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1.Introduccién

1. Enfermedades Neurodegenerativas

Las enfermedades neurodegenerativas se caracterizan por una pérdida neuronal
acompaiada de una clinica de disfuncion progresiva. Los avances de las técnicas
de tincion durante el pasado siglo permitieron demostrar, que algunas proteinas
mal plegadas se acumulan formando depdsitos intra o extracelulares en los
cerebros de pacientes con enfermedades neurodegenerativas !.

Estas proteinas mal plegadas generan una disrupcion de la homeostasis de la
célula provocando, entre otros factores, la sobreexpresion de diversas vias
celulares®. Dos de los sistemas de control de la acumulacion proteica son la

autofagia y el sistema lisosomal 3.

1.1. Clasificacién

Las enfermedades neurodegenerativas se pueden clasificar seglin:

1. Los sintomas clinicos, determinados por la region anatomica
afectada.
2.  Proteinas acumuladas en las neuronas o células gliales, o de

forma extraneuronal?.

1.1.1. Clasificacion Clinico-anatomica

Segun la clasificacion clinico-anatomica, las enfermedades neurodegenerativas se

dividen en dos grandes grupos; las demencias y los trastornos del movimiento .

Demencia: Los sintomas clinicos son cambios cognitivos y
psicoldgicos, causados por la alteracion de las funciones del area superior
del cerebro. Anatomicamente las regiones mas afectadas son el
hipocampo, el cortex entorrinal, el sistema limbico (amigdala, cortex
olfatorio, cortex del cingulo anterior y estructuras subcorticales) y las
; : 45
areas neocorticales *°.

Trastornos del movimiento: Entre los sintomas mas frecuentes

se encuentran la hipercinesia, la hipocinesia, la ataxia y la rigidez. Estos
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sintomas estan relacionados con la disfuncion cerebral, encontrando
afectados los ganglios basales, el talamo, el cerebelo, la corteza y las
neuronas motoras inferiores de la medula espinal®.
En algunas formas tempranas de estas enfermedades o durante el curso clinico de
ellas se observa una combinacion de estos sintomas, dificultando su diagndstico

clinico, siendo éste de gran relevancia principalmente en sus estadios iniciales

62,3

1.1.2. Clasificacion Neuropatoldgica

La clasificacion neuropatoldgica se basa en la evaluacion de la pérdida neuronal,
la astrogliosis reactiva y las caracteristicas histologicas en funcion de la
distribucion anatomica: Estos cambios se detectan tanto por técnicas de tinciones
convencionales como por técnicas de inmunohistoquimica, esta ultima necesaria

. L .4
para estudiar los depositos proteicos®.
La clasificacion se realiza en funcion de la proteina predominante en los
depdsitos producidos, y se diferencia entre tauopatias, prionopatias, enfermedades

por expansion de trinucledtidos, sinucleinopatias® y otras formas (Figura 1).

Enfermedad de
Parkinson

Demencia con
Sinucleinopatias cuerpos de
Lewy

a-sinucleina

Atrofia
Multisistémica

) Enfermedad de
Taupatias Alzheimer Tau+BA

Figura 1. Esquema de las enfermedades neurodegenerativas
estudiadas en esta tesis.
Clasificacion, segln la proteina predominante,en sinucleinopatias (proteina
a-sinucleina ) y taupatias( proteinas Tau y B-Amiloide)
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1.2. Sinucleinopatias

Las sinucleinopatias se caracterizan neuropatologicamente por la agregacion de la
proteina a-sinucleina. Se clasifican en dos grandes grupos, las enfermedades con
cuerpos de Lewy (ECL) y la atrofia multisistémica (AMS)’. Mientras que las
ECL se caracterizan por la presencia de cuerpos de Lewy intraneuronales, en la
AMS las inclusiones son gliales y citoplasmaticas, reciben el nombre de
inclusiones gliales citoplasmaticas y se encuentran principalmente en la sustancia
blanca® (Figura 2).

Los cuerpos de Lewy (CL) fueron descritos en 1912 por el neur6logo aleman Dr.
Friedrich Lewy cuando estudiaba la neuropatologia de la enfermedad de
Parkinson en el laboratorio del Dr. Alois Alzheimer *. Pero no se dilucid6 hasta la
década de los 1990 que la proteina que generaba estos cuerpos de inclusion era la
a—sinucleina’® (AS). Los CL se clasifican morfologicamente en CL clasicos y
corticales. Los CL clasicos se encuentran en los nucleos del tronco del encéfalo y
el diencéfalo mientras que los CL corticales estan presentes en el cortex cerebral
y limbico, y en la amigdala'®. Mientras que los CL clasicos son inclusiones
neuronales esféricas con un nucleo denso eosinofilico rodeadas de un halo palido,
los CL corticales carecen de ese halo. Ultraestructuralmente los CL clésicos
forman filamentos dispuestos de forma radial y asociados a material granular y
vesicular. Mientras que los CL corticales estan poco organizados y formados por

filamentos de 7-27 nm de grosor!!.

1.2.1. Enfermedades con cuerpos de Lewy

Clinicamente, las enfermedades con cuerpos de Lewy se clasifican en la
enfermedad de Parkinson (EP) y la demencia con cuerpos de Lewy (DCL). Las
dos se caracterizan por la presencia de CL, cuyo componente principal es la AS!?
(Figura 2).

La AS fue descrita en 1988, después de clonarse a partir de muestras del pez
Torpedo Californica, y se la 1lamo6 sinucleina debido a que se encontrd en las

terminaciones nerviosas'. La familia de las sinucleinas consta de tres proteinas: a,
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By v. Son proteinas pequenas (14-16 kDa) con secuencias de aminoacidos
homologas ubicadas en distintos genes.

Hasta el momento se han descrito cuatro isoformas de la a-sinucleina, donde la
mayoritaria esta constituida por 140 aminoacidos (AS140), mientras que las otras
se generan a partir de mRNAs resultado del splicing del ex6n 3 (AS 112), del
ex6n 5 (AS 126) o de ambos (AS 98) 3!2. Esta proteina no solamente esté
involucrada en el desarrollo de la EP, DCL y la AMS, sino también juega un
papel importante en otras enfermedades neurodegenerativas como la
neurodegeneracion por acumulacion cerebral de hierro tipo 1.

La evolucion neuroanatémica de las enfermedades con cuerpos de Lewy fue
planteada en 1984 por Kosava, quien postul6 que progresan y se disponen segun
un orden anatomico determinado. Asi sugiri6 que las distintas ECL tienen su
origen en unas areas especificas para cada una de ellas y que a través de sus
conexiones neuroanatomicas van expandiéndose a las distintas areas®. A partir de
esta premisa surgieron distintas clasificaciones que se han ido perfeccionando,
analizando cada vez mas areas cerebrales para una correcta clasificacion. En la
actualidad las dos clasificaciones recomendadas son la de Braak y la de

McKeith!? basandose en la desarrollada inicialmente por Kosava®!®,

1.2.1.1. Enfermedad de Parkinson.

La enfermedad de Parkinson fue descrita por James Parkinson en 1817
llamandola Paralisis Agitans. Pero no fue hasta 1861 que Jean-Martin Charcot la
denominé con su nombre actual en honor a su descubridor 2,

La EP es el trastorno de movimiento progresivo mas comun en personas mayores
de 60 afios. Es una enfermedad multisistémica con una degeneracion progresiva
del sistema nigroestriado, dopaminérgico y una amplia extension extranigral®.

El diagnostico clinico se basa en la triada bradicinesia, temblor en reposo y
rigidez®. Debido a que la mayoria de estos sintomas estan presentes en los
ancianos en mayor o menor medida, el diagnostico de la enfermedad de
Parkinson es complejo y como en el resto de las enfermedades

neurodegenerativas, no se confirma hasta la autopsia del paciente 2.
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La edad es el mayor factor de riesgo para esta enfermedad con una media de edad
del inicio de 60 afios y con una incidencia que aumenta en el grupo de edad
comprendido entre los 70-79 afios. Su prevalencia es de 0,5-1% en la poblacion
de 65-69 afios, aumentando hasta 1-3% en personas mayores de 80 afios 4. Su
afectacion es mayor en hombres que en mujeres siendo la neumonia la mayor
causa de muerte®. Con el envejecimiento global de la poblacion actual, y siendo la
edad el mayor factor de riesgo se cree que la incidencia aumentara hasta el 30%
en el 2030 15,

La EP es una enfermedad multifactorial esporadica, pero de la que se conocen
riesgos ambientales y genéticos®. Uno de los factores genéticos mas importantes
descritos para la EP son mutaciones del gen GBA1, que codifica una enzima
lisosomal, la glucocerebrosidasa.

Solo entre el 10 al 15% de los casos con EP son formas puramente genéticas.
Entre los genes que causan formas autosoémicas dominantes se encuentran SNCA,
gen que codifica la proteina a-sinucleina, y LRRK2, que es la causa del 4% de los
casos familiares de EP, asi como del 1% de los casos esporadicos. Las
mutaciones en PRKN6 y PRKN2 causan las formas mas comunes de la EP
recesiva familiar®. Estos genes codifican las proteinas PINK1 (PTEN induced
putative kinase 1) y parkina, respectivamente, involucradas las dos en la
iniciacion de la autofagia'®.

Los cambios neuropatoldgicos mas evidentes son la pérdida selectiva de neuronas
en la sustancia negra pars compacta y el locus certleo. Esta pérdida neuronal se
manifiesta por la pérdida de pigmentacion en la sustancia negra y es debida a la
muerte de las neuronas dopaminérgicas que contienen neuromelanina en esta area
cerebral, mientras que la pérdida de neuronas neuroadrenérgicas son las
responsables de esta despigmentacion en el locus ceruleo’.

Estudios sugieren que la EP empieza en los nucleos del tronco cerebral inferior,
como el nicleo motor dorsal del vago y el sistema olfatorio (estadio 1-2).
Posteriormente, su progresion asciende hacia el locus ceruleo, la sustancia negra
pars compacta, el nicleo subtalamico y la amigdala (estadio 3-4), y hasta el
neocortex en las fases més avanzadas de la enfermedad (estadio 5-6)°.

Un 20-50% de los pacientes diagnosticados de EP desarrollan demencia a los 10 -

15 afios de su diagnostico 6. Estos pacientes se clasifican como enfermedad de
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Parkinson con demencia (EPCD), mientras que los que no desarrollan demencia
son denominados enfermedad de Parkinson sin demencia (EPSD). La EPCD
presenta una distribucion de CL mas generalizada con un patrén parecido a los

pacientes diagnosticados con demencia con cuerpos de Lewy 7.

1.2.1.2. Demencia con cuerpos de Lewy

La demencia con cuerpos de Lewy (DCL) no fue descrita como tal hasta 1996,
cuando tuvo lugar el Taller Internacional del Consorcio para la Demencia con
cuerpos de Lewy y se marcaron sus criterios diagnosticos. Hasta entonces, esta
enfermedad se clasificaba como EP o enfermedad de Alzheimer (EA)?. El
Consorcio para la Demencia con cuerpos de Lewy marc6 una regla, como
concepto para distinguir clinicamente la DCL de 1la EPCD. Si el déficit cognitivo
aparece junto a los signos motores durante el primer afio de la enfermedad, se
considera DCL, mientras que si el deterioro cognitivo aparece después del primer
afio del debut de los sintomas motores, se diagnostica como EPCD?.

La DCL es una demencia degenerativa y progresiva, siendo la segunda mas
frecuente después de la EA. Se ha estimado que afecta a 1,4 millones de
americanos y que el factor de riesgo mayoritario es la edad con una mayor
afectacion en hombres que en mujeres’. Ademads, progresa muy rdapidamente con
una supervivencia de entre 6 y 10 afios ’. Su diagnostico es complejo debido a los
rasgos clinicos que comparte con la EA, y se estima que la DCL esta
infradiagnosticada con una clara discrepancia entre el nimero de casos
diagnosticados clinicamente con los que se diagnostican post-mortem!'® . Esto
presenta un grave problema debido a que el tratamiento farmacologico para los
sintomas conductuales y cognitivos usados para otras enfermedades produce
reacciones adversas en hasta el 50% de los pacientes con DCLS.

A nivel clinico el primer sintoma de la DCL es la demencia acompaiiada de
signos motores al inicio de la enfermedad o durante el primer afio de su
diagnostico? . Ademas del parkinsonismo su diagndstico incluye la presencia de
alucinaciones visuales, fluctuacion y trastorno de conducta del suefio en fase

REM (TCSR)!-2.
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Los cambios neuropatoldgicos principales, como en la EP idiopatica, son la
perdida neuronal en la sustancia negra y el locus ceruleo con la acumulacion de
CL clasicos en las neuronas restantes®. La diseminacion de los CL es parecida a la
propuesta para al EP°, y se inicia en los nervios craneales y el sistema reticular,
expandiéndose por el encéfalo y el sistema limbico hasta llegar finalmente al
neocortex .

Neuropatologicamente la DCL se clasifica por la presencia o ausencia de
patologia Alzheimer concomitante, donde los casos que presentan patologia
Alzheimer, se clasifican como demencia con cuerpos de Lewy comun (DCLc) y
los casos que no la presentan como demencia con cuerpos de Lewy pura
(DCLp)¥.

1.2.2. Atrofia multisistémica

La atrofia multisistémica (AMS) fue definida como tal en 1969 por Graham y
Oppenheimer, englobando tres entidades neurologicas; la atrofia
olivopontocerebelosa, el sindrome de Shy-Drager y la degeneracion
estriatonigra'®. El comtin denominador de todas ellas es la acumulacion de
inclusiones de a -sinucleina en el citoplasma glial.

La AMS es una enfermedad neurodegenerativa fatal caracterizada por un fallo
autondmico y piramidal progresivo ademas de parkinsonismo. Aunque tiene una
progresion motora muy rapida, queda enmascarada por la EP y por la ataxia
cerebelar en las fases mds avanzadas de la enfermedad?.

La incidencia de la AMS se estima de 0,6 a 0,7 casos por 100 000. La prevalencia
de esta enfermedad es de un 4.4/ 100 000 habitantes con un incremento hasta el
7,8 por 100 000 en poblaciones mayores de los cuarenta afios, segin los estudios
realizados en EEUU en el afio 2015 2. Todo y que su causa es desconocida, los
factores ambientales no parecen representar un factor de riesgo, siendo
considerada una enfermedad esporadica todo y conocerse casos donde los

factores genéticos juegan un papel importante.
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Los sintomas clinicos mas caracteristicos son parkinsonismo, ataxia cerebelar,
fallo autonoémico y paralisis laringea, debilidad motora y un declive cognitivo
progresivo %20,

Se han descrito dos fenotipos clinicos diferentes de AMS que se distinguen por
sus principales signos y sintomas en el momento del diagnostico. El fenotipo
parkinsoniano, conocido como AMS-P, se distingue por parkinsonismo asociado
mientras que, en el fenotipo cerebeloso, AMS-C, la caracteristica principal es la
presencia de ataxia cerebelar. En los paises occidentales el 80% de los casos
diagnosticados presentan el fenotipo parkinsoniano, dificultando su diagnostico
diferencial con la EP’.

La caracteristica anatomopatologica principal es la pérdida de pigmentacion en la
sustancia negra, el locus ceruleo, el nicleo motor del vago, caracteristicas que
comparte con la EP y con la ECL. Ademas de una atrofia del cerebelo, del
pedunculo cerebelar y de la base del puente, se observa también astrogliosis y
pérdida neuronal4. En las mismas areas donde se encuentra esta pérdida, se
encuentran los llamados cuerpos de Papp-Lantos. Su pobre visualizacion en la
tincion de hematoxilina-eosina, siendo solo detectables con algunas tinciones de
plata, dificultan su observacion?.

El diagnoéstico neuropatologico de la AMS se realiza por la pérdida neuronal en
las areas del estriado, la sustancia negra, el locus ceruleo, los nicleos de la oliva
inferior, la base del puente, el nticleo vago, la columna intermedia de la espina

dorsal y el nucleo Onuf'y de las células de Purkinje en el cerebelo 2.

1.3. Enfermedad de Alzheimer

La enfermedad de Alzheimer fue descrita en 1906 por el psiquiatra aleman Alois
Alzheimer, cuando reporto el seguimiento clinico y una descripcion de las
alteraciones en las fibrillas neurales tipicas de la EA por primera vez. Pero no fue
hasta 1910 cuando Emil Kraepelin categorizé la EA como un subtipo de
demencia senil. Durante parte del siglo XX, su diagnostico se limit6 a pacientes
con demencia con edades comprendidas entre los 45 y los 67 afios, mientras que

los pacientes mayores de esta edad se clasificaban como demencia senil. No fue
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hasta 1977, debido a sus similitudes tanto patologicas como clinicas, que estas
dos entidades se agruparon bajo una misma patologia independientemente de la
edad del paciente?.

