detected in all the samples (Fig. 4).

In this case, stripping of membranes did not work, showing both rabbits

anti-sera the same pattern. Bands detected by rabbit 2 anti-serum (Fig.

4A, right panels) were the same as detected by rabbit 1 anti-serum

(Fig. 4A, left panels). In other words, those bands were remaining of

signal detected by the first anti-serum used.
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Figure 4.- Testing of rabbit anti-sera from the 2nd bleed. Protein extracts from

preadipocytes from the index case or from a patient with a “classic” lipodystrophy

mutation and fibroblasts from healthy controls were tested with (A) anti-CA-15 (N-

terminal) anti-serum and (B) anti-CS-18 (C-terminal) anti-serum. Pre-immunization

anti-serum was used as specificity control.



APPENDIX VI

When assessed CS-18 (C-terminal) anti-serum nonspecific bands were

detected in all samples (Fig. 4B). Having in mind the unspecificity

showed by the anti-sera together with the problems found with stripping

and reprobing of the membranes, these results cannot be taken into

account.

Protein extracts from tissue samples from healthy controls were also

assessed to test the specificity of the anti-sera (Fig. 5 and Fig.6). In this

case, anti-sera from 2nd bleed, supposedly with a higher specificity than

those from 1st bleed, were used. High background and reactivity to the

MW markers was observed. Some bands with the expected MW for wt

seipin (51 kDa) were observed with CA-15 (N-terminal) anti-serum (Fig.

5A, frontal and temporal lobe). Nonspecific bands were observed with

CS-18 (C-terminal) anti-serum (Fig. 6).

Finally, anti-CA-15 (N-terminal) and anti-CS-18 (C-terminal) polyclonal

antibodies, that, at least theoretically, should be the definitive ones,

were concentrated and tested using protein extracts from HeLa cells

overexpressing wt seipin, Celia seipin or empty vector (Fig. 7). Several

nonspecific bands appeared in all the samples. In addition, reactivity to

the commercial MW markers was observed. Aggregates of wt seipin

(caused by boiling of the samples) appeared to be detected by the anti-

CS-18 (C-terminal) antibody (Fig. 7B).
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Figure 5.- Testing of (A) rabbit CA -15 (N-terminal) anti-serum in tissue samples from

healthy controls. Pre-immunization anti-serum were tested as control (B).
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Figure 6.- Testing of (A) rabbit CS -18 (C-terminal) anti-serum in tissue samples from

healthy controls. Pre-immunization anti-serum were tested as control (B).
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Figure 7.- Testing of (A) anti-CA-15 (N-terminal) and (B) anti-CS-18 (C-terminal)

antibodies. Note that the order of the lanes changes from A to B.

To assure that the antibodies were generated against the right

peptides, a dot blot assay was performed (Fig. 8). Both antibodies

detected the right peptide.
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Figure 8.- Dot blot against the CA-15 and the CS-18 peptides. (A) Anti-CA-15 (N-

terminal) and (B) anti-CS-18 (C-terminal) antibodies were assessed with the peptide

against they were developed for.

Discussion & Conclusion

Despite when assessed directly against their reference peptide by dot

blot polyclonal antibodies seem to work, they do not work when

assessed in protein extracts from preadipocytes, fibroblasts, different

tissues or the HeLa cells overexpression model. Because of the lack of

specificity showed, the anti-CA-15 (N-terminal) and anti-CS-18 (C-

terminal) polyclonal antibodies were definitively discarded to be used

for detecting Celia seipin.
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3.- His tag fused seipin expression and purification.

After the failure of the development of rabbit polyclonal antibodies

against seipin, the next step was to express both wt and Celia seipin

fused to a His-tag in a bacterial system and purify it. Then, purified

protein would be sent to Dr. Carsten Korth, a close collaborator from

University of Düsseldorf, to obtain monoclonal antibodies.

Methods & Results

 Generation of bacterial expression plasmids.