La EA es un trastorno neurodegenerativo progresivo e irreversible de origen
desconocido. Es la demencia mas comun en la poblacion mundial mayor de 65
afios, siendo de un 50 a 75% de todas las demencias diagnosticadas e
incrementando su incidencia con la edad con un claro aumento en pacientes
mayores de 85 afios?!. Su elevada prevalencia y el envejecimiento de la poblacion
a nivel mundial la convierten en un importante problema de salud publica,
llegando a ser denominada la pandemia del siglo XXI. Los tratamientos actuales
palian los sintomas, permitiendo una mejor calidad de vida, pero no son capaces
de frenar la progresion de la enfermedad 22. Aunque la mayoria de los casos de
EA son esporadicos, entre un 5-10% de los casos se deben a variantes genéticas
dominantes correspondientes a la proteina precursora del beta-amiloide (APP), la
presenilina 1 y la presenilina 2 (PSEN1 y PSEN2). Ademas, se han descrito
variantes alélicas en numerosos genes adicionales que conllevan un aumento de la
susceptibilidad de sufrir esta patologia®.

Los sintomas clinicos incluyen una demencia progresiva caracterizada por la
pérdida de memoria a corto plazo, la capacidad de orientacion y de las funciones
cognitivas superiores como la dificultad en el lenguaje, la perdida de atencion y
funcion visuoespacial. Asi como la capacidad de resolver problemas y la agilidad
mental para el razonamiento debido a una progresiva alteracion funcional del
lobulo parietal. En estadios avanzados de la enfermedad y debido al extenso
deterioro cortical y subcortical los pacientes se deterioran hasta quedar inmoviles
y mudos?.

A nivel neuropatolégico, la EA presenta cuerpos de inclusion del péptido B-
amiloide (BA) en el parénquima extracelular llamados placas neuriticas. Ademas,
se observa la agregacion de la proteina tau hiperfosorilada en forma de ovillos
neurofibrilares intraneuronales. La densidad y localizacion de estas tltimas
representan uno de los criterios diagndsticos determinantes. Se ha descrito
también pérdida sindptica y, en fases avanzadas de la enfermedad, de neuronas

corticales®.
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Las placas neuriticas estan formadas por pequefios péptidos de 39-43
aminoacidos de BA, producto de la digestion proteolitica de la proteina APP. Esta
es una proteina transmembrana cuyo procesamiento puede transcurrir por dos vias
opuestas, la no-amiloidogénica y la amiloidogénica. La via no-amiloidogénica
esta controlada por las a- y Y-secretasas dando lugar a fragmentos intracelulares
indispensables para el crecimiento, supervivencia y reparacion de las neuritas. En
la via amiloidogénica, APP se proteoliza mediante b- y g-secretasa produciendo
péptidos de AB, donde el 90% es AB40 y aproximadamente el 10% es la forma
mas fibrilogénica AB42. Sin embargo, en situaciones patoldgicas o en individuos
ancianos se observa un desequilibrio en la ratio de produccion de AB con un
aumento significativo de los péptidos de AB42 y AB43 causando la acumulacion
de los mismos?!. Estos péptidos tienden a agruparse en fibras en el exterior de la
neurona, formando las llamadas placas neuriticas o placas seniles?.

Los ovillos neurofibrilares estan formados por hebras de proteina tau
hiperfosforilada. La proteina tau esta presente especificamente en neuronas, es
parte estructural de los microtubulos axonales y regula su estabilidad. En la EA
tau se hiperfosforila, y las moléculas de proteina tau hiperfosforilada se unen
entre ellas formando primero filamentos helicoidales emparejados que mas tarde
dan lugar a la formacion de los ovillos neurofibrilares®. Al mismo tiempo este
proceso da lugar a la desestabilizacion de los microtiibulos y asi a cambios
irreversibles en el citoesqueleto de las neuronas.

La clasificacion de la EA se realiza mediante estadios segun la distribucion de los
ovillos neurofibrilares y en fases segun la distribucion de los depositos de BA.
Asi se observa que la primera area afectada por la acumulacion de la proteina tau
es el cortex transentorrinal (estadio I) expandiéndose hacia el cortex entorrinal
(fase II) para llegar al giro temporal inferior y medio (fase 111 y IV) para afectar
finalmente al cortex occipital (fase Vy VI)**.

El desarrollo de la patologia asociada a la BA se divide en cinco fases
dependiendo del area cerebral afecta. En la fase I se detecta afectacion isocortical,
en la fase II los depositos de BA se observan en el hipocampo y cortex entorrinal,
en la fase I1I en los ganglios basales y el diencéfalo, en la fase IV en el tronco

cerebral en y en el cerebelo en la fase V 3.
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Figura 2. Esquema-resumen de las enfermedades neurodegenerativas.
(adaptado de Current Concepts of neurodegenerative diseases de G. G.
Kovacs, Cambridge University Press, 2015)

2. Sistema Lisosomal

El reciclaje y la eliminacion de las proteinas anémalas de la célula se realizan
mediante los sistemas ubiquitina-proteosoma y autofagico lisosomal®* . Mientras
que en el sistema ubiquitina-proteosoma la unién de una ubiquitina a la proteina
correspondiente permite el transporte de esta hasta el protcosoma para su
eliminacion 2, en el sistema autofégico lisosomal, las proteinas se eliminan a
través de los lisosomas?®. En la macroautofagia, el lisosoma se une a un complejo
denominado autofagosoma mientras que en la microautofagia el lisosoma sufre
una invaginacion en su membrana que permite la internalizacion de las proteinas.
En el tercer tipo de autofagia, la autofagia regulada por chaperonas, las proteinas

se interiorizan en los lisosomas a través de un complejo de chaperonas?®.

2.1. Lisosomas

En 1955 De Duve describio los lisosomas como organelas que desempefian una
funcién en la degradacion de sustratos y el reciclaje 2.
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Mas recientemente se identificaron como un punto clave en el metabolismo y
como parte activa en procesos como la regulacion de algunos genes, la reparacion
de la membrana plasmatica, la homeostasis, la respuesta inmune y el transporte de
colesterol entre otros?s.

Los lisosomas son organelas compuestas por una bicapa lipidica que contiene
mas de 120 proteinas, con un lumen acido (pH 6,5-4,5) donde se encuentran las
hidrolasas lisosomales?® , de las que actualmente se conocen méas de 60. Las
hidrolasas son responsables del catabolismo de las moléculas complejas, tanto
enddgenas como exdgenas, y entre estas hidrolasas se encuentran nucleasas,
lipasas, glicosilasas, fosfatasas, sulfatasas y proteasas. Las proteinas de la
membrana lisosomal no son solamente necesarias para el funcionamiento de los
lisosomas, ya que mantienen el pH acido de su interior, sino también regulan el
transporte hacia el interior de los lisosomas y permiten su fusioén con las
membranas de otras organelas®®.

Algunas de las mutaciones en los genes que codifican enzimas lisosomales o
proteinas que participan en la maduracion de los lisosomas provocan una
acumulacion de distintas sustancias no metabolizadas en el interior del lisosoma.
Existen mas de 50 distintas patologias que se denominan enfermedades de
almacenamiento lisosdmico 2°, estando la mayoria de ellas relacionadas con
patologias del sistema nervioso central 282%3°, De las enfermedades de

almacenamiento lisosémico, la mayoritaria es la enfermedad de Gaucher®.

2.2. Enfermedad de Gaucher

La enfermedad de Gaucher (EG) es una enfermedad autosémica recesiva
provocada por un déficit en la enzima lisosomal glucocerebrosidasa (GCasa)®!, 32,
Esta es la responsable del catabolismo del glucocerebrdsido en glucosa y
ceramida®’, y mutaciones en el gen GBA, que codifica la GCasa, causan su
acumulacion en el interior de los lisosomas, principalmente en los macréfagos de
distintos 6rganos™.

La clasificacion de la EG se basa en la presencia o ausencia de caracteristicas

neurodegenerativas y su progresion clinica. Mientras que la EG tipo I se

caracteriza por hepatoesplenomegalia, anemia, trombocitopenia y lesiones Oseas,
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la EG tipo 11 y III tienen un caracter marcadamente neuronopatico con un declive
neurologico progresivo™®. Tradicionalmente se consideraba la EG tipo I como no
neuronopatica pero este concepto cambid debido a la asociacion de esta con la
EP3,

Fue en el afio 2004 que se relacionaron mutaciones de GBA con la EP, al
observarse que una parte de los pacientes con EG tipo I desarrollaban EP en la
edad adulta’”. Mientras que en la poblacién mayor de 80 afios solo el 3-4% sufren
EP, en los pacientes de EG tipo I este porcentaje aumenta hasta el 10%*.
Ademas, diversos estudios demostraron, que los familiares de primera generacion
de pacientes con la EG tipo I, tienen un mayor riesgo de sufrir EP que el resto de
la poblacién®®3¢, También se observo, que en pacientes con EP de origen judio
Ashkenazi, la frecuencia de mutaciones en GBA es de un 15-20%, mientras que
en la poblacion sin EP es de un 3%, Estos estudios postularon las mutaciones de

GBA como un factor de riesgo a padecer la EP343°,

2.3. GBA

El gen GBA, se localiza en el cromosoma 1q22, se extiende a lo largo de 7.6 kb y
esta constituido por 12 exones. Cinco transcritos distintos son el resultado del
splicing alternativo del gen GBA y estos dan lugar a tres isoformas proteicas®* La
desregulacion del splicing alternativo de GBA, se ha descrito como uno de los
mecanismos de desarrollo de la EP*2, Ademas de esta desregulacion, se han
identificado mas de 300 mutaciones de este gen como mutaciones con
desplazamiento del marco de lectura, mutaciones que afectan el sitio del splicing
o mutaciones puntuales, ademds de inserciones y alelos recombinantes®>.

Los transcritos GBAtvI, tv2 y tv3 originan la misma proteina, la isoformal de la
GCasa (GCasa-IF1) todo y tener distintos exones iniciales, mientras GBAtv4
codifica una proteina mas corta al carecer de los exones 2 y 3. Por ultimo,

GBAtv5 no contiene el exdén 5 y origina la proteina GCasalF3 (Figura 3 y 7).
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Figura 3. Representacion esquematica de los transcritos de GBA1.
Los 12 exones estan indicados con la letra E, mientras que los intrones
estan representados por las lineas que unen los exones de cada transcrito
(https://www.ncbi.nIm.nih.gov/gene/2629).

La enzima GCasa se sintetiza en el reticulo endoplasmatico rugoso y es dirigido a
través del aparato de Golgi hacia el lisosoma mediante su union especifica a la
proteina de membrana lisosomal-2*)(LIMP-2) (Figura 8). La acumulacion de
glucocerebrodsido en los lisosomas, caracteristico de la EG, provoca una
disfuncion del sistema autofagico lisosomal*'*?, reduciendo su capacidad de
eliminacion de las proteinas, entre ellas AS. Se han postulado dos hipotesis que
pretenden explicar la relacion entre las mutaciones de GBA y la acumulacion de
AS. Segun la primera, denominada modelo de pérdida de funcioén, la reduccion de
la actividad de GCasa provoca una acumulacion de glucocerebrosido en los
lisosomas que promueve la oligomerizacion de AS y su acumulacion en forma de
fibrillas. Estas fibrillas al mismo tiempo inhibirian la actividad GCasa creando un
bucle patogénico bidireccional. La segunda hipdtesis, la hipotesis de ganancia de
funcioén, implica que la enzima aberrante participa directamente en la agregacion
de AS, o a través de una interaccion bioquimica con AS, o mediante la
interferencia con las vias de homeostasis de AS 2***. Esta alteracion de las vias de
eliminacion de AS no solo se han encontrado en la EP sino también en la DCL #,
Los principales actores de la regulacion de GCasa son LIMP2 codificado por el

gen SCARB?2 y el factor de transcripcion EB (Tfeb) codificado por el gen TFEB.

2.4. LIMP2
El gen SCARB2, que codifica a la proteina LIMP2, se localiza en el cromosoma
4q21.1, contiene 12 exones y de todos los transcritos generados solo dos han sido

validados, SCARBtvl y SCARBtv2. SCARBtv2 transcribe una proteina mas
corta que LIMP2 denominada LIMP2-IF2 (Figura 4y 7).
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Figura 4. Representacion esquematica de los transcritos de SCARB.
Los 12 exones estan indicados con la letra E, mientras que los intrones
estan representados por las lineas que unen los exones de cada transcrito
(https://www.ncbi.nIm.nih.gov/gene/950).

LIMP2 es una de las cuatro proteinas mas comunes de membrana lisosomal *>46,

Es una proteina transmembrana tipo III con dos dominios hidrofobicos
transmembrana y los extremos N- y C-terminales localizados en el citoplasma®’.
Ademas, LIMP2 contiene un gran dominio luminal donde se encuentra la region
de union a GCasa identificada en los aminoécidos 150-167, y la region
responsable del direccionamiento hacia los lisosomas*®*® (Figura 5).

La union entre LIMP2 y GCasa es dependiente del pH, uniéndose en el reticulo
endoplasmatico donde el pH es neutro y transportdndose unidas por el aparato de
Golgi hasta el lisosoma donde el pH 4cido de estos permite su separacion*®*°. En
situaciones fisiologicas normales, LIMP2 se incorpora a la membrana una vez
alcanzado el lisosoma (Figura 8).

Ademas de jugar un rol basico en la biogénesis y el mantenimiento de los
lisosomas y de los endosomas tardios*® LIMP2 también esta involucrado en la
formacion de los autofagolisosomas que se generan mediante la fusion de los

lisosomas y los autofogosomas®*.

Lisosoma

Regién de
unién GCasa
(150-167aa) ~»

COOH
NH2

Figura 5. Representacion esquematica de LIMP2.
LIMP2 es una proteina transmembrana con los extremos N y C terminal
en el citoplasma mientras que en el dominio luminal se encuentra la
region de union con la GCasa.
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2.5. Tfeb

El gen TFEB codifica a la proteina Tfeb, se localiza en el cromosoma 6p21.1.
Cinco de los transcritos que se generan por splicing alternativo se han validado, y
mientras que 7FEBtvI-4 incluye diferentes exones iniciales, TFEBtv5 carece del

exon 3 (Figura 6 y 7).
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Figura 6. Representacion esquemaitica de los transcritos de Tfeb.
Los exones estdn indicados con la letra E, mientras que los intrones estan
representados por las lineas que unen los exones de cada transcrito
(https://www.ncbi.nlm.nih.gov/gene/7942).

Tfeb es uno de los reguladores de la biogénesis y funcién del sistema lisosomal?’.
Esta coordinacion primordial de los lisosomas, tanto en situaciones fisiologicas
como patoldgicas, ha provocado su estudio en diversidad de enfermedades entre
ellas las neurodegenerativas o el cancer 3.

Recientemente se ha descrito que Tfeb promueve la transcripcion de muchos
genes lisosomales entre ellos GBA 'y SCARB2 3¢. Esta regulacion se realiza
mediante la unién directa de Tfeb a regiones promotoras definidas que comparten
todos los genes que forman parte de la red coordinada de expresion y regulacion
lisosomal, o CLEAR (Coordinated Lysosomal Expression and Regulation). Estas
regiones, denominadas elemento CLEAR son palindromicas (CACGTG) y se
encuentran cerca del lugar de comienzo de la transcripcion pudiendo haber uno o
mas elementos CLEAR en cada promotor’!. Ademds de estar involucrado en la
regulacion del sistema lisosomal, Tfeb también esté relacionado con la formacion
de los autofagosomas y su fusion con los lisosomas™2.

Tfeb se regula a través del gen mTOR que, en condiciones fisiologicas normales,

fosforila distintos residuos de serina de Tfeb impidiendo su migracion al niicleo®.
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En situaciones de deprivacion, esta inhibicion desaparece permitiendo que Tfeb
se traslade al nucleo de la célula donde se une a los genes que contienen
elementos CLEAR iniciando su transcripcion. Cuando se une a GBA provoca el
aumento de la expresion de este, y por lo tanto, una mayor actividad GCasa®,
Como la disfuncion del sistema autofagico lisosomal contribuye a la patogénesis
de las enfermedades neurodegenerativas no esta esclarecido ain. Pero se sabe,
que AS se degrada a través del sistema ubiquitina proteosoma y el sistema

autofagico lisosomal en condiciones fisiologicas®.

Gen Transcritos Proteina
GBAtv1
GBAtv2 GCasa IF1
GBA GBANV3
GBAtv4 GCasa IF2
GBAtvS GCasa IF3
LARRv1 UMP2FL
0T = e S
LARRvV2 LIMP2-IF3
-------------- TRB2tvl Isoforma 1
TFRB2tv2 Isoforma 2
[ UREEEHS Isoforma 1
TFREB2tv4.
TFEB2tvS Isoforma 3

Figura 7. Transcritos y proteinas de los genes GBA, SCARB2 y TFEB2.
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Figura 8. Representacion esquematica del sistema lisosomal.
1-Tfeb fosforilado viaja al nticleo donde se une a la region CLEAR de
algunos genes, como GBA. 2- GBA sintetiza la proteina GCasa. 3-Viaja
por el reticulo endoplasmatico donde se une a LIMP2. 4/5-GCasa y LIMP2
viajan a través del aparato de Golgi hasta los lisosomas donde LIMP2 se
incorpora en la membrana y GCasa es liberada al lumen.

3. Autofagia

Después del descubrimiento de los lisosomas, DeDuve describi6 una de las vias
por la que las células digieren los constituyentes de su propio citoplasma a través
de estos™. Este proceso fue denominado autofagia (auto=propio, phagy=comer) y
aunque actualmente hay descritos distintos mecanismos y tipos, todos ellos tienen
como punto comun la degradacion de proteinas mediante las hidrolasas
lisosomales 3657,

La autofagia juega un rol importante en la homeostasis celular, en la degradacion
de proteinas de larga vida, de los agregados proteicos y de las organelas
dafiadas®®. Ademas, actila como respuesta celular en situaciones patoldgicas como
la deprivacion de nutrientes o las infecciones por patogenos®. También se ha

demostrado que su desregulacion o su funcionamiento alterado esta relacionado
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con distintas enfermedades, entre las que se encuentran las enfermedades
neurodegenerativas®®©!,

La autofagia, junto con el sistema ubiquitino-proteosomico es el sistema de
eliminacion de proteinas mal plegadas y de organelas dafiadas de la célula. En el
caso de las proteinas mal plegadas, son las proteinas de shock térmico (heat shock
proteins, hsp) que intervienen directamente en la reparacion de los errores
introducidos durante la traslacion y la postraduccion 2. Cuando estos errores
superan las capacidades funcionales de las hsp, las proteinas mal plegadas son
eliminadas a través del sistema ubiquitino-proteosémico o por la via de la
autofagia mediada por chaperonas. Cuando estos dos sistemas no son lo
suficientemente eficiente, se activa otra de las vias autofagicas, la
macroautofagia. Correspondientemente, los oligdmeros, agregados solubles u
organelas, al ser demasiado grandes para poder eliminarse por el sistema
ubiquitino-proteosdémico, son siempre degradados a través de la via autofagica .
La autofagia ademas se denomina fabrica de reciclaje celular, ya que los
aminoacidos, producto de la degradacion proteica son devueltos al citoplasma,
donde representan una fuente para la formacion de nuevas macromoléculas.
Ademas, la autofagia promueve la eficiencia energética mediante la generacion
de ATP y sus niveles son una medida de control del dafio celular .

Los tres tipos principales de autofagia mencionados en el parrafo anterior son la
macroautofagia, la microautofagia y la autofagia mediada por chaperonas (AMC)

% (Figura 9).
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Figura 9. Esquema de las distintas vias de la autofagia.

A-La macroautofagia se inicia con la formacion del fagoforo que envuelve
el cargo a degradar, la doble membrana crece hasta cerrarse formando el
autofagosoma que se une al lisosoma formando el autofagolisosoma donde
se hidroliza el cargo. B- En la microautofagia es el lisosoma directamente
el que se invagina introduciendo el cargo en su interior para la degradacion
de este a través de las hidrolasas. C-En la AMC, la proteina Hsc 70,
reconoce la proteina a degradar transportandola hasta el lisosoma para su
hidrolisis.

3.1. Macroautofagia

En condiciones fisiologicas, agregados proteicos, asi como organelas dafiadas se
degradan mediante la macroautofagia.

La autofagia se inicia con la formacion de una doble membrana denominada
fagoforo de la que se desconoce el origen exacto, aunque se cree que deriva del
reticulo endoplasmatico, la mitocondria o el aparato de Golgi®®. A medida que
avanza la formacion del fagoforo, éste envuelve en su interior el cargo a eliminar,
formando una estructura denominada autofagosoma®’. Una vez cerrado el
autofagosoma se une a los lisosomas formando el autolisosoma, donde el cargo se
degrada mediante las hidrolasas lisosomales % (Figura 15).

Los autofagosomas fueron observados por primera vez a través de microscopia

electronica en el afio 1968, pero no se empezaron a estudiar a nivel molecular
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hasta hace una década con el analisis de distintas levaduras entre las que destaca
Saccharomyces cerevisiae®®. Fue en esta levadura donde se identificé un grupo de
genes denominado ATGs (autophagy related genes), cuyos productos estan
involucrados en distintos puntos clave de la autofagia. Ademas, la mayoria de
estos genes tienen sus homdlogos en los eucariotas superiores, sugiriendo que la
autofagia es un mecanismo altamente conservado evolutivamente %70,

Existen diversas fases criticas en la macroautofagia como son la induccion, la

formacion del fagoforo y la elongacion del autofagosoma 7!,

3.1.1. Induccién

El nivel basal de la autofagia es muy bajo ’* en condiciones fisiologicas, por lo
que es crucial que este sistema responda extremadamente eficiente a situaciones
de estrés y otras sefiales extracelulares’. Uno de los inhibidores principales y més
conocidos de la autofagia es la proteina serina/treonina kinasa mTOR
(mammalian target of rapamycin)®*.

mTOR esta involucrada en la mayoria de las vias reguladoras de la
autofagia y es responsable del control de los cambios relacionados con la
disponibilidad de los nutrientes y la energia metabdlica. mTOR inhibe la
autofagia a través de dos mecanismos’®. Por un lado, actlia en las cascadas
involucradas en la autofagia tanto en la traduccién como transcripciéon’ y por
otro, actuia directa o indirectamente sobre proteinas ATG involucradas en la
formacion del autofagosoma’’>.
En la autofagia participan dos complejos principales, relacionados entre si, el
complejo ULK y el PI3k. El primero de ellos esta regulado por mTOR, que
fosforila a ULK1 (Unc-51-like kinase 1) inhibiendo la unién de esta a las otras
proteinas involucradas en la constitucion del complejo ULK, cuya formacion es
indispensable para el inicio de la autofagia. Por el contrario, la inhibicion de
mTOR resulta en la desfosforilacion de ULK1 provocando una cascada de
reacciones resultando en un cambio conformacional del complejo y la induccion
de la autofagia®. Ademas de la fosforilacion de ULK1, mTOR, desencadena la
translocacion del segundo complejo proteico, PI3K, También, mTOR fosforila

TFEB inhibiendo asi la biogénesis lisosomal®” (Figura 10).
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3.1.2. Formacion del fagoforo

Mientras que en las levaduras la formacion del fagoforo esta precedida de una
estructura citosolica denominada estructura pre autofagosomal (PAS), en los
mamiferos no hay evidencia de esta®.

La elongacion del fagoforo se inicia con la formacion de dos complejos
principales mencionados en el apartado anterior, el complejo ULK y el complejo

PIK3 76,

Aa Rapamicina

Induccion Inhibicion
dela — dela
autofagia autofagia

Figura 10. Esquema de la interaccién de mTOR con su entorno en la
autofagia. mTOR se activa o inhibe por algunos sustratos tal y como se
observa en la parte superior del esquema. Esto genera la activacion o
inhibicion del complejo ULK. Si ULK1 es fosforilado, se inhibe la
autofagia mientras que, si ULK 1 no es fosfolirado, éste activa otras
proteinas de su complejo que a posteriori activaran el nicleo 13K.

El complejo ULK esta formado por las proteinas ULK1/2 (Unc-51-like kinase 1 y
Unc-51-like kinase 2), ATG13 y FIP200 (focal adhesion kinase family-interacting
protein). Este complejo esta regulado principalmente por mTOR que en
condiciones fisiologicas bloquea su actividad’. Por el contrario, en situaciones de
estrés celular como por ejemplo concentraciones reducidas de aminoacidos
especificos, factores de crecimiento, ATP, hipoxia, o en la presencia de ciertos
tipos de agregados proteicos, mTOR se inhibe permitiendo asi la desfosforilacion

de ULKI. Esta proteina junto con ULK2 fosforila Atg13 y FIP200 provocando un
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cambio conformacional del complejo y la induccion de la autofagia, al fosforilar
Beclina (BECN1)™,

El segundo complejo involucrado en la formacion del fagoforo es PI3K
compuesto por Vps34 (vacuolar protein sorting 34), BECN1 y Vps15

(vacuolar protein sorting 15)73. Este complejo es uno de los puntos mas criticos
de la formacion del autofagosoma, donde BECNI1 tiene un papel de proteina
adaptadora interaccionando con otras proteinas para estimular o inhibir la
autofagia dependiendo de qué proteinas se unan a esta. Las interacciones de
BECNI1 se realizan en los tres dominios que conforman la proteina’®(Figura 10).
En el dominio N-terminal BH3 se unen los miembros de la familia Bel-2 y
también es el lugar de formacion de dimeros con una actividad principalmente
inhibidora’’. Mientras que en el dominio central CCD, se unen proteinas
activadoras del complejo como Ambral, UVRAG/Atgl14L (UV radiation
resistance-associated gene y autophagy related gene 14). Por ultimo, el domino
ECD esta muy conservado evolutivamente 78, siendo indispensable para mediar
en la autofagia u otras funciones como la inhibicion de la tumorogénesis. BECN1
puede interaccionar con las proteinas en mas de un dominio, como en el caso de
Vps34 que se une tanto en ECD como en CCD79 (Figura 11). Es la fosforilacion
de BECNI la que aumenta la actividad del complejo permitiendo el reclutamiento
de otras proteinas al complejo original como UVRAG o Atgl4 necesarias para la
formacion de la membrana®’. Por el contrario, si se une la proteina Rubicon se
inhibe la formacion de la membrana (Figura 12). Por este motivo, los niveles de
expresion y las modificaciones postraduccionales de BECN1 son considerados un

indicador del control de degradacion autofagica’®.
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Figura 11. Esquema de la proteina Beclina 1.
Estan representados los tres dominios principales (rectangulos verdes) de
la proteina BECN1, BH3, CCD y ECD. Para cada uno de ellos estan
indicados en amarillo las proteinas que interaccionan activando o
inhibiendo a BECNI1.
Vps34 esta involucrada en la formacion de distintas membranas celulares. En el
caso de la doble membrana del fagéforo su implicacion es selectiva y clave para
la formacion del complejo con BECNI1. Ademas, Vps34 es unica entre las PI3-
quinasas en el uso de fosfatidilinositol (PI) como sustrato para generar fosfatidil
inositol trifosfato (PI3P)3!. Este sustrato es indispensable para la elongacion del
fagdforo y para la union de otras proteinas ATG a este. La interaccion de BECN1
con Vps34 promueve la actividad catalitica de esta ultima e incrementa los

niveles de PI3P%2.
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Figura 12. Esquema de los complejos formados por PI3K.
Dependiendo de qué proteinas se unan al complejo inicial PI3K se activara
o inhibira el inicio de la autofagia.

3.1.3. Elongacién del autofagosoma

La extension y el cierre del autofagosoma se realizan a través de dos sistemas de
ubiquitinizacion relacionados entre ellos’. Las Ubl (ubiquitin-like proteins) son
una familia de pequefias proteinas involucradas en las modificaciones
postraduccionales que modifican otras proteinas normalmente con una funcion
reguladora.

En los sistemas de ubiquitinacion participan tres enzimas mediadoras
denominadas E. La enzima activadora E1 usa ATP para activar la ubiquitina para
la conjugacion y la transfiere a una enzima E2. Esta interactia con la ubiquitina
ligasa E3 y transfiere la ubiquitina a la proteina diana®. Tanto Atg12 (autophagy
related gene 12) como LC3 I (microtubule-associated proteins 1 A/1B light chain
3), se ubiquitinan de manera similar y ambas se activan a través de Atg7
(autophagy related gene 7) la enzima activadora E1. Atgl2 es conjugada por la
Atg10 (autophagy related genel0) como E2 y esta permite la union covalente a
una lisina de la proteina sustrato, Atg5% (autophagy related gene 5). Esta
conjugacion Atgl2-Atg5 es constitutiva e irreversible, y aparentemente no

requiere de una ligasa E3 para su proceso (Figura 13).
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El complejo Atgl2-Atg5S a posteriori interacciona con la proteina Atgl6
(autophagy related gene 16) formando un complejo que se oligomeriza formando
un tetrimero®. Esta asociacion se considera la responsable de la curvatura del
fagoforo con su reclutamiento asimétrico de LC3 1171,

El segundo sistema de ubiquitinacion involucrado en la formacion de los
fagoforos es un sistema constituido por la proteina LC3 I . LC3 se convierte en
LC3 I mediante proteolisis®® y Atg7 activa una ubiquitina y Atg3 es la mediadora
de su conjugacion a la fosfatidiletanolamina (PE), uno de los fosfolipidos mas
abundantes en las membranas celulares’. La enzima E3 es el complejo Atgl2-
Atg5 y convierte la LC3 I en LC3 II (Figura 14). Cuando el fagéforo esté cerca de
su cierre, el complejo Atg5-Atgl2 se disocia de la membrana mientras que LC3 11
queda asociada a ella, a la cara interna como externa de los autofagosomas. En
esta ubicacion juega un importante rol en la seleccion del cargo a eliminar, siendo
la tnica proteina especifica asociada a la membrana de los autofagosomas®’

(Figura 15).

&= =

| (ol

Figura 13. Esquema del sistema de conjugacion Atgl12-Atgs.

En este sistema Atgl2 se conjuga con la enzima activadora Atg7 para
unirse posteriormente a la enzima conjugadora Atgl0 que permite la union
de Atgl2 al sustrato AtgS. Al complejo Atgl2-Atg5 se le une la proteina
Atgl6, formando a través de esta union de hexameros de Atgs.

Caros; )
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ATG4

Figura 14. Esquema del sistema de conjugacion LC3.

LC3 se convierte en LC3 I a través de su union a Atg4. LC3 I se une
primero a la enzima activadora Atg7 y posteriormente a la enzima
conjugadora Atg3, para permitir la unién de LC3 al sustrato PE. En este
sistema participa la enzima E3 (Atg5-12-16) y se transforma LC3 I en LC3

A-Complejos mayores ULK y PIK3

B-Sistemas de conjugacion l
@
l‘\/ C-Fases de la autofagia

Figura 15. Representacién esquematica de la macroautofagia.
A-Formacion de los complejos ULK y PI3K como complejos necesarios
para el inicio de la macroautofagia. B-Formacion de los sistemas de
conjugacion Atgl2-Atg5-Atgl6 y LC3, necesarios para la formacion y
elongacion del fagoforo. C-Representacion de las distintas fases de la
autofagia, desde el fagoforo hasta el autolisosoma donde se degrada el
cargo.
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3.2. Microautofagia

La microautofagia es un proceso muy similar a la macroautofagia pero en esta,
los lisosomas se invaginan directamente. En el interior, el cargo es degradado por
las vesiculas alojadas en el lumen 7!. La microautofagia, igual que la
macroautofagia, es capaz de degradar los oligdmeros, agregados solubles u
organelas, tanto de manera selectiva como no selectiva 3¢, La degradacion
selectiva incluye la de organelas dafiadas o senescentes. Por el contrario, la
degradacion no selectiva, que no se activa por deprivacion nutricional ni por

estrés celular’®, es una rotacion continua de los constituyentes intracelulares.

3.3. Autofagia mediada por chaperonas

La autofagia mediada por chaperonas (AMC) se diferencia completamente de la
macroautofagia y la microautofagia. El 30% de las proteinas citosolicas que
contienen el pentapéptido especifico (KFERQ)®, se degradan a través de esta
autofagia. Esta secuencia de aminoacidos es reconocida por la chaperona
citosolica hsc70 (heat-shock protein 70), se une a ella y a otras proteinas
formando un complejo y este se traslada a los lisosomas. La proteina de
membrana lisosomal LAMP2A (Lysosome-associated membrane protein 2)
reconoce a este complejo proteico y es responsable de su disociacion y la
translocacion de la proteina reconocida por hsc70 al interior de los lisosomas®?,
A diferencia de la macroautofagia y la microautofagia donde el transporte de los
sustratos es por invaginacion o por secuestro del cargo, en la AMC este transporte
es proteina a proteina’* Ademés, la AMC esta activa en condiciones basales
pudiendo aumentar en situaciones de estrés y en periodos de deprivacion
prolongados. Mientras que la macroautofagia es inducida principalmente en

periodos cortos de deprivacion.
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2.0bjetivos

Objetivo general

Analizar los niveles de transcripcion de los genes lisosomales GBA y sus
reguladores TFEB y SCARB2, asi como de 6 genes relacionados con la autofagia
mediante de andlisis de la expresion del mRNA, en cerebro y sangre de pacientes

con enfermedades con cuerpos de Lewy.