Two bacterial expression plasmids were acquired (DNASU,

Arizona State University, Tempe, AZ, USA): p283 (His-tag, C-

terminal) and pET15 (His-tag, N-terminal). By cloning with

restriction enzymes (EcoRI and XbaI) four constructs were

generated: p283-wt seipin, p283-Celia seipin, pET15-wt seipin

and pET15-Celia seipin (Fig. 9). Inserts were amplified by PCR

from mammalian expression vectors (pCS2+Mt-wt seipin and

pCS2+Mt-Celia seipin) that were generated for previous assays.

Plasmids were sequenced to assure the correct insertion of the

gene of interest.

Correct plasmids were amplified using Subcloning Efficiency

DH5α Competent Cells (Invitrogen) and purified using

NucleoBond Xtra Maxi (Macherey-Nagel, Düren, Germany).
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Figure 9.- Example of generation of bacterial expression plasmids. Wt seipin

was cloned into p283 plasmid after enzymatic restriction with EcoRI and

XbaI. Maps generated using SnapGene v1.1.3 (GSL Biotech LLC).
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 Bacterial expression

Rosetta (DE3) Competent Cells (Novagen, Merck, Darmstadt,

Germany) were transformed with the purified bacterial

expression plasmids, plated on LB agar and incubated at 37ºC.

A single colony of each transformation were picked and scaled

up on LB medium at 37ºC and 225 rpm shaking. After reaching

the appropriate cell density (0.6-0.8 optical density at 600 nm),

expression of wt or Celia seipin was inducted with Isopropil β-D-

1-thiogalactopyranoside (IPTG) (Sigma-Aldrich). Cultures were

incubated for X hours at XºC and 225 rpm shaking. Next,

cultures were subjected to centrifugation at 5000 G, 4ºC, 5 min,

and pellets containing cell extracts were stored at 20ºC.

 Lysis & Solubilization

When using this bacterial system, the recombinant histidine-

tagged proteins are expected to express as inclusion bodies.

Then, it is mandatory to introduce a lysis & solubilization step to

break up these inclusion bodies. Briefly, pellets were

resuspended in lysis buffer (50 mM Tris-HCl pH 8, 5 mM EDTA,

1% Triton X-100, 1 mM PMSF, 100 µg/ml lysozyme). Then, 20

mM MgCl2 and 5 µg/ml DNase I were added to degrade the

DNA. These bacterial lysates (S1) were centrifuged at 20000 G,

4ºC, 20 min. Supernatants were discarded (S2) and pellets were

washed with washing buffer (20  mM Tris-HCl pH 8, 150 mM
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NaCl, 1 mM EDTA, 1% Sarkosyl). Centrifugation step at 20000

G was repeated. Supernatants were discarded (S3) and finally,

pellets (P1) were resuspended in solubilization buffer (20 mM

Tris-HCl pH 8, 0.5 M NaCl, 8 M Urea) and incubated with slow

shaking at 37ºC overnight.

 Seipin purification

Solubilized lysates were centrifuged at 20000 G, 4ºC, 20 min.

Pellets (P2) were discarded and supernatants were subjected to

Immobilized Metal Affinity Chromatography (IMAC) purification

using HisTrap FF crude affinity columns (GE Healthcare).

Briefly, columns were equilibrated with binding buffer (20 mM

Tris-HCl pH8, 500 mM NaCl, 20 mM Imidazole, 8 M Urea). Netx,

lysates were filtered and slowly added to the columns. Columns

were washed with binding buffer and, finally, histidine-tagged

proteins were eluted with elution buffer (20 mM Tris-HCl pH8,

500 mM NaCl, 500 mM Imidazole, 8 mM Urea.