Objetivos especificos

1. Analizar los niveles de expresion del transcrito mayoritario de GBA en cerebro
y sangre de pacientes con enfermedades con cuerpos de Lewy en comparacion
con controles.

2. Evaluar la implicacion del splicing alternativo del gen GBA en las distintas
enfermedades estudiadas mediante analisis de expresion de los transcritos
minoritarios.

3. Identificar una posible correlacion entre los niveles de expresion del gen GBA
y la edad, sexo y duracion de la enfermedad.

4. Analizar la expresion de mRNA de los genes SCARB2 y TFEB en cerebros de
pacientes con ECL en comparacion con controles.

5. Analizar el posible papel de las diferentes formas del splicing alternativo en los
cambios de expresion de SCARB2 y TFEB.

6. Identificar una posible correlacion entre los niveles de expresion de GBA y sus
variantes de splicing y los niveles de expresion de SCARB2 y TFEB y sus
respectivas variantes de splicing.

7. Identificar una posible asociacion entre la desregulacion de la expresion GBA 'y
TFEB y/o SCARB2.

8. Analizar la expresion de mRNA de genes involucrados en diferentes puntos de
la autofagia y determinar su papel en las ECL.

9. Evaluar las diferencias entre los genes autofagicos estudiados en relacion con

la edad, sexo y duracion de la enfermedad.
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ABSTRACT: Parkinson disease (PD) and dementia with Lewy bodies (DLB) are Lewy body diseases
characterized by abnormal alpha-synuclein deposits and overlapping pathological features in the brain. Several
studies have shown that glucocerebrosidase (GBA) deficiency is involved in the develop t of LB di Here,
we aimed to find out if this deficiency starts at the transcriptional level, also involves alternative splicing, and if
GBA expression changes in brain are also detectable in blood of patients with LB diseases. The expression of
three GBA transcript variants (GBAtvl, GBAtv2 and GBAtvS) was analyzed in samples from 20 DLB, 25 PD and
17 control brains and in blood of 20 DLB, 26 PD patients and 17 unaffected individuals. Relative mRNA
expression was determined by real-time PCR. Expression changes were evaluated by the AACt method. In brain,
specific expression profiles were identified in the temporal cortex of DLB and in the caudate nucleus of PD. In
blood, significant GBA mRNA diminution was found in both DLB and PD patients. Early PD and early-onset
DLB patients showed lowest GBA levels which were normal in PD patients with advanced disease and DLB
patients who developed disease after 70 years of age. In conclusion, disease group specific GBA expression profiles
were found in mostly affected areas of LBD. In blood, GBA expression was diminished in LB diseases, especially
in patients with early onset DLB and in patients with early PD. Age of disease onset exerts an opposite effect on
GBA expression in DLB and PD.

Key words: glucocerebrosidase deficiency, Parkinson’s disease, dementia with Lewy bodies, GBA mRNA
expression, transcript variants

Parkinson disease (PD) and dementia with Lewy bodies
(DLB) belong to the group of Lewy body diseases (LBDs)
and are characterized by abnormal aggregates of alpha-
synuclein, so called Lewy body pathology (LBP), in the
brain [1]. Neuropathologically, two LBP forms can be
distinguished: pure LBP, showing LBP only, and

common LBP, with a mixture of LBP and concomitant
Alzheimer disease (AD) pathology [2]. Lewy bodies are
intraneuronal proteinaceous inclusions containing as a
main component. They are found in the substantia nigra
and other brain stem nuclei in early PD [3] and throughout
almost all brain areas in DLB [4]. Usually, about 20%-
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50% of PD patients develop dementia (PDD) after no less
than 10 to 15 years following PD diagnosis [5].

Glucocerebrosidase (GCase) is a lysosomal enzyme
responsible for the breakdown of glucocerebroside into
glucose and ceramide [6]. Mutations in the GCase gene
GBA cause GCase deficiency leading to glucocerebroside
accumulation inside the lysosome. This accumulation
results in Gaucher disease, the most frequent lysosomal
storage disorder [6]. Since several probands with Gaucher
disease present parkinsonism [7] and have GBA mutation-
carrier relatives with PD [8], subsequent studies have
revealed that GBA mutations are strongly associated with
PD but also with DLB [9-11].

Analyses of GCase activity and expression levels in
PD brains have shown that GCase activity and protein
levels are diminished in sporadic PD with and without
GBA mutations [12, 13]. Furthermore, decreased GCase
activity has been found in blood of PD patients [14].
Decrease of GCase activity causes the accumulation of
glucocerebroside in lysosomes, directly promoting AS
oligomerization and fibrillation. At the same time, AS
fibrils inhibit GCase activity creating a bidirectional
pathogenic loop [15].

Over the past years, deregulation of alternative
splicing has been described repeatedly as an important
mechanism involved in ageing and disease development
[16, 17]. In this context, we have reported that differential
isoform expression changes are involved in LBD
pathogenesis [18, 19]. For the GBA gene, five transcript
variants  (tv; http://www.ncbi.nlm.nih.gov/gene/2629)
have been reported by the NCBI database. GBAtv1-3 are
the result of alternative inclusion of their initial exons
encoding the same protein. GBAtv4 and tv5 are the result
of splicing out of exons 2 and 3 or exon 5, and bear shorter
proteins.

In this study, we addressed three main questions.
First, we wanted to know if GCase deficiency in LBD
starts at the transcriptional level; second, if possible brain
GBA expression changes are also detectable in blood of
LBD patients and third, if alternative GBA splicing is
dysregulated in these patients.

MATERIALS AND METHODS
Brain tissues

Post-mortem brain samples and their corresponding
clinical and neuropathological diagnoses were provided
by the Institute of Neuropathology Brain Bank and the
Neurological Tissue Bank of the University of Barcelona
/ Hospital Clinic, Barcelona, Spain. They were obtained
from 20 patients with clinical diagnosis of DLB, 25
patients with clinical diagnosis of PD, and 17 donors
devoid of neurological signs or symptoms and lack of
neuropathological findings. Eight of the DLB brains did
not present AD-related pathology and were defined as
pure DLB (pDLB), while 12 DLB brains contained
concomitant AD-related pathology and were considered
as common DLB (cDLB). Of the 25 PD patients, 13
developed dementia (Parkinson’s disease with dementia;
PDD) but 12 did not (Parkinson’s disease without
dementia; PDND). None of the patients included in this
study carried GBA mutations. Neuropathological
diagnosis was carried out as described before [20]. Two
brain areas, temporal cortex and caudate nucleus, were
analyzed for all disease groups, and the pons was
available for PD only. Frontal cortex samples were used
to estimate relative expression levels of GBA transcripts.
Clinical and neuropathological characteristics of patients
and controls are summarized in Table 1.

Table 1. Clinico-neuropathological characteristics of Lewy body disease cases and controls.

Disease n PMtime! (range) ADstage? Br&Br? Death* (range) M:F ratio®
pDLBS 3 9:30 (3:30-17:00) 0-11 A-C 74.6 (60-85) 31
¢DLB’ 12 10:30 (4:00-21:15) 1I-VI B-C 79.0 (74-86) 1.4:1
PD? 12 7:00 (3:30-14:00) I-1v 80.8 (68-93) 1:1
PDD’ 13 7:10 (4:00-12:20) 11-VI A-C 78.7 (71-87) 0.9:1
CTRLY® 17 8:40 (2:30-23:30) 69.3 (55-81) 1.4:1

! post-mortem time; > AD stages following Braak and Braak, I-VI: neurofibrillary tangles; * AD stages following Braak and Braak, A-C:

amyloid plaques; * death, age at death; ® M:F ratio, male-female ratio;

¢ pDLB, dementia with Lewy bodies, pure form; ' cDLB, common

dementia with Lewy bodies; ® PD, Parkinson disease without dementia; > PDD, Parkinson disease with dementia; '© CTRL, control brain

samples.
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Patients

Twenty DLB patients (mean age, 73.9; mean age of onset,
68; mean disease duration, 5.9 years; male-female ratio,
1:0.5) were recruited by the Department of Neurology of
the Bellvitge Hospital and were diagnosed according to
the 2005 DLB Consortium criteria [21]. Twenty-six PD
patients (mean age, 68.9; mean age of onset, 65.3; mean
disease duration, 6.5 years; male-female ratio, 1:1.4) were
diagnosed in the Department of Neurology of the Hospital
Germans Trias i Pujol following UK Parkinson’s disease
Brain Bank clinical diagnostic criteria [22]. None of them
presented dementia when blood samples were obtained,
and no GBA mutation carriers had been identified. Age at
onset was defined as the age when memory loss or
parkinsonism was first noticed by relatives. Seventeen
control individuals (mean age, 74.4; male-female ratio,
1:1.1) were devoid of neurological symptoms and familial
history of neurodegenerative disease and were recruited
by both Neurology departments. Written informed
consent was obtained from all subjects, either directly or
from their legal guardians. The study was carried out with

the approval of our local Ethics Committee for Clinical
Investigation.

RNA isolation, reverse transcription and assessment of
mRNA stability

TRI-Reagent (MRC, Cincinnati, USA) was used for RNA
isolation according to the manufacturer's protocol. RNA
quantity, purity and integrity was ascertained by the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, USA). Only samples with RIN values higher than
6 were stored at -80°C until use. Two g of total RNA
were used for reverse transcription by Ready-to-go™
You-Prime First-Strand Beads (GE Healthcare,
Buckinghamshire, UK). A “no RT” reaction, using water
instead of RT, served as a control for the exclusion of
genomic DNA contamination. cDNAs were either used
immediately for PCR amplification or stored at -20°C.
Stability assessment of the transcripts analyzed in this
study was carried out by defining their degradation rates
at RIN values of about 6 [20].

Table 2. RNA primer sequences used for the amplification of GBA! isoforms, beta-actin, GUS and PBGD.

Name and NCBI' Primer name Primer sequence (5’ - 3°) Size?
GBAItvl GBAltv1U* ATC ACA TGA CCC ATC CAC A 214 bp?
NM_000157.3 GBAItvlL ACT CAA AGG CTT GGG ACA T
GBAItv2 GBA1tv2U2* TTC GCC GAC GTG GAT CCT CT 236 bp
NM_001005741.2 GBAItv2L2 ACC GAG CTG TAG CCG AAG CT
GBAI1tv3 GBAltv3U* TTC GCC GAC GAG ACT CTG GA 176 bp
NM_001005742.2 GBAItv3L ACC TGA TGC CCA CGA CAC TG
GBAltv4 GBAIltv4U* TTC TCT TCG CCG ACG GTG CC 169 bp
NM_001171811.1 GBAltv4L AGC TCC ATC CGT CGC CCA CT
GBAItvS GBAIltv5U* ACG GGC ACA GGA ATC GGA TA 173 bp
NM_001171812.1 GBAItv5L AAC TGC AGG GCT CGG TGA AT
b-act U2 TCT ACA ATG AGC TGC GTG TG 228 bp*
b-act L2 GGA TAG CAA CGT ACA TGG CT
b-act U3 AAC TGG GAC GAC ATG GAG AA 178 bp®
b-act L3 TAG ATG GGC ACA GTG TGG GT
GUS*-UI1 ATG TGG TTG GAG AGC TCA TT 176 bp
GUS-L2 TGT CTC TGC CGA GTG AAG AT
PBGD’_U1 ACA CAC AGC CTA CTT TCC AAG 183 bp
PBGD_L1 TCA ATG TTG CCA CCA CAC TGT

"Name and NCBI, name of the transcript variant and NCBI accession number; “Size, amplicon size; * bp, base pairs; “228 bp, amplicon size
resulting from primer pair b-actU2 + b-actL3; *178 bp, amplicon size resulting from primer pair b-actU3 + b-actL2; “GUS, beta-glucuronidase;
"PBGD, porphobilinogen deaminase.* These primers comprise transcript-specific sequences.
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Figure 1. Schematic representation of the five GBA transcripts and location of forward primers. Grey boxes
represent exons and the lines, introns. Narrow red rectangles at the end of some exons indicate sequences, chosen

for designing isoform-specific primers.

Primer design

Primers were designed for specific amplificacition of
GBA transcripts. Primer location is shown in Figure 1, and
sequences and amplimer sizes in Table 2. The GBA gene
bears 5 transcript variants by the inclusion of alternative
5" initial exons and by splicing out of internal exons. All
five show specific sequences
(www.ncbi.nlm.nih.gov/gene/2629) permitting the design
of isoform-specific primers. The design of primers for the
GBA gene is especially challanging because of its high
homology with the GBAPI gene [23]. Therefore not all
primers could be designed to rise 150-180 bp long
amplicons (Table 2). To amplify GBAtvl, the forward
primer was located in exon 2 and the reverse primer in
exon 3 (Fig.1). Since GBAtv5 lacks its exon 4, the
forward primer spanned the boundary between exons 4
and 6, and the reverse primer was located in exon 7.
Transcripts GBAtv2 and GBAtv3 have different initial
sequences of their exons 2, while GBAtv4 lacks exons 2
and 3, differences that were used to design specific
primers (Fig.1).

Assessment of SNCB mRNA stability

High quality RNA cannot be taken for granted when
dealing with post-mortem brain samples, especially with
post-mortem times larger than 5 hours [24]. In order to
assure that GBA, ACTB, GUSB and PBGD RNAs
presented similar stabilities even at RIN values of about
6, we assessed their RNA degradation rates [25]. Ten pg
of RNA corresponding to two of each, temporal cortices
and caudate nucleus, were incubated at 50°C. Two-pg-
aliquotes were withdrawn from each sample after 15, 30,
60, 120, and 240 minutes, respectively. Of these, 1 pg was
subjected to the study of RNA integrity using the Agilent
2100 Bioanalyzer and from 1 pg ¢cDNA was obtained.
Incubation time dependent RNA degradation coincided
with diminishing RIN values. Real-time PCR analysis of

the relative amount of the three GBA transcripts showed
that none of the GBA transcripts degraded at higher rates
than ACTB, GUSB and PBGD mRNAs, or vice versa.

Real time PCR

Relative expression was determined for three GBA
transcript variants (GBAtvl, GBAtv2 and GBAtvS).
Real-time PCR was carried out on a Rotor-Gene 6000
(Corbett Life Science, Sydney, Australia). PCR was
performed in 15 pl reactions with the QuantiTect SYBR
Green PCR Kit (QiaGen, Hilden, Germany), containing
16 pmol of each primer and 1 pl of cDNA. To estimate
relative expression changes, two housekeeping genes
were analyzed in each brain region, beta-actin (4CTB) and
beta-glucuronidase (GUSB) [26] , and two housekeeping
genes were analyzed in blood as well, ACTB and
porphobilinogen deaminase (PBGD) [27].
sequences are listed in Table 2.

All assays included two replicates of each sample,
were performed twice and independently to assure their
reproducibility and minimize possible errors. Standard
curves for the target and reference genes were generated
for each run by amplifying the same serially diluted
cDNA control sample [28, 29].

To assess relative gene expression, relative
transcript variant expression data were obtained by the

AACt method based on similar PCR efficiencies to

analyze relative gene expression [26, 27].

Differences among GBAtvl, GBAtv2 and GBAtv5
expression levels, were calculated by 2”n, where n
corresponds to the cycle number difference between Ct of
one of the less expressing transcript and Ct of the major
transcript [30].

Statistical analysis

Analyses were performed independently for both
housekeeping genes and the mean obtained from both
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analyses represented the final expression change of GBA
isoforms compared to controls for which expression level
is assumed to be 1. In the text, all values are given as mean
values with variance estimates in brackets. According to
the AACt method, values below 0.5 represented
significantly decreased expression levels, while values
above 1.5 corresponded to significantly increased
expression levels. Nevertheless, results were accepted as
significant only with 0.5 as major variance value in the
case of expression decrease and with 1.5 as minor
variance value in the case of expression increase. To take
into account the exponential function of Ct values, in the
final calculation the variance was estimated by evaluating
244 term using AACt plus the standard deviation and
AACt minus the standard deviation [29].

Differences between age, disease onset and disease
duration were assessed by t-test, and regression analyses
was performed to evaluate the possible association
between GBAtv1 expression levels and age, disease onset
or disease duration. Statistical analyses were performed
using the SPSS 21 (IBM, Armonk, NY, USA) software,
and Statpages (http://www.statpages.org).

GBA

Figure 2. Relative GBA isoform expression in different brain
areas. GBA expression in neural tissue estimated by appraising
agarose gel electrophoretograms: tv, transcript variant; FC,
frontal cortex; TC, temporal cortex; Ca, caudate nucleus; Put,
putamen; NBM, Nucleus basalis of Meynert; Am, Amygdala;
SN, Substantia nigra; Pt, pons; Cr, cerebellum. White fields
correspond to lack of expression, light gray (1) to very slight
expression, middle gray (2) to readily detectable expression, and
dark gray (3) to high expression. The black fields represent very
intense expression levels.

RESULTS

Of the five GBA transcripts, GBAtv3 and GBAtv4
showed very low expression in brain as well as in blood.
Therefore, it was not possible to analyze their relative
expression.

GBA transcripts expression in different brain areas

Analysis of GBA isoform expression in different brain
areas revealed highest GBA levels in the caudate nucleus
and putamen, with strong GBAtv1 and tv2 expression and
intermediate  GBAtv5 expression. In contrast, both
cortical areas, frontal and temporal cortices, showed only
low or intermediate GBAtvl and tv2 expression, but
strong GBAtv5 expression (Fig. 2). GBAtvl was mostly
expressed in the caudate nucleus, putamen and pons, as
compared with the other brain areas analyzed. GBAtv2
showed almost uniformly high expression in all brain
areas studied. On the contrary, GBAtv5 was expressed
mostly in the cortex and showed only traces of expression
in the pons and cerebellum (Fig.2).

GBA isoform mRNA expression changes in the
temporal cortex, caudate nucleus and pons from LBD
brains

All results are represented as relative expression changes
compared to normal control brain areas with variance
estimations in brackets. Only significant changes are
shown in the text.

In the temporal cortex, GBAtvl expression was
diminished in pDLB (0.38 (0.29-0.49)), and in ¢cDLB
(0.27 (0.14-0.49)), but unchanged in both PDND and
PDD. GBAtv2 did not show significant expression
changes in any of the groups. GBAtv5 was almost 4-fold
decreased in pDLB (0.35 (0.23-0.49)), but not in the other
groups.

In the caudate nucleus, GBAtvl was significantly
diminished in PDD (0.41 (0.38-0.45)), pDLB — 0.41
(0.30-0.58) and ¢cDLB — 0.44 (0.34-0.61). No changes in
GBAtv]l expression were observed in PDND. GBAtv2
expression did not change in any of the groups, and
GBAtv5 was diminished only in PDD (0.36 (0.34-0.37)).

Samples of pons were only available for PD, PDD
and control brains. None of the GBA isoforms was altered
in PDND or PDD in this brain area (data not shown).

Expression profiles (Fig.3) revealed the presence of
disease-specific and brain-area specific expression
changes of GBA isoforms. Disease-specific expression
profiles were detected for pDLB and cDLB in the
temporal cortex. Both, PD with and without dementia
showed overlapping expression profiles in the temporal
cortex. In contrast, both DLB groups showed overlapping
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expression profiles in the caudate nucleus. On the
contrary, PD groups showed differential expression
profiles in this brain area (Fig. 3).

Characterization of patients by onset, duration and
disease progression indicators

The influence of age at onset and disease duration on
GBA expression levels in blood was studied by dividing
patients into the following groups: 1. according to age at
onset: (a) patients who developed the disease at age of 65

years or before and (b) patients who developed disease at
the age of 66 years or later; and 2. according to the
duration of disease: (a) less than 6 years or (b) 6 years or

more. Table 3 shows that disease duration from onset was

similar in both age-at-onset dependent DLB groups. On
the contrary, in PD disease duration from onset was
significantly longer in patients who developed PD at the
age of 65 years or earlier when compared to patients with
PD onset after 65 years.

pDLB cDLB

10

PDND PDD

TC

expression change

10

Ca

expression change

1 GBAv1 B8 GBAV2 = CBAIVS

Figure 3. Expression profiles of GBAI i

soforms in three brain areas of LBD after

adjustment with controls. The included areas were temporal cortex (TC) and caudate nucleus
(Ca) from the groups of pure dementia with Lewy bodies (pDLB), common dementia with

Lewy bodies (cDLB), Parkinson's disease wi

thout dementia (PDND) and Parkinson’s disease

with dementia (PDD). The results are shown as relative expression changes obtained by the
AACt method in comparison with normal controls and are represented in a logarithmic scale.
Grey areas represent normal expression range. * Significant expression change below 0.5.
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Figure 4. GBA1tv1 expression in blood of DLB and PD patients in dependency on disease duration. GBA1tvl expression was
analyzed (A) in two groups and (B) for each patient individually. For (A), the results are shown as relative expression changes obtained
by the AACt method in comparison with control individuals. * Significant expression change below 0.5. § Significant expression change
between the disease duration subgroups. For (B) each point corresponds to the value of the expression change of each individual
obtained by the AACt method, where ACt of patients was determined individually and ACt of control individuals was the mean value
of the entire control group. Grey areas represent normal expression range.

GBA mRNA expression in blood

Differential expression analysis of the three GBA
transcripts in blood of DLB and PD patients unveiled that
GBAtv1 was significantly decreased in DLB (0.41 (0.38-
0.44)) and PD (0.35 (0.32-0.39)). In contrast, neither
GBAtv2 nor GBAtvS showed significant expression
changes in blood of DLB or PD patients (data not shown).

To further assess the possible association between
GBA mRNA expression and clinical features, data were
analyzed taking into account gender, disease duration
from onset and age at disease onset. No differences in
GBAtvl expression levels were found for different
gender.

Expression of GBAtvl and disease duration

Although there was a tendency of lower GBAtvl
expression (0.30 (0.29-0.32)) in blood of DLB patients
with shorter disease duration from onset versus patients
with longer disease duration (0.45 (0.42-0.50)), this
difference (0.64 (0.58-0.73)) was not significant between
both onset groups (Fig.4A). In blood of PD patients in
turn, patients with early PD showed two times less
GBAtv1 expression levels (0.26 (0.21-0.32)) than patients
with 6 years of disease duration or more, where GBAtv1
diminution was no longer significant (0.55 (0.43-0.71);
Fig.4A).

These differences between DLB and PD prompted
us to analyze in depth the relation between disease

duration and GBAtv1 expression in blood. As shown in
Figure 4B, the effect of disease duration on GBAtvl
expression in blood was different in DLB and PD.
Whereas in DLB the first years of disease were
characterized by low GBAtv1 levels, GBAtv] expression
reached normal levels in patients with disease duration
between 6 and 8 years and diminished again in DLB
patients with longer disease duration. On the contrary, in
PD a linear correlation between GBAtv1 expression and
duration of disease was detected. Initial stages of the
disease were characterized by most pronounced GBAtv1

diminution which levels raised to normal after about 10

years of disease progression (Fig.4B).
Expression of GBAtvI and age at disease onset
As shown in figure 4A, when compared to controls,

GBAtv] expression was five times lower in patients in
blood of DLB patients with early onset (0.21 (0.20-0.22))

and almost two times lower than in those who started after

age of 65 years (0.51 (0.44-0.60)). Interestingly, GBAtv1
expression was also more than two times lower in patients
with early onset when compared to later onset DLB (0.39
(0.33-0.46)). On the contrary, in PD, compared to
controls, patients with earlier disease onset had two times
lower GBAtvl expression (0.39 (0.36-0.41) while
patients who developed PD after the age of 65 years had
four-times lower GBAtv1 (0.24 (0.17-0.38)). Early onset
PD had 2-times higher GBAtv1 expression than patients
who developed PD after the age of 65 years (1.90 (1.54-
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2.66); Fig. 5A). Data were also plotted individually and
underwent regression analysis. As shown in figure 4B,
linear association between disease onset and GBAtvl
expression was observed for both DLB and PD, but with
opposite effects. Whereas GBAtvl expression was
drastically diminished in DLB patients with early disease

onset but was normal in patients of 72 years or older, PD
patients who debuted before the age of 60 years presented
normal GBAtvl levels which were decreased in patients
with later onset (Fig. 5B).

Table 3. Clinical characteristics of DLB and PD patients in the disease onset and duration groups.

DLB

Disease onset <65 years >65 years P!

n 6 14

age at onset (range) 61.4 (59-65) 68.5 (66-74) n.p.2
age (range) 67.6 (63-71) 73.8 (69-80) n.p.
duration (range) 6.2 (2-10) 4.9 (2-10) 0.135
male: female ratio 1:0.33 1:0.4 0.765
Disease duration since onset <6 years >6 years

n 13 7

age at onset (range) 67.1 (59-74) 63.5 (60-67) 0.238
age (range) 70.8 (63-80) 72.8 (70-77) 0.302
male:female ratio 1: 0.5 1:0.25 0.097
PD

Disease onset <65 years >65 years

n 12 14

age at onset (range) 62.2 (60-64) 70.0 (68-73) n.p.
age (range) 69.0 (61-75) 72.5 (68-75) n.p.
duration (range) 6.8 (1-14) 2.5(0-6) 0.015
male: female ratio 1: 0.8 1:01 0.827
Disease duration since onset <6 years >6 years

n 15 11

age at onset (range) 66.9 (60-73) 61.7 (60-64) 0.105
age (range) 69.6 (61-75) 72.3 (68-75) 0.376
male: female ratio 1: 0.9 1: 0.9 1

Tp-value, obtained by t-test; 2 n.p., does not proceed.

DISCUSSION
Expression of GBA transcripts in brain

In the present study we have analyzed the differential
expression of three GBA transcript variants in the
temporal cortex, caudate nucleus and pons of DLB and
PD brains divided into pure and common DLB and into

PD with and without dementia. Although tissue specific
expression of alternative splice variants has been
described earlier, it has been also shown that isoforms
expression changes in different brain areas are associated
with disease [31, 32]. Accordingly, we identified specific
expression profiles in the temporal cortex of DLB with
decreased GBAtvl expression in ¢cDLB and combined
GBAtvl and tv5 diminution in pDLB. The specific
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expression profile of GBA transcripts in PDD caudate
nucleus also showed the decrease of both GBAtvl and
tv5. In the caudate nucleus, GBAtv1 was also diminished
in both DLB groups. Although these results suggest a
defined role for GBAtv5 during pathogenesis of LBD, the
specific function of this minor isoform remains to be
determined. Our findings furthermore underline the

specific involvement of cortical regions in DLB [33] and

the association of the caudate nucleus with dementia in

LBD. In this context, it has been shown that dopamine
depletion in the caudate nucleus can be detected in DLB
[34] and correlates with cognition in PD [35].

= R'=0,2877

expression change

.
R=0,0103

expression change

6
age at disease omset
| + PD — linear(PD) = DLB — lincar (DLB)

n

Figure 5. GBA1tv1 expression in blood of DLB and PD patients in dependency on the age of disease onset. GBA1tv1 expression
was analyzed (A) in two groups and (B) for each patient individually. For (A), the results are shown as relative expression changes
obtained by the AACt method in comparison with control individuals. *Significant expression change below 0.5. #Significant
expression change between the age-at-onset dependent subgroups. For (B) each point corresponds to the value of the expression
change of each individual obtained by the AACt method, where ACt of patients was determined individually and ACt of control
individuals was the mean value of the entire control group. Grey areas represent normal expression range.

In two recent studies GCase activity and expression
levels were analyzed in PD brains. Whereas Gegg and
colleagues analyzed cerebellum, frontal cortex, putamen,
amygdala and substantia nigra samples from patients with
sporadic PD and from patients with GBA mutations [36],
Murphy and colleagues investigated anterior cingulate
cortex and occipital cortex in early and late PD stages
[12]. Results revealed diminished GCase activity and
protein levels in cerebellum, substantia nigra [36] and
anterior cingulate cortex, a region that accumulates
abnormal AS in sporadic PD [12] and additionally in
putamen and amygdala of PD brains with GBA mutations
[36]. In both studies, no changes in GCase levels or
activity were found in the cortical areas. Both studies
further coincided in no finding any significant GBA
mRNA expression changes, indicating that in PD GCase
expression changes occur at the posttranscriptional level.
Our results are in concordance with those of Gegg’s study
showing unchanged GBA mRNA expression levels in the
cortex of PD patients with and without dementia. In DLB,
GCase protein levels have been found to be diminished by
20% in the frontal cortex of GBA mutation carriers [37],

but no changes have been reported for no-mutation
carriers, so far. However, our results show diminished

GBA mRNA levels in PDD caudate nucleus and in both

DLB cortex and caudate nucleus independently on the
mutation status suggesting that in these cases GCase
deficiency already starts at the transcriptional level.

Recently, the age-related decline of GCase activity
in the ageing brain has been also found. Correspondingly,
it has been proposed that this diminished related to aging
may act as a predisposing factor for AS accumulation and
PD [38]. Since our control group included aged
individuals, such changes could not be detected in the
present study.

PD patients whose brains had been included in our
study presented disease for at least 8 years and no GBA
isoforms expression changes were found in the pons.
Growing evidence suggests that caudal brainstem
structures are involved in PD pathology even before
development of nigrostriatal pathology [20]. Those early
changes would include the degeneration
nondopaminergic pathways in the pons [39] indicating
that molecular changes in this brain area are to be
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expected at very early stages of the disease. Therefore, the
study of prodromal PD cases is necessary to find out
whether GBA isoform expression changes are present
before clinical manifestations appear.

Upon comparison with our earlier findings, the
pDLB group analyzed here represents the molecular
subgroup of DLB that is characterized by the drastic
diminution of two main beta-synuclein (BS) gene (SNCB)
transcripts in the cerebral cortex [20]. The lack of this
natural AS antiaggregants [40, 41, 42] would strongly
enhance AS oligomerization and aggregation in the cortex
of these brains. It has been also shown that diminished
GCase levels increase AS aggregation rate [43]. The joint
effect of the drastic decrease of two key proteins primarily
involved in maintaining soluble and functional AS could
be the main cause of disease development in this DLB
subgroup with pure LBP in the brain and a short and
aggressive disease course.

On the other hand, in ¢cDLB the temporal cortex
shows diminution of only one of the two SNCB transcripts
[20] and of only one GBA transcript. The remaining BS
and GCase would be sufficient to avoid reaching high AS
aggregation rates, so that in ¢cDLB additional factors
enhancing AS aggregation must participate to achieve a
similar pathological effect to pDLB. Indeed, LBP is
accompanied by characteristic AD changes in cDLB
brains, a fact that suggests the involvement of elements
other than AS-aggregation factors.

The caudate nucleus in PDD showed diminution of
more than a half of GBA1 levels, including GBA1tv1 and
GBAI1tv5 that is accompanied by SNCB over-expression
in that brain area [20]. Taken together, these findings
indicate that different mechanisms trigger the AS
aggregation process in the various neurological conditions
displaying LBP.

Expression of GBA transcripts in blood

We also analyzed expression of all three GBA transcripts
in blood obtained from DLB and PD patients. In contrast
to our findings in brain, in blood only GBAtv1 exhibited
expression changes corresponding to  significant
diminution in both DLB and PD. These results correlate
with those of Alcalay and colleagues who measured
GCase activity in blood of PD patients with and without
GBA mutations, and as the major finding they observed
lower GCase enzyme activity in PD patients [14]. Our
results of diminished GBA mRNA in blood of LBD
patients suggest that here GCase deficiency starts at the
transcriptional level and could represent the peripheral
response to the diminution of GCase activity in the brain.

When we further studied the impact of disease
duration from disease onset and age of disease onset on
GBA expression, we detected the linear correlation

between disease onset from duration and GBAtvl
expression in PD. The shorter the duration from disease

onset the lower GBAtv1 levels which became normal with

disease progression of more than 6 years. These results
must be further explored to determine if GBAtvl mRNA
could be a valid biomarker for LBD. During the past
years, the determination of mRNA expression changes in

blood has been established as valid biomarker for disease

diagnosis and progression, including PD [44]. In this
context, different mRNAs have been proposed as
biomarkers to identify or monitor PD patients [45-47],and
GBAtvl should be evaluated as useful part of a
corresponding diagnostic panel.

When GBAtv] expression was analyzed by age at
onset, both DLB and PD showed linear correlation
between GBAtv1 expression and disease onset, but with
opposite tendencies. Whereas in DLB lowest GBAtv1
levels were detected in patients with earliest onset, in PD
these were seen for patients with latest onset. Age at onset
plays an important role for disease progression and has
been postulated to be also opposite for DLB and PD.
Whereas disease progresses more slowly in patients with
young-onset PD, DLB shows a more aggressive course in
patients with early onset [48-49].

An additional challenge in the clinical practice is the
differential diagnosis of DLB versus AD due to multiple
overlapping features, especially at early disease stages
[50, 51]. Although diagnostic criteria for DLB have been
improved substantially over the past years [52], its
differential diagnosis versus AD remains very difficult.
To address this difficulty, the specific diminution of
GBAtv1 in early-onset as well as early-stage DLB could
be applied as biomarker to differentiate between DLB and
AD. The availability of reliable biomarkers is an urgent
need to enhance diagnostic competency of dementias in
the clinical practice.