 Purification analysis

Samples from each purification step were methanol-precipitated

and subjected to electrophoresis and Coomassie staining (Fig

10).
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Figure 10.- IMAC purification control. Lysates from bacteria transformed with (A)

p283 plasmids or (B) pET15 plasmids were analyzed by electrophoresis after

purification. SL= Solubilized lysate. FL= Filtered lysate. B= Flow-through after binding

buffer washing. E= Elute (purified fraction).
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No proteins were observed in the purified fraction, presumably

containing histidine-tagged proteins. Experiments were repeated

several times changing conditions (time and temperature of IPTG

induction, imidazole content of binding buffer, urea concentration) and

reagents (bacteria, medium, IPTG) without getting any positive result.

To test if histidine-tagged wt and Celia seipin were being produced

every stage in the lysis & solubilization step was analyzed by

immunoblotting using 1:1000 anti-His antibody (Calbiochem, Merck,

Darmstadt, Germany). Some proteins were detected but no one

corresponded to the expected MW for His-tagged wt or Celia seipin

(Fig. 11). On the other hand the anti-His antibody seemed to be highly

unspecific.

Discussion & Conclusion

Histidine-tagged seipin is not expressed under the employed bacterial

expression system. Varying almost every point of the process did not

produce any success. In the same way, the use of reagents in bad

conditions was discarded. Therefore, the lack of expression of His-

tagged seipin might be caused by an inability of the cells to express the

recombinant protein or by a fast degradation of the protein right after its

synthesis.
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Figure 11.- Immunoblotting analysis of different stages of the lysis & solubilization

step. Samples from bacteria transformed with (A) p283 plasmids or (B) pET15

plasmids were analyzed. S1: Bacterial lysate. S2: Supernatant after 1st centrifugation.

S3: Supernatant after 2nd centrifugation. P1: Pellet before solubilization P2: Pellet

after solubilization.
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4. Over-expression of wt and Celia seipin in primary neurons and
mammalian cell lines using adenoviruses.

Homozygous patients expressing Celia seipin showed a severe

neurodegenerative phenotype. Despite the HeLa overexpression model

was quite useful, a neuronal overexpression model might extend the

knowledge about the molecular mechanism by which Celia seipin could

by exerting its toxic effect. Because of the difficulty of chemical-based

transfection of neurons, adenoviral infection was selected.

Methods

Adenoviral vectors containing myc fused wt, Celia or R329* seipin (a

truncated isoform caused by the c.985C>T mutation when aberrant

splicing does not occur) were developed by Viraquest Inc. (North

Liberty, IA, USA). Adenoviral vectors harbored GFP for checking

infection success.

Primary neurons cultures were obtained as follows: murine cortex and

hippocampal primary neurons were prepared from 14 to 15 day

embryos. Pregnant dams were euthanized by cervical dislocation in

accordance with institutional guidelines for care and use of animals.

The embryos were dissected in PBS Ca/Mg (Invitrogen) supplemented

with 33 mM glucose. Pooled tissue was mechanically triturated, treated

with trypsin (Invitrogen) and DNaseI (Roche Applied Science,

Mannheim, Germany), and resuspended in Neurobasal medium

(Invitrogen) supplemented with 50× B27 (Invitrogen), 0.55 g/100 ml

glucose (Sigma-Aldrich), 42 mg/100 ml sodium bicarbonate (Sigma-

Aldrich), 1% P/S and 1% glutamine. The cells were plated on polyD-
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lysine-coated Petri dishes. Cultures were maintained in serum-free

medium at 37ºC in 95% air/5% CO2.

Mouse primary neurons or HeLa cells were infected at the right

“multiplicity of infection” (MOI) value (250-500). Infection was

performed either the day of plating neurons (T= 0) or six days after

plating (T= 6). Fluorescence microscopy images were taken at time= 1

days after plating and time= 6 days after plating.

Protein extracts were obtained and analyzed by immunoblotting with

1:1000 anti c-Myc antibody (Santa Cruz Biotechnology).

The whole process was repeated 3 times for mouse primary neurons

and HeLa cells.