While promising, the results obtained in the present
study must be affirmed in other populations. Furthermore,
larger patient groups must be also analyzed to confirm
decreased GBA mRNA in blood of DLB and PD patients.
Specifically, the suitability of GBAtvl mRNA as early
diagnostic biomarker needs to be studied in blood of AD
patients.

In conclusion, in brain we identified disease group
specific expression profiles of GBA transcripts in the
temporal cortex of DLB and the caudate nucleus of PD.
Dysregulation of alternative splicing was detected in brain
but not in blood, where GBAtv2 and GBAtv5 did not
show altered expression. The analysis of GBAtvl
expression in blood revealed its diminution in LBD, but
especially in patients with early onset DLB and in patients
with early PD. Finally, an opposite tendency of GBAtv1
expression levels was found in DLB and PD when
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analyzed in dependency on the age of disease onset with
lowest levels in youngest DLB but oldest PD patients.
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ARTICLE INFO ABSTRACT

Keywords: Mutations in the glucocerebrosidase (GCase) gene (GBA) and GCase deficiency are major risk factors for Lewy
Lysosomal integral membrane protein type 2 body diseases. Decreased GCase activity enhances alpha-synuclein aggregation and disease development.
gene — SCARB2 Lysosomal integral membrane protein type 2, encoded by SCARB2, binds GCase targeting it to lysosomes and

Transcription factor EB — TFEB
Dementia with Lewy bodies
Parkinson’s disease

Di ial mRNA isoform expression
Transeript variants

transcription factor EB (Tfeb) regulates lysosomal proteostasis. Our aim was to find out if GCase deficiency in
Lewy body diseases is accompanied by SCARB2 and TFEB deregulation at the transcriptional level involving
alternative splicing as well. Relative mRNA expression of two SCARB2 and two TFEB transcripts was studied by
real-time PCR in post-mortem brain samples of cases with pure Lewy body pathology (LBP), cases with con-
comitant LBP and Alzheimer disease-like pathology, and controls. TFEB expression was increased in the temporal
cortex and caudate nucleus of LBP cases, and SCARB2 was differentially expressed. Female-gender associated
overexpression of all transcripts was found in the caudate nucleus, and disease duration associated TFEB ex-
pression changes in the temporal cortex. SCARB2 and TFEB expression correlated negatively with GBA mRNA
expression in the temporal cortex. Our findings show disease-specific deregulation of TFEB and SCARB2 ex-

pression affecting alternative promoter usage and alternative splicing in Lewy body diseases.

1. Introduction

Parkinson disease (PD) and dementia with Lewy bodies (DLB) be-
long to the group of Lewy body diseases (LBD) and are characterized by
Lewy body pathology (LBP) in the brain [1]. Widespread LB distribu-
tion is observed in DLB, and in PD, the most affected brain area is the
substantia nigra [2]. The primary event in the pathogenesis of LBD is LB
formation after abnormal alpha-synuclein (AS) oligomerization and
aggregation [2,3]. One of the factors driving AS oligomerization is the
lysosomal protein glucocerebrosidase (GCase) [4], and mutations in the
GCase gene GBA are associated with PD and DLB [5,6]. Moreover,
GCase activity is diminished in the affected brain areas in PD [7,8].

GCase is targeted to the lysosome by direct binding to the lysosomal
integral membrane protein type 2 (LIMP2), encoded by the gene
SCARB2 [9], and its expression is regulated by the key modulator of
lysosomal proteostasis, the transcription factor EB (Tfeb) [10]. Tfeb,
encoded by the TFEB gene, regulates expression of many lysosomal
genes including also LIMP2 and its activation increases GBA expression
improving GCase activity [10]. In LBD, high AS levels have been linked

to decreased nuclear Tfeb in nigral dopaminergic neurons [11]

Over the past years, deregulation of alternative promoter usage and
alternative splicing has been repeatedly involved as important me-
chanisms in aging and disease development [12]. In this context, we
have reported that changes in the differential expression of alpha- and
beta-synuclein isoforms are implicated in LBD development [13,14].
Although 27 transcripts are predicted for SCARB2 and 17 for TFEB so
far, the existence of two SCARB2 and five TFEB gene transcript variants
(tv) has been validated (http://www.ncbi.nlm.nih.gov/gene/).
TFEBtv1-4 are the result of alternative inclusion of their initial exons
and are driven by different promoters. SCARB2tv2 is the result of spli-
cing out of exons 3-5 and TFEBtv5 of exon 3.

Recently, we described that GBA deficiency starts at the transcrip-
tional level in brain and blood of patients with LBD [15]. Therefore, we
wanted to find out if the expression of the GBA regulator genes SCARB2
and TFEB is altered in these diseases too, and whether deregulation of
their alternative promoter usage and splicing may also be involved.
Expression of two transcript variants of each gene was analyzed in two
main groups, cases with LBP only and cases where LBP was
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accompanied by Alzheimer disease-like pathology (ADP). The results
highlighted that the differential involvement of deregulated alternative
promoter usage and alternative splicing depends on the presence of
ADP and is additionally modulated by disease duration and gender.

2. Materials and methods
2.1. Source of tissues

Post-mortem brain samples and the corresponding clinical and
neuropathological diagnoses were provided by the Institute of
Neuropathology Brain Bank and the Neurological Tissue Bank of the
University of Barcelona/Hospital Clinic, Barcelona, Spain. Temporal
cortex and caudate nucleus samples were obtained from 19 brains that
predominantly presented LBP, from 25 brains with both LBP and ADP,
and 13 donors devoid of neurological signs or symptoms and lack of
neuropathological findings (Table S1). Temporal cortex was included
because of its early involvement in DLB and caudate nucleus, because of
its early involvement in PD. The presence and distribution of AS related
pathology was evaluated following the criteria established by the third
report of the DLB consortium [16] and according to Braak and Braak
[17]. AD-type pathology was assessed by using the Braak and Braak
criteria [18]. The study was carried out in accordance with the re-
quirements of the local Ethics Committee.

2.2. RNA isolation, primer design, and real-time PCR

TRI-Reagent (MRC, Cincinnati, USA) was used for RNA isolation
according to the manufacturer's protocol. RNA quantity, purity, and
integrity were ascertained by the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, USA). After assessing RNA degradation
rates, only samples with RIN values higher than 6 were stored at
—80 °C until use [14].

Two pg of total RNA was used for reverse transcription by Ready-to-
go" You-Prime First-Strand Beads (GE Healthcare, Buckinghamshire,
UK). Specific primers (Table S2) were designed to amplify 2 SCARB2
and 5 TFEB transcript variants (Fig. S1).

Since three of the five TFEB transcripts were expressed at no mea-
surable levels in the brain, relative expression was determined for
TFEBtvl and TFEBtv3 and the two SCARB2 transcripts. Beta-actin
(ACTB) and beta-glucuronidase (GUSB) were included as housekeeping
genes [15]. Real-time PCR was carried out on a Rotor-Gene 6000
(Corbett Life Science, Sydney, Australia), in 15 pl reactions with the
QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) containing
16 pmol of each primer (Table S2) and 1 pl of cDNA. All assays were
performed twice and independently. Standard curves were generated
for each run by amplifying the same serially diluted cDNA control
sample.

2.3. Statistical analysis

Possible differences between the pathological groups were assessed
by the Mann-Whitney test, to test possible differences in quantitative
variables (age at disease onset, age at death and disease duration), and
Fisher’s exact test to analyze qualitative variables, such as gender.
Expression analyses were performed independently for both house-
keeping genes, and the normalization factor was derived from the
geometric mean of this data [19]. In the text, all values are given as
means with standard deviation estimates in brackets. Expression data
were corrected for gender and age at death by ANCOVA analyses with
sex as a factor and age at death as a covariate followed by post hoc
comparisons with Bonferroni correction using Jamovi 0.9.2.3 (https://
www.jamovi.org). Differences between SCARB2tvl and SCARB2tv2,
and TFEBtvl and TFEBtv3 expression levels were calculated by 2'n
(n = difference in cycle number) [14]. The percentage expression
change of all transcripts was calculated using the relative expression
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Table 1
Clinical characteristics of patients and controls included in the study.

Disease Age at onset Age at death  Duration Female: male ratio
LBP" 628 + 10.34 77.0 £ 836 13.6 =921 1:14
LBP + ADP”  66.6 + 7.48 79.6 = 364 126 £ 716 1:1.1
CTRLs n/a 69.9 * 876 n/a 1:1.1

# LBP, Lewy body pathology.
> ADP, Alzheimer disease-like pathology.
¢ n/a, not applicable.

obtained for normal brain and the fold change obtained by the AACt
method. Expression changes were adjusted stepwise for age at disease
onset, disease duration and gender. Correlation of SCARB2 and GBA,
TFEB and GBA, and TFEB and SCARB2 expression data was estimated
by linear regression. Pearson correlation coefficient R and its corre-
sponding p-value were calculated at https://www.socscistatistics.com.

3. Results
3.1. Sample characteristics and pathological groups

All 44 cases included in this study presented neocortical Lewy
bodies. The samples were divided into two main groups, LBP without
and LBP with concomitant ADP. Additional clinical characteristics in-
cluding disease onset, disease duration, and female: male ratio is shown
in Table 1. Neither age at onset, age at death and duration of disease
nor the female: male ratio differed significantly between disease
groups, although the latter was slightly lower in the group of LBP.
However, whereas 60% of LBP-cases had disease duration of fewer than
ten years, only 40% of LBP + ADP cases had a short disease duration.
Finally, age at death of control cases was significantly lower than of
disease (p = 0.001). But, it must be taken into account, that patients
had a disease duration of at least six years, and when comparing the age
at disease onset of LBD and age at death of controls, no significant
difference was found (p = 0.153).

3.2. Brain expression levels of SCARB2 and TFEB transcripts

To ascertain which of the SCARB2 and TFEB transcripts were mostly
expressed in temporal cortex and caudate nucleus of control brains, Ct
values were compared after PCR efficiency and threshold corrections.
Whereas the minor transcript SCARB2tv2 was 20 times less expressed
than SCARBtv1 in the temporal cortex (5% of total SCARB2 expression),
its expression was 80 times lower in the caudate nucleus (1,2% of total
SCARB2 expression), confirming that SCARB2tv2 is the minor SCARB2
transcript in the brain (Fig. S2). In contrast, TFEBtv1 containing exons
1c and 1e (Fig. S2) was five times less expressed than TFEBtv3 (17% of
total TFEB expression), in the temporal cortex and two times less in the
caudate nucleus (33% of total TFEB expression), indicating that
TFEBtv3 with initial exon 1b is the major TFEB transcript in the brain
(Fig. S2).

3.3. TFEB and SCARB2 transcripts in Lewy body diseases

The results are shown as expression profiles representing relative
expression changes (Fig. 1) and in percentages (Table S3). Individual
expression change values for each sample are shown in Table S4.

Expression profiles revealed that both TFEB transcripts were over-
expressed in the LBP-group in the temporal cortex (p = 0.001, each). In
the caudate nucleus, TFEBtvl was overexpressed in LBP-cases in com-
parison with controls (p = 0.003), but also in comparison with
LBP + ADP-cases (p = 0.012; Fig. 1a, b). Total TFEB mRNA amount
was increased to 308% in the temporal cortex and 187% in the caudate
nucleus of LBP cases (Table S3). In contrast, only the mayor TFEB
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Caudate nucleus

TFEBtvl TFEBtv3 SCARB2tv1 SCARB2tv2

TFEBtvl TFEBtv3 SCARB2tv1 SCARB2tv2

mLB+AD

WLB WLB+AD

TFEBtvl

TFEBtv3 SCARB2t: SCARB2tv2

TFEBtvl TFEBtv3 SCARB2tv1 SCARB2tv2

®LB<10y ©1B>10y WLB+AD<10y M LB+AD>10y

0,1

WLBF WLBM MLBtAD_F MLB+AD_M

01

Fig. 1. Expression profiles of TFEB and SCARBZ isoforms in two brain areas of LBD after adjustment with controls. (A) TFEB and SCARB2 expression in the temporal
cortex in two pathological groups, with LBP and LBP + ADP. (B) TFEB and SCARB2 expression in the caudate nucleus in two pathological groups, with LBP and
LBP + ADP. (C) TFEB and SCARB2 expression in the temporal cortex in dependency on disease duration; < 10 — disease duration of fewer than 10 years; > 10 disease
duration of 10 years or more. (D) TFEB and SCARB2 expression in the caudate nucleus in dependency on gender; F — female; M — male. The results were obtained by
the AACt method, and they are shown as relative expression changes for each transcript and disease group respect to controls. Error bars represent the variance
estimates. The grey area represents the normal-expression range. Significant expression change (p > 0.05) * vs. controls, # between two disease groups.

transcript tv3 showed increased expression levels in the temporal cortex
of the LBP + ADP-group (p = 0.047; Fig. 1a).

Whereas SCARB2tv1 expression levels did not differ between pa-
thological groups in the temporal cortex, the minor transcript
SCARB2ty2 was importantly increased (p = 0.001 for LBP, p = 0.026
for LBP-AD). The expression of SCARB2tv2 that constitutes only 5% of
total SCARBZ2 in normal temporal cortex, was incremented to 22% in
LBP and 19% in LBP + ADP (Table S3). SCARB2tv1 was slightly in-
creased in the caudate nucleus, raising the total SCARB2 mRNA amount
to 168% in LBP (p = 0.01), and 164% in LBP + ADP (p = 0.053).

3.4. Gender- and disease-duration-dependent expression of TFEB and
SCARB2 transcripts

Further adjustment of expression data revealed that TFEB and
SCARB2 expression was independent of age at disease onset. However,
disease duration was found to modulate TFEB expression in the tem-
poral cortex and gender the expression of TFEB and SCARB2 in the
caudate nucleus.

In the temporal cortex of the LBP + ADP group, both TFEB tran-
scripts were overexpressed in the cases with disease duration of fewer
than ten years (Fig. 1c). Whereas TFEBtv1 expression was raised from
17% to 53% (p = 0.0013) and TFEBtv3 expression from 83% to 268%
(p = 0.0021) in these cases, the expression of these transcripts re-
mained unchanged (TFEBtv1, 17%; TFEBtv3, 106%) in LBP + ADP cases
with disease duration of ten years or more.

In the caudate nucleus, gender-dependent expression change was
observed. In the LBP group, the major transcripts TFEBtv3 and
SCARB2tv1 were overexpressed in female cases, TFEBtv3, from 66% to
138% in female (p = 0.007) and 103% in male cases (p = 0.067);
SCARB2tv1, from 98.8% to 196% (p = 0.01) in female and 151% in
male cases (p = 0.09; Fig. 1d). The minor transcripts TFEBtvl and
SCARB2tv2 showed significantly higher expression in the female cases

166

of the LBP + ADP group, TFEBtvl, from 33% to 51% in female
(p = 0.033) and remaining at 33% in male cases; SCARB2tv2, from
1.2% to 1.6% in female (p = 0.041) and remaining at 1.2% in male
cases (Fig. 1d).

3.5. Correlation of SCARB2, TFEB, and GBA expression

In a previous study, we have reported diminished expression levels
of the major GBA transcript, GBAtv1 in the temporal cortex of both pure
and common DLB, which had been analyzed in the same brain samples
used in the present study [15]. To find out if there was a defined re-
lationship between GBAtv1 and TFEB or SCARB2, or between TFEB or
SCARB2 transcript expression levels we performed regression analyses
using the individual expression values of each sample obtained for
GBAtv1, SCARB2 and TFEB expression (Table S4). We found a negative
linear correlation for expression of GBAtvland TFEBtv3 (Fig. 2A) and a
negative logarithmic correlation for expression of GBAtvland
SCARB2tv2 (Fig. 2B). These correlations showed that the lower GBAtvl
expression, the higher the expression of the major TFEBtv3 transcript
and the higher the expression of the minor SCARB2tv2 transcript.
Furthermore, we detected a positive linear correlation between
TFEBtv3 and SCARB2tv2 expression (Fig. 2C). No correlation between
GBAtvland SCARB2tv1 expression and GBAtvland TFEBtv] expression
was observed neither we found any correlation between transcript ex-
pression levels in the caudate nucleus.

4. Discussion

Since we have recently identified diminished GBA mRNA expression
in LBD brain [15], here we analyzed the differential expression of the
transcripts of two GBA regulatory genes SCARB2 and TFEB in the same
brain samples. As the main finding, we identified the up-regulation of
TFEB, especially in LBP. TFEB overexpression was accompanied by an
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Fig. 2. Correlation between expression levels of (A) GBAtvl and SCARB2tv2,
(B) GBAwv1 and TFEBtv3, and (C) TFEBtv3 and SCARB2tv2 in the temporal
cortex.

important overexpression of the minor SCARB2 transcript tv2 in the
temporal cortex of both groups.