Results

First, mouse primary neurons were infected at day 0 after plating, to

observe the effect of seipin overexpression on their development.

Infection worked reasonably well, as showed by GFP expression (Fig.

12). Negative effects of seipin overexpression on development or

morphology were not observed, as exposed by the presence of shapely

neurons and a higher number of neurites at time=6 with respect to

time=1. However a high decrease on neuronal viability was observed,

maybe caused by the time of exposure to adenoviruses during infection

(data not shown).
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Figure 12.- Adenoviral infection of mouse primary neurons. Mouse primary neurons

were infected with adenovirus containing wt, Celia or R329* seipin or empty vector at

day 0 after plating. Images were taken at day 1 and day 6 after infection. Expression

of GFP confirms the success of the infection.

In order to increase neuron viability the experiment was repeated but

this time neurons were infected at day 6 after plating. Infection worked

well, as evidenced by GFP expression (Fig. 13, left panels) and neuron

viability was reasonably good in all cases (Fig. 13, right panels).

However, no differences were observed in viability or neuronal

development between seipin isoforms.
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Figure 13.- Adenoviral infection of mouse primary neurons. Mouse primary neurons

were infected with adenovirus containing wt, Celia or R329* seipin or empty vector at

day 6 after plating. Images were taken 24 hours after infection. Same fields were

captured with both fluorescence (left panels) and visible light (right panels).

To confirm that seipin was being expressed an immunoblotting assay

was performed (Fig. 14). Some bands appeared, including a rare band

pattern for wt seipin. However, none of these bands corresponded to

myc-tagged wt, Celia or R329* seipin. Although adenoviruses seemed

to be working well (GFP expression) neurons were not expressing

seipin. An inability of mouse primary neurons to overexpress seipin

could not be discarded.

Figure 14.- Immunoblotting of neurons infected with adenoviruses. Protein extracts

from neurons infected at day 6 after plating were tested with 1:1000 anti-c-Myc for

detection of myc-tagged seipin isoforms. Non-transfected neurons were used as

control.
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To test this point, HeLa cells, a common use cell line, were infected

with the adenoviruses. Infection worked well, as confirmed by GFP

expression (data not shown). Immunoblotting showed a band pattern

similar to that observed in adenoviral-infected neurons (Fig. 15).

Figure 15.- Immunoblotting of HeLa cells infected with adenoviruses. Protein extracts

from HeLa cells infected at day 6 after plating were tested with 1:1000 anti-c-Myc for

detection of myc-tagged seipin isoforms. Non-transfected HeLa cells were used as

control.

Expression of seipin isoforms in adenoviral-infected neurons were also

assessed by real time RT-PCR. Results were completely negatives

(data not shown).
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To discard a defect in the plasmids employed to develop the

adenoviruses were tested by immunoblotting. Plasmids seemed to

work well after chemical-based transfection in HeLa cells. Bands with

the right MW, corresponding to myc-tagged wt, Celia or R329* seipin,

were detected with 1:1000 anti c-Myc antibody (Fig. 16), concluding

that there was not a problem with the plasmids.

.

Figure 16.- Testing of plasmids employed to develop the adenoviruses. HeLa cells

were transfected with myc tagged wt, Celia or R329* seipin. Protein extracts were

subjected to immunoblotting with 1:1000 anti c-Myc antibody. GAPDH was used as

loading control.
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Discussion & Conclusion

Adenoviral infection of mouse primary neurons and Hela cells seemed

to work but not seipin expression. A rare band pattern appeared in both

cases. However, the plasmids employed to develop the adenoviruses

worked well. After consulting with the people in charge of developing

the adenoviruses they confirmed several problems during adenoviral

production. They repeated the production process and observed that

viruses underwent a recombination event, deleting the vast majority of

the cDNA. Apparently, the strong overexpression of seipin was toxic to

the cells, causing unpredictable recombination events during virus

production. Adenoviruses that did not encode functional seipin easily

out competed any virus containing functional seipin, leading to the

production of particles that did not express functional seipin.

However, seipin had been successfully packaged into lentiviruses

(Yang et al, 2013a) and seipin overexpression did not show overt

toxicity (neither wt nor the mutated isoform of it).

Taking together the results obtained and the problems found it was not

possible to continue with the assay.
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5. Analysis of ER stress in brain and nervous tissue from the
index case.

Previous assays with protein extracts from HeLa cells overexpressing

Celia seipin and from preadipocytes from the index case showed the

existence of endoplasmic reticulum (ER) stress. In this address, the

analysis of brain and nervous tissue from the index case could be quite

useful.

Methods

Protein extracts from brain and nervous tissue from necropsy of the

index case or healthy controls were obtained. Briefly, tissue samples

were disrupted and homogenized using Tissue Ruptor (Qiagen,

Chatsworth, CA, USA) and lysed in RIPA buffer (50 mM Tris-HCl, pH

7.2, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,

1 mM PMSF, 1 mM DTT, 10 μg/ml leupeptin and 10 μg/ml aprotinin)

and protein content was quantified.

Protein extracts from HeLa cells treated with 1.5 µg/µl tunicamycin

(Sigma-Aldrich) were used as ER stress positive control.

Immunoblotting was performed using 1:000 anti BiP (Cell Signalling)

and 1:1000 anti ATF-6α (Santa Cruz Biotechnology) antibodies.

Anti ATF-6α was kindly provided by Dr. Miguel López (CIMUS,

University of Santiago de Compostela).



APPENDIX VI

Results

First, to obtain a reliable ER stress positive control, HeLa cells were

treated with different concentrations of tunicamycin, a glycosylation

inhibitor that leads to ER stress. This reagent was selected because of

its similar functioning to the described N88S and S90L BSCL2

mutations that disrupt N-glycosylation of seipin leading to ER stress.

Next, brain and nervous tissue samples from the index case were

analyzed by immunoblotting to test the existence of ER stress (Fig 17).

Highest expression levels of BiP (~ 80 kDa) were found in temporal

lobe from a healthy control (Fig. 17A) whereas ATF-6α (~85 kDa)

expression was not found in any case (excepting the ER stress positive

control) (Fig. 17B). Some non-specific bands of ~37 kDa appeared

when anti-ATF-6α antibody was used.

Discussion & Conclusion

Although ER stress had been confirmed in both HeLa cells

overexpressing Celia seipin and preadipocytes from the index case, it

was not found in brain and nervous tissue from the index case. Two

different ER stress markers (BiP and ATF-6α) were used but results

were negatives. However the existence of ER stress in brain cannot be

discarded, being necessary new analyses.
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Figure 17.- Analysis of ER stress in brain and nervous tissue from the index case.

Protein extracts from the index case and 2 healthy controls were subjected to

immunoblotting with (A) 1:1000 anti-BiP antibody. Membrane was stripped and

reprobed with (B) 1:1000 anti-ATF-6α antibody. HeLa cells treated with 1.5 µg/µl

tunicamycin were used as ER stress positive control. GAPDH was used as loading

control. TL= Temporal lobe. BS= Brainstem.
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6. Assessment of farnesylation of the carboxi-terminal region of
seipin.

The C-terminal region of seipin ends in a CAAX motif. This motif is a

canonical signal for farnesylation, a post-translational modification that

increase the hydrophobicity of the protein (Fig. 19). Farnesylation is

necessary for membrane association of proteins as well as protein-

protein interactions. Because of its localization in the ER membrane, a

possible farnesylation of seipin in its C-terminus was highly reasonable.