TFEB is a key regulator of lysosomal biogenesis and function [20].
Various studies have shown that TFEB activation is neuroprotective in
models of neurodegeneration [21] and attenuates A-beta generation
and amyloid plaque formation [21]. Normally, Tfeb is located in the
cytoplasm but translocates to the nucleus under stress conditions to
promote the transcription of its target genes [10,20,22]. In the sub-
stantia nigra of PD brains, high AS levels not only inhibit GCase activity
in neurons [4] but also the translocation of Tfeb to the nucleus by se-
questering Tfeb to LBs [11]. These observations suggest that TFEB
mRNA would be down-regulated in brain areas that are compromised
by AS pathology and GCase deficiency.

On the contrary, we found TFEB over-expression, especially in the
temporal cortex where the increase of TFEBtv3 correlated with de-
creased GBA expression [10]. This discrepancy could be due to a brain
area specific Tfeb translocation, and although it has been reported for
the SN [7], the cortex could undergo other modulating mechanisms of
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Tfeb localization and action. Neither the presence of Tfeb in cortical LB
has been reported so far, supporting the view of brain region-dependent
involvement of Tfeb translocation. SCARB2tv2 showed a negative cor-
relation with GBA expression; the lower GBA mRNA, the higher were
SCARB2tv2 levels. These results indicate that diminished GBA levels in
the cortex may activate TFEB expression, which then could raise
SCARB2 expression in this brain area.

Our results further show that alternative promoter usage and al-
ternative splicing are deregulated in LBD. Deregulation of both me-
chanisms has been shown for other neurodegenerative diseases, and
aging [23] and the deregulation of alternative splicing in LBD has been
widely reported [13,14,24]. Alternative splicing was similarly affected
in both groups, LBP and LBP + ADP, as observed by similar up-reg-
ulation of SCARB2 in the temporal cortex. In contrast, expression of
TFEBtv1 and TFEBtv3 was mainly up-regulated in the LBP group in-
dicating that alternative promoter usage was especially enhanced in the
LBP group. The co-development of ADP could counteract the increase of
TFEB expression, a question to be addressed in future studies.

Additionally, both alternative promoter usage and alternative spli-
cing were modulated by female gender in the caudate nucleus. Whereas
overexpression of the main transcripts, TFEBtv3 and SCARB2tvl was
observed in female LBP cases, minor transcripts TFEBtvl and
SCARB2tv2 showed higher expression levels in female LBP + ADP cases
when compared to the male cases. Female sex has been associated with
a larger volume of the caudate nucleus in a recent study [25]. Although
caudate nucleus volume was increased with increasing age and in dif-
ferent dementia types including AD, it was not in PDD-DLB. However,
in female cases, the volume of the caudate nucleus was increased in-
dependently of the dementia state [25]. Also, other studies have re-
ported larger subcortical volumes for females, and an elevated amount
of sex steroid receptors found in the basal ganglia could be responsible
for this enlargement [26]. If age-related enlargement observed in fe-
males correlates directly with increased TFEB and SCARB2 expression
should be examined independently.

The cases included in this study had a wide range of disease dura-
tion, varying from two to 30 years. We found that TFEB expression in
the temporal cortex is modulated by disease duration in LBP + ADP.
Cases suffering from the disease for fewer than ten years showed high
TFEB expression, similar to those found for the LBP group indicating
that fast development of concomitant LBP and ADP might involve a
higher level of molecular changes than their slow development.
Accordingly, short duration of LBD has been associated with a more
aggressive disease course [27].

When analyzing the differential expression of SCARB2 transcripts,
an opposite expression pattern for both transcripts was observed.
Whereas SCARB2tv2 was overexpressed in the temporal cortex,
SCARB2tv1 was overexpressed in the caudate nucleus. These results are
in concordance with the previous observation that the deregulation of
alternative splicing is associated with disease development on one
hand, and brain-area specific, on the other [28].

Further research is needed to confirm our findings and to determine
if the diminution of GBA promotes the increase of TFEB and SCARB2
expression as cell response to restore proteostasis, or if both events
occur simultaneously. Additionally, our data provide further evidence
for gender-specific differences in the development of neurodegenerative
diseases.

In conclusion, both alternative promoter usage and splicing are
deregulated in LBD brain. Whereas female-gender associated over-
expression of all transcripts was found in the caudate nucleus, disease-
duration modulated TFEB expression in the temporal cortex of
LBP + ADP cases. Finally, SCARB2 and TFEB expression correlated
negatively with GBA mRNA expression in the temporal cortex.
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Abstract

Lewy body diseases comprise Parkinson disease (PD) and dementia with Lewy bodies
(DLB), and show abnormal alpha-synuclein deposition leading to overlapping
pathological features. Several studies have shown that autophagy is compromised in PD
and especially post-transcriptional changes of the corresponding proteins lead to its
alteration. With the aim to find out, if transcriptional changes of autophagy genes also
contributes to the development of Lewy body pathology (LBP), we analyzed relative
expression of BECN1, mTOR, ATG5, ATG12, ATG3 and LC3B in samples from 12
brains with pure LBP, from 17 with both LBP and Alzheimer pathology (ADP), from
11 brains with pure ADP, and 9 control brains. Expression changes were obtained by
real-time PCR and evaluated by the AACt method. No major expression changes of
autophagy-related genes were found neither in LBP, LBP+ADP or ADP. Instead, some
specific changes were identified. In temporal cortices with ADP overexpression of
BECNI, and with LBP+ADP diminution of ATG5 was found. In caudate nuclei with
ADP, increase of ATG3 was observed compared to controls, and of BECN1 and mTOR
compared to LBP+ADP. Expression analysis in dependency of disease onset and
duration revealed BECN1 overexpression in ADP temporal cortex of cases with short,
and diminution of mTOR in cases with long disease duration. In LBP and LBP+ADP
with short disease duration, down-regulation of LC3B and ATGS, respectively, was
found. In late-onset ADP BECN1 was increased, and in late-onset LBP ATG5 and
LC3B, and in late-onset LBP+ADP ATGS5 were diminished.

In conclusion, autophagy driven by BECN1 overexpression is increased in ADP brains.
In brains with LBP, autophagy is diminished due to decreased LC3B levels in pure LBP

and to reduced ATGS levels in LBP+ADP.
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1.Introduction

Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are Lewy body
diseases (LBD). They are characterized by Lewy body pathology (LBP)!, including
Lewy bodies and Lewy neurites formed mainly by abnormally aggregated alpha-
synuclein. Neuropathologically, two DLB forms can be distinguished: pure DLB,
showing LBP only, and common DLB, where a mixture of LBP and concomitant
Alzheimer disease (AD) pathology (ADP) can be found 2. Lewy bodies are
intraneuronal inclusion bodies and, whereas the substantia nigra is the most affected
brain area in PD 34, widespread distribution of Lewy bodies throughout almost all brain
areas is observed in DLB °. About 50% of PD patients develop dementia (PDD) after no
less than 10 to 15 years following PD diagnosis®. Despite the fact that the clinical
course differs between DLB and PDD, it is challenging to detect neuropathological
differences between the two conditions.

Autophagy is the key mechanism inducing cell death (autophagy-induced cell death)
that, similar to apoptosis represents one of the forms of regulated cell death. At the same
time, autophagy is also the primary protein degradation system responsible for the
turnover of bulk cellular constituents’. It plays an important role in cell homeostasis
preserving the balance between synthesis, degradation and subsequent recycling of
cellular components.

Several subtypes of autophagy have been described and include macroautophagy,
microautophagy and chaperon mediated autophagy *.

The macroautophagy pathway initiates with the formation of the phagophore constituted
by a double membrane, isolating specific cellular components. The elongation of the
phagophore gives rise to the autophagosome, which contains the intracellular cargo. The

autophagosome fuses with the lysosome and its content is degraded by lysosomal
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hydrolases. Protein aggregates or damaged organelles are degraded through this
pathway °.

Microautophagy is very similar to macroautophagy, but the formation of an
autophagosome is not taking place. Instead, cytoplasmic constituents are engulfed
directly by the lysosome '°.

Chaperon mediated autophagy (CMA) is responsible for the clearance of unfolded
proteins containing the motif KFERQ. These are recognized by the cytosolic chaperone
heat shock cognate 70 (hsc70) and transported to the lysosome for degradation!.
Several genes have been identified to be responsible for driving the different stages of
macroautophagy. Beclin, encoded by the gene BECNI, is an essential element of the
class III phosphatidylinositol 3-kinase (PI3K-IIT) complex, which also contains other
vacuolar sorting proteins'?. This complex is necessary for the formation of the
phagophore'>!4, and in combination with the conjugation systems ATG12-ATGS5 and
MAPI1LC3, PI3K-III, it regulates membrane elongation and expansion during the
formation of the autophagosome '>1°.

The ubiquitin-like protein ATG12 is activated by the ubiquitin-like E1 activating
enzyme ATG7'7. Then, ATG10, a ubiquitin-like E2 enzyme, attaches ATG12
covalently to its target protein ATGS. This conjugate subsequently associates with
ATG16 assembling a complex'® , essential for the formation of the double-membrane
phagophore!®. LC3 is conjugated to the growing phagophore by the E2-like enzyme
ATG3 %, 2! and there is evidence that the ATG12-ATG5 complex has E3-like activity
responsible for efficient PE-lipidation of LC3%.

In humans, the LC3 gene family is constituted by three members LC34, LC3B and
LC3C. LC34 and LC3B undergo different types of post-translational processing and two

transcript variants have been identified for each. Moreover, LC34 and LC3B are
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abundantly expressed in the brain while LC3C expression is much lower 2> 2, Before
its incorporation to the autophagosome, LC3 undergoes post-translation modification
and is coverted into a shorter form, LC3-I1, by proteolytic cleavage®. It is this form I
that is present in the autophagosomes.

The mammalian target of rapamycin (mTOR) encoded by its gene MTOR, is a nutrient
sensor and one of the key regulators of autophagy. In presence of nutrients, mnTOR
inhibits autophagy meanwhile the absence of nutrients inhibits mTOR'®. Although
autophagy occurs at basal levels in all cells, diverse environmental stressors and nutrient
deprivation are strong inducers of this degradation machinery®. MTOR has been
identified as the main component of the mTOR complex 1 (mTORC1) and
accumulating evidence has revealed that it represents a master regulator of autophagy. It
is not only responsible for the initiation of autophagy, but regulates also all subsequent
steps including the nucleation, autophagosome elongation, autophagosome maturation
and termination 2.

Over the past years, intense investigation has revealed which proteins are involved in
the different stages of authophagy, but only very few studies have addressed the
identification of transcriptional changes of these genes. Therefore, the present study
aimed to analyze the mRNA expression at different points of autophagy and to identify

possible disease-associated changes in Lewy body disorders.

2.Materials and methods

2.1. Source of tissues

Post-mortem brain samples with clinical and neuropathological diagnoses were
provided by the Institute of Neuropathology Brain Bank and the Neurological Tissue

Bank of the University of Barcelona/Hospital Clinic in Barcelona, Spain. These samples
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were obtained from 12 brains that predominantly presented pure LBP, from 17 with
both LBP and ADP, from 11 brains with only ADP, and 9 donors devoid of
neurological signs or symptoms and lack of neuropathological findings. Samples from
the caudate nucleus and temporal cortex were obtained in all cases. Temporal cortex
was included because of its early involvement in DLB and caudate nucleus, because of
its early involvement in PD. The presence and distribution of AS related pathology was
evaluated following the criteria established by the third report of the DLB consortium?’
and according to Braak and Braak®®. AD-type pathology was assessed by using the
Braak and Braak criteria 2. The study was carried out in accordance with the

requirements of the local Ethics Committee.

2.2. RNA isolation, reverse transcription and real-time polymerase chain reaction
TRI-Reagent (MRC, Cincinnati, USA) was used for RNA isolation according to the
manufacturer's protocol. RNA quantity, purity and integrity was ascertained by the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA). Only samples
with RNA integrity values higher than six were stored at —80°C until use. Two
microgram of total RNA were used for reverse transcription by Ready-to-go™ You-
Prime First-Strand Beads (Amersham Pharmacia Biotech, Uppsala, Sweden). A ‘no
reverse transcription’ reaction, using water instead of reverse transcription mix, served
as a control for the exclusion of genomic DNA contamination.

Relative expression of BECNI, mTOR, ATG5, ATG12, ATG3 and LC3B was determined
by real-time PCR on a Rotor-Gene 6000 (Corbett Life Science, Sydney, Australia).
PCR was performed in 15 ml reactions with the QuantiTect SYBR Green PCR Kit

(QiaGen, Hilden, Germany), containing 16 pmol of each primer (Table 1) and 1 ml of
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cDNA. To estimate relative expression changes, beta-actin (ACTB) was included as
housekeeping gene.

All assays included two replicates of each sample and were independently performed
twice to assure their reproducibility and minimize possible errors. Standard curves for
the target and reference genes were generated for each run by amplifying the same

serially diluted cDNA control samples. Primer sequences are given in table 1.

Table 1. RNA primer sequences used for the amplification of autophagic genes.

Primer Name Primer sequence (5°-3”)
Beclin-10/11 U CAA ATC TAA GGA GCT GCC GT
Beclin-12L CTT GCC TTT CTC CAC ATC CA
mTOR -6U AGA CCT TGG CCA AAG AGA AG
mTOR -7L GCA GTA CTT GTC GTG TAC CA
ATG3-10U TTG AGC ACA TGT ATG AAGACAT
ATG3-11/12L AGA AGA TAC ATA TGA ACT CC
ATGS-1U GCC ATA GCT TGG AGT AGG TTT
ATGS5-2L3 ACC ACA CAT CTC GAA GCA CA
ATGI12-2U AGT AG AGC GAC GAA CCA
ATGI12-4L CCT GAG ACT TGC AGT AAT GTA
MAPILC3B- 1/2U GCA CCT TCG AAC AAA GAG TA
MAPILC3B-3L CTC ACT CAT GTT GAC ATG GT
b-act U2 TCT ACA ATG AGC TGC GTG TG
b-act L2 GGA TAG CAA CGT ACA TGG CT

2.3. Statistical analysis
Relative mRNA expression changes were assessed by the AACt method. According to

the AACt method, values below 0.5 represented significantly decreased expression
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levels, while values above 1.5 corresponded to significantly increased expression levels
303132 The results were tested for significance by the Wilkoxon-Mann-Whithey test.
Possible differences in quantitative variables (age at disease onset, age at death and
disease duration) between the pathological groups were assessed by the Mann-Whitney

test. Qualitative variables, such as gender, were tested using Fisher’s exact test.

3.Results

3.1. Sample characteristics and pathological groups

The samples from diseased brains were divided into three main groups, ADP, LBP and
LBP with concomitant ADP. Additional clinical characteristics including age at death,
age at disease onset and disease duration are shown in table 2. Neither age at onset, age
at death or disease duration differed significantly between groups. Although control
subjects were significantly younger at death compared to diseased individuals
(p=0.012), no significant differences were detected when comparing age at death of

control subjects and age of disease onset of patients.

Table 2. Clinical characteristics of patients and controls included in the study.

n Onset disease Death Duration
LBP+ADP 17 66,7°9,7 80,4".4,0 13,4".8,6
LBP 12 61,495 75,4"8,2 129794
ADP 11 67,0 78,7 76,1713 8,927
CTRLs 8 n/a 61,87.9.,6 n/a
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3.2. Brain expression levels of BECN1, mTOR, ATG3, ATGS and ATGI12

All results are represented as relative expression changes compared to controls and only
significant changes are given in the text and shown in Figure 1.

In the temporal cortex, BECNI was overexpressed in ADP in comparison with controls
(relative expression change: 1,90; p=0,0062) but its expression remained unchanged in
LBP and LBP+ADP. Furthermore, A7G5 was downregulated in LBP+ADP (relative
expression change: 0,45; p=0,008) and did not show changes in the other pathologies
(Fig. 1). ATG3, ATG12 and LC3B expression levels did not differ between pathological
groups in this brain area.

In the caudate nucleus, 47G3 expression was increased in ADP (relative expression
change: 2,10; p=0,021). No differences in gene expression between disease groups and
controls were observed in other genes. Instead, BECNI and mTOR (Fig.1) were
overexpressed in ADP in comparison with LBP+ADP (p= 0,022 and p= 0,027
respectively).

3.3. Characterization of patients by disease onset and duration

The impact of age at onset and disease duration on gene expression was studied by
dividing patients into the following groups: 1. according to age at onset: (a) patients
who developed the disease before the age of 65 years and (b) patients who developed
disease at the age of 65 years or later (Table 3); and 2. according to disease duration: (a)
less than 10 years or (b) 10 years or more (Table 4).