Figure 18.- Farnesylation. An isoprenoid group (farnesyl) is added by

farnesyltransferase (FTase) to cysteine at the CAAX motif. Ras converting enzyme

(RCE1) or Zinc metallopeptidase STE24 homolog (ZMSTEP24) release the AAX

amino-acids. Finally cysteine is mutilated by the isoprenylated protein methyl-

transferase (ICMT), rendering the mature protein. From Novelli et at., 2012.
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Methods & Results

First, to test the specificity of anti-farnesyl antibody (ACRIS Antibodies,

Herford, Germany) was necessary to find a farnesylated protein.

Prelamin A, a farnesylated precursor of mature lamin A, was selected

as farnesylation positive control. However, prelamin A turns into lamin

A “in vivo” not being accumulated in cells.

To solve this point N-acetyl-S-trans, trans-farnesyl-L-cysteine (AFCMe)

(Enzo Life Sciences, Farmingdale, NY, USA), an analog of farnesyl-

methyl-cysteine residue was used. AFCMe competes for IMCT,

avoiding methylation of farnesylated prelamin A and subsequently

leading to its accumulation.

HeLa cells were either transfected with myc-wt seipin plasmid or

treated with 20 μM AFCMe for 18 hours. Then protein extracts were

obtained and subjected to immunoblotting with anti-farnesyl and anti-

prelamin (Diatheva, Fano, Italy) antibodies (Fig. 19). When assessed

with anti-farnesyl antibody, a band of ~30 kDa appeared in HeLa cells

overexpressing wt-seipin (Fig. 19A. However myc-tagged wt seipin has

a MW= 90 kDa. In addition, AFCMe treated cells showed a similar

band. However, prelamin A has a MW= 74 kDa, concluding that the

observed bands might correspond to an unidentified farnesylated

protein. On the other hand, when assessed with anti-prelamin antibody

both AFCMe treated and non-treated HeLa cells showed a band of ~30

kDa (Fig. 19B). This results suggested that the presumably prelamin
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accumulation might fail in AFCMe treated cells. Therefore, AFCMe

treated cells were not a reliable farnesylated protein positive control.

Figure 19.- Farnesylation assay. Protein extracts were subjected to immunoblotting

with (A) 1:1000 anti-farnesyl antibody or (B) 1:000 anti-prelamin antibody. Non-

transfected HeLa cells were used as prelamin negative control.

Next step was to find another farnesylated protein positive control. As

mentioned above, ZMSTEP24 (mouse ortholog of human FACE-1) is a

metalloprotease that has a key role in farnesylation. In addition to

release the C-terminal –AAX amino-acids, ZMSTEP24 also releases

the mature lamin A by excising the farnesyl-methyl-cysteine group.

Zmstep24 KO (knock-out) cells, that subsequently accumulate prelamin
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A, were chosen as farnesylated protein positive control. Zmstep24 KO

cells were kindly provided by Dr. López-Otín (University of Oviedo).

Protein extracts from Zmstep24 KO cells or mouse embryonic

fibroblasts (MEFs), as farnesylation negative control, were subjected to

immunoblotting with anti-farnesyl and anti-prelamin antibodies (Fig.

20).

Figure 20.- Farnesylation assay. Protein extracts were subjected to immunoblotting

with (A) 1:1000 anti-farnesyl antibody or (B) 1:000 anti-prelamin antibody. Mouse

embryonic fibroblasts (MEFs) were used as prelamin negative control.

Despite Zmstep24 KO cells accumulates prelamin A, a farnesylated

protein, no bands were observed with anti-farnesyl antibody (Fig 20A).
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Wt seipin overexpressing HeLa cells showed the same band of ~30

kDa, that not corresponded to myc-tagged wt seipin. Strikingly, when

assessed with anti-prelamin antibody, Zmstep24 KO cells did not show

the expected prelamin A band (~74 kDa) (Fig. 20B). Instead, a non-

specific band of ~50 kDa appeared in both Zmstep24 KO cells and

MEFs, similar to that observed for AFCMe treated and non-treated

HeLa cells.

To identify the ~30 kDa band detected by the anti-farnesyl antibody in

HeLa cells overexpressing wt seipin a bibliographic search was carried

out. Rho A, a farnesylated protein with a theoretical MW= 23 kDa, was

selected as candidate for the ~30 kDa band. Rho A is a transcription

factor highly expressed in tumor cells. Bearing in mind that HeLa are a

tumor cell line was not unreasonable to think that Rho A was highly

expressed, being detected by the anti-farnesyl antibody. Therefore,

Rho A might work as farnesylated protein positive control.

Immunoblotting of protein extracts from non-transfected HeLa cells with

anti-RhoA antibody (Santa Cruz Biotechnologies), kindly provided by

Dr. Anxo Vidal (CIMUS, University of Santiago de Compostela),

showed a band of ~23 kDa, corresponding to RhoA (Fig. 21A).

However, when protein extracts from both wt seipin overexpressing

and non-transfected HeLa cells were assessed with anti-farnesyl

antibody, only the previously observed non-specific band of ~30 kDa

appeared (Fig. 21B). That band did not correspond to the same band

detected by anti-RhoA antibody. Therefore, the anti-farnesyl antibody
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was not working, not being able to detect RhoA, a proven farnesylated

protein positive control.

Figure 21.- Farnesylation assay. Protein extracts were subjected to immunoblotting

with (A) 1:1000 anti-RhoA antibody or (B) 1:000 anti-farnesyl antibody.

Discussion & Conclusion

Several attempts were carried out trying to demonstrate the

farnesylation of seipin. Initially, although the results seemed to show

that seipin was not farnesylated, the absence of a farnesylated protein

positive control did not allow confirm. At that point the results obtained

with the anti-farnesyl antibody could not be validated. However, when

RhoA arose as a good farnesylated protein control, it became clear that
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anti-farnesyl antibody was not working. Therefore it was not possible to

obtain any valid conclusion about the farnesylation of seipin.

Additional bibliography

Novelli, G. and D’Apice, M.R. (2012) Protein farnesylation and disease.

J. Inherit. Metab. Dis. 35, 917–926
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7. Cell death assay.

Celia seipin showed increased ER stress in both HeLa cells and

preadipocytes from the index case. In a late stage ER stress leads to

apoptosis. Therefore, Celia seipin might also increase cell death. To

test if the toxic effect provoked by Celia seipin was leading to

apoptosis, a cell death assay was carried out.

Methods & Results

To determine whether Celia seipin induced cell death, HeLa cells

overexpressing myc-tagged wt or Celia seipin or empty vector were

stained with Hoechst 33258 (Sigma-Aldrich), left at 37ºC for 45 min and

observed by fluorescence microscopy. Hoechst dye stains all cells

regardless of their viability. In apoptotic cells chromatin is condensed,

appearing as small light blue dots in the nuclei (dark blue) and/or nuclei

are fragmented. On the other hand, living cells show the whole nucleus

dark blue.

Ten random fields of each condition were imaged (Fig. 22) and living

and apoptotic cells were counted. Then, a statistical analysis was

carried out. No significant differences were found in the percentage of

apoptotic cells when compared HeLa cells overexpressing wt seipin,

Celia seipin or empty vector (Fig. 23).
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Figure 22.- Samples images of random fields. HeLa cells overexpressing (A) myc-

tagged wt seipin, (B) myc-tagged Celia seipin or (C) empty vector were stained with

Hoechst 33258.

Figure 23.- Statistical analysis. Average percentage of apoptotic cells of each

condition was assessed with Student’s t test. A p value of less than 0.05 was

considered statistically significant. Error bars represent S.E.M. Statistical analysis

was performed with SPSS Statistics v.19 (IBM, Armonk, NY, USA).
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Discussion & Conclusion

Although chromatin condensation and nuclei fragmentation were

observed in all cases, significant differences were not found,

concluding that overexpression of wt or Celia seipin was not increasing

cell death.
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