When dividing groups by age-at-onset, patients who developed both LBP and ADP
before the age of 65 years suffered almost three times longer from the disease than
patients who developed disease at 65 years or later. However, the age at death was
similar in both groups (Table 3). Patients who developed only LBP did not show

differences in disease duration, but patients with earlier disease onset died at younger
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ages (Table 3). No differences between disease-onset dependent groups were found for
patients who developed only ADP, neither for disease duration nor for age at death
(Table 3).

Table 3. Clinical characteristics of patients and controls in the disease onset.

<65y >65y
n 6 10
age at onset 55 (52-62) 73 (69-83)
LBP+ADP
age 79 (76-87) 81 (77-90)
duration 24 (21-29) 8 (2-16)
n 7 4
age at onset 56 (45-62 71 (65-81
LBP g ( ) ( )
age 71 (60-82) 80 (74-83)
duration 15 (4-28) 9 (2-16)
n 5 5
age at onset 59 (57-61 75 (72-77
ADP g ( ) ( )
age 69 (67-72) 82 (77-85)
duration 10 (8-14) 7 (5-11)

When dividing patients by disease duration, significant differences were found only for
patients who developed LBP with concomitant ADP. Patients who suffered from
disease for less than 10 years were older at disease onset than patients suffering from

the disease for 10 years or more (Table 4).
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Table 4. Clinical characteristics of patients and controls in duration groups.

<10 >10

n 7 8
LBP+ADP age at onset 74 (70-83) 60 (51-73)
age 80 (77-90) 80 (76-85)
duration 6(2-8) 20 (11-29)

n 6 6
LBP age at onset 61,4( 56-81) 58 (45-66)
age 75,42 (60-88) 78 (73-82)
duration 12,91 (2-8) 20 (14-28)

n 6 4
ADP age at onset 70 (58-77) 63 (57-76)
age 76 (67-85) 74 (67-85)
duration 7 (5-9) 12 (10-14)

3.4. Expression and disease duration

We analyzed the expression change in disease duration-dependent groups in comparison

with controls and comparing both groups of each pathology. Patients with disease

duration of less than 10 years were defined to have short and patients with disease

duration of 10 years or more, to have long disease duration.

In ADP temporal cortices, both BECNI and mTOR were deregulated showing opposite

expression. Whereas BECN1 was upregulated in cases with short disease duration (1,94;

p=0,002), mTOR showed decreased expression with longer disease duration (0,35;

p=0,017). ATGS5 was downregulated in cases with LBP+ADP with short disease

duration in comparison with controls (0,45; p=0,035), and also in comparison with

LBP+ADP cases with long disease duration (p= 0,008; Fig. 2A).

60



3.Articulos

Beyer, 12

LC3B was downregulated in LBP temporal cortices compared to controls in cases with
short disease duration (0,42, p=0,030; Fig. 2A), and upregulated in LBP with
concomitant ADP caudate nuclei of short disease duration compared to long disease
duration (p=0,014; Fig. 2B).

3.5. Expression and age at disease onset

Disease onset before the age of 65 years was defined as early disease onset and at the
age of 65 or later as late disease onset. When analyzing expression in these groups,
changes were detected only in the temporal cortex and only in patients with late disease
onset. Whereas BECN1 expression was increased in ADP (1,44; p= 0,0006), both ATGS5
and LC3B were diminished in LBP (0,43; p=0,013, and 0,47; p=0,012, respectively),
and ATG5 was diminished in LBP+ADP (0,48; p=0,023).

Expression analysis of the different genes and gender could not be carried out since our

patients are not well balanced between both genders.

4.Discussion

In the present study, we have analyzed the expression of six genes involved in
autophagy in the temporal cortex and caudate nucleus of brains with ADP, LBP+ADP
and LBP and compared it to control brains. The most affected brains were those with
ADP and showed overexpression of BECNI in the temporal cortex and of A7G3 in the
caudate nucleus. Moreover, in the caudate nucleus, BECNI and mTOR were
overexpressed in the same pathological group compared to brains with concomitant
LBP and ADP.

Its has been shown that BECN1 forms part of a protein complex which is necessary for
the initiation of the assembly of autophagosomes from phagophores®*. Moreover,

accumulating evidence suggests that BECN1 phosphorylation and ubiquitination is
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responsible to maintain the equilibrium between pro-survival autophagy and pro-
apoptotic responses **. Although post-transcriptional modification of BECNI is
mandatory for the initiation of autophagy, also the overexpression of its gene may
contribute to the enhancement of autophagy.

ATGS3 is an E2-like enzyme and conjugates LC3II to phosphatidylethanolamine (PE)
present in the growing phagophore®*. Since ATG3 is active only in the presence of a
highly curved membrane, the conjugation takes place after initiation of autophagy,
when the phagophore is enlarging®® This observation indicates, that 47G3 mRNA
overexpression only, would not influence autophagy rate, because initiation factors are
mandatory for the action of 47G3. However recently, A7G3 and other autophagy genes
have been involved in cellular processes different to autophagy. In this context, ATG3
has been shown to participate in different membrane-trafficking pathways including the
secretion of exosomes 7.

The development of ADP starts in the hippocampus®® and with disease progression it
spreads to the cerebral cortex, so that the temporal cortex is one of the early affected
brain areas. At later stages ADP starts to affect the midbrain including the caudate
nucleus®®. Whereas BECNI overexpression seems to indicate enhanced autophagy in the
cortex, it remains unclear if ATG3 overexpression in caudate nucleus reflects altered
autophagy or exosome secretion. Since the latter has been related to beta-amyloid
spreading, increased A7G3 expression could also enhance exosome release and
contribute to disease propagation 3.

Interestingly, while transcriptional changes found in ADP corresponded to an up-
regulation of mRNA expression, LBP-containing brains were, on the contrary,
characterized by diminished expression of some autophagy related genes. In brains with

LBP only, downregulation of LC3B was identified in temporal cortices of patients with

62



3.Articulos

Beyer, 14

short disease duration and late disease onset. The cleaved form of LC3, LC3II is a main
component of the phagophore?>?°, Although posttranscriptional modification of LC3 is
mandatory, its decrease at the transcriptional level may be directly responsible for its
deficiency at the protein level, leading to a decreased autophagy.

ATG5 was downregulated in the temporal cortex of individuals who had developed
concomitant LBP and ADP after the age of 65 years and had disease duration of less
than 10 years. These clinical data indicate that specifically these patients suffered a
more aggressive disease form. ATGS5 is essential for the formation of autophagic
vesicles and when knocked down, the downregulation or inhibition of autophagy has
been observed *°. It has been also shown that the conjugate constituted by ATG12 and
ATGS represents a key signaling molecule for the control of autophagy levels in a
cell*!. This conjugate promotes the formation of LC3II, enhancing the formation of the
phagophore. When cleaved by calpain I, ATGS5 dissociates from the conjugate,
autophagy is downregulated and accompanied by elevated levels of apoptosis*2. Our
results together with these observations indicate that diminished efficiency of autophagy
may contribute to the development of concomitant LBP and ADP, and additionally,
contribute to an accelerated disease course.

Another important finding of our study is that transcriptional changes in autophagic
genes are not a main factor for the development of either Lewy body diseases or AD.
Instead, the extremely high intra-group variation of the expression levels of the different
genes indicates that alteration of autophagy may exert a role as individual risk factor in
certain percentage of the patients.

The study has two main weaknesses. On one hand the number of samples included in

the ADP group is relatively small, and on the other hand, all samples were obtained

63



3.Articulos

Beyer, 15

from end-disease-stage brains. If there are more important and/or generalized changes at
early disease stages, remains to be determined.

However, there are two main observations that can be withdrawn. First, transcriptional
changes in the expression of autophagy genes do not primarily drive the development of
LBP or ADP, but may enhance the dysfunction of the authophagic system at specific
points. Second, there is an urgent need to identify and characterize the different
molecular subgroups of DLB, PD and AD, because in each of these, different molecular
mechanisms mediate the development of the corresponding pathology. Once identified,
we will be able to tackle with these diseases and to avoid their development by the use
of adequate therapies in each case.

In conclusion, we found that autophagy may be increased in ADP and could be driven
by BECNI overexpression in both the temporal cortex and caudate nucleus. Diminished
autophagy levels could be associated to LBP, where diminished LC3B levels are
characteristic for pure LBP containing brains, and diminished 4TG5 levels for brains

with concomitant LBP and ADP.
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Figure 1. Expression profiles of BECNI, ATG5, mTOR and ATG3 in two brain areas

with ADP, LBP and LBP+ADP after adjustment with controls. The included areas were

temporal cortex (TC) and caudate nucleus (Ca) from the groups of Alzheimer pathology

(ADP), Lewy body pathology (LBP) and Lewy body pathology with concomitant

Alzheimer (LBP+ADP). The results are shown as relative expression changes obtained

by the ddCt method in comparison with normal controls and are represented in a

logarithmic scale. * Significant expression change vs. CTRLs. # Significant expression

change comparing two disease groups.
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Figure 2. BECNI, mTOR, ATG5 and LC3B expression in ADP, LBP and LBP+ADP
brains in dependency on disease duration in (A) temporal cortex and (B) caudate
nucleus. * Significant expression vs CTRLs. # Significant expression change between

the disease duration subgroups.
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Figure 3. BECNI, ATG5 and LC3B expression in ADP, LBP and LBP+ADP brains in

dependency on the age of disease onset. The results are shown as relative expression

changes comparison with control individuals. *Significant expression change vs.

CTRLs. #Significant expression change between the age-at-onset dependent subgroups.
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4.Discusion

Con esta tesis hemos querido contribuir a elucidar el posible papel del sistema
autofagico-lisosomal durante el desarrollo de las enfermedades con cuerpos de
Lewy, con especial énfasis a la demencia con cuerpos de Lewy (DCL). Aunque
esta demencia representa, después de la enfermedad de Alzheimer, la segunda
causa mas importante de la demencia, su diagndstico clinico es muy complejo y
hasta el 80% de todos los casos siguen siendo diagnosticados erroneamente. La
causa para esta dificultad diagnodstica se encuentra a nivel neuropatologico, ya
que la DCL comparte cambios caracteristicos con la enfermedad de Alzheimer
(EA), por una parte, y al ser una sinucleinopatia, con la enfermedad de Parkinson
(EP), por otra. La mayoria de los pacientes con DCL se diagnostican como EA vy,
consecuentemente, reciben los tratamientos correspondientes. Estos tratamientos
causan reacciones adversas severas en un 50% de ellos, asi que la caracterizacion
molecular de la DCL identificando mecanismos moleculares especificos para esta
es de primordial importancia. Solamente identificando dichos mecanismos sera
posible desarrollar las terapias necesarias.

Nuestra primera pregunta se dirigia hacia el gen GBA que se habia involucrado en
el desarrollo de las enfermedades con cuerpos de Lewy por una elevada presencia
de variantes raras, y un déficit de la enzima glucocerebrosidasa (GCasa) en la
sustancia nigra de pacientes con EP. Queriamos saber si cambios similares se
detectan por una parte también a nivel transcripcional, y por otra parte en sangre,
reflejando de este modo los cambios que tienen lugar en el cerebro.

Nuestros resultados revelaron una disminucion de la expresion del gen de la
GCasa, GBA, en zonas cerebrales especificas. Mientras que la expresion de GBA
estaba disminuida en el cortex temporal de pacientes con DCL, esta disminucion
fue encontrada en el nticleo caudado de pacientes con EP con demencia.

Nuestros hallazgos subrayan la participacion especifica de las regiones corticales
durante el desarrollo de la DCL *" y la asociacion del nucleo caudado con la
demencia en las enfermedades con cuerpos de Lewy. En este contexto, se habia
demostrado que la deplecion de dopamina en el nicleo caudado puede detectarse
en la DCL*® y se correlaciona con el deterioro cognitivo en la EP ¥ Ademas, cabe
destacar que una de las funciones de la GCasa es prevenir la agregacion de la o -
sinucleina, asi que la disminucion de la GCasa favorece esta agregacion 6. De

este modo, nuestros resultados revelaron que la expresion de GBA esta
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disminuida en las regiones cerebrales con los niveles mas elevados de a -
sinucleina agregada, lo que permite asociar GBA directamente a la etiopatogenia
de la DCL y EP. La disminucion de la actividad de GCasa se habia encontrado
anteriormente en areas cerebrales vulnerables en EP, incluyendo el cerebelo, la
sustancia negra *° y el giro cingulado anterior, una regioén que acumula o, -
sinucleina alterada en EP esporadica °!. En ninguno de los dos estudios se
encontraron cambios en los niveles o actividad de GCasa en las areas corticales.
En DCL, se han encontrado niveles de GCasa disminuidos en un 20% en la
corteza frontal de los portadores de variantes de GBA%2. Nuestros resultados en
cambio indican que el déficit de GCasa no solamente se encuentra en portadores
de variantes raras, sino en todos los pacientes afectados por la enfermedad y que
este déficit comienza al nivel transcripcional.

No solamente detectamos la disminucion de la expresion de GBA en cerebro, sino
también en sangre de pacientes con DCL y EP. Estos resultados estan acorde con
estudios previos, donde la actividad de la GCasa en sangre de pacientes con EP
con y sin mutaciones de GBA estaba disminuida®®. Similar a lo observado en
cerebro, también en sangre la deficiencia de la GCasa esta causada por una
alteracion a nivel transcripcional y parece reflejar la patologia cerebral.

Para determinar si la disminucion de GBA esta asociada a factores especificos,
estudiamos su posible correlacion con diferentes parametros clinicos. Por una
parte, detectamos la correlacion lineal entre la duracion desde el inicio de la
enfermedad y la expresion de GBA en la EP, siendo los niveles de GBA mas bajos
en enfermos con debut reciente. Por otra parte, tanto en DCL como EP
identificamos una correlacion lineal entre la expresion de GBA y la edad de inicio
de la enfermedad, pero con tendencias opuestas. Mientras que en DCL los niveles
de GBA eran mas bajos en pacientes con el inicio de la enfermedad mas
temprano, en la EP, GBA estaba mas disminuido en pacientes con el inicio de la
enfermedad mas tardio. La edad de inicio juega un papel importante en la
progresion de las enfermedades con cuerpos de Lewy y se ha postulado que
también es opuesta para DCL y EP. Mientras que la enfermedad progresa mas
lentamente en pacientes con EP de inicio joven, la DCL muestra un curso mas

agresivo en pacientes con inicio temprano ** %,
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Los cambios de expresion de un gen especifico se observan generalmente en el
contexto de alteraciones de vias metabolicas o de sefalizacion. La GCasa es una
enzima lisosomal, y su funcionalidad y cambios en esta dependen de factores
adicionales. Por una parte, su expresion esta regulada por el factor de
transcripcion EB (TFEB) que es un regulador clave de la biogénesis y funcion

lisosomal®

, y por otra parte, solo la union a su receptor LIMP2 puede efectuar su
internalizacion al lisosoma.

Por eso, nuestra segunda pregunta iba dirigida a la expresion de los genes TFEB y
SCARB2 (gen de LIMP2) en las mismas regiones cerebrales estudiadas para GBA.
Los resultados obtenidos correspondian a alteraciones menos pronunciadas, que
correlacionaban en este caso mas con los cambios patologicos que la presentacion
clinica. Como hallazgo principal, identificamos una marcada sobreexpresion de
TFEB, especialmente en la corteza temporal con patologia Lewy pura. Este
incremento de TFEB estaba acompafado de una sobreexpresion importante de
uno de los transcritos de SCARB?2 en la misma area cerebral.

En su papel de regulador lisosomal, 7FEB se ha descrito como neuroprotector en
modelos de trastornos neurodegenerativos 3> >!Ademés, la activacion de TFEB en
neuronas atenua la generacion de beta-amiloide y la formacion de placas
amiloideas °!. Nuestros resultados podrian reflejar esta posible funcion de TFEB,
ya que su sobreexpresion fue detectada en cerebros sin patologia Alzheimer
concomitante. Adicionalmente, encontramos una correlacion entre los niveles de
expresion de TFEB y GBA, correspondiendo los niveles mas elevados de TFEB
con la disminuciéon mas pronunciada de GBA. Estos resultados indican, que el
deéficit de GCasa en el sistema lisosomal podria representar una sefial para la
induccion de la expresion de 7FEB, resultando en niveles elevados del mismo.
También SCARB2tv2 presentaba una correlacion negativa con la expresion de
GBA, y mientras mas bajos los niveles de GBA, mas sobreexpresion se observaba
en SCARB?2. Estos resultados indican que la disminucion de GBA en la corteza
puede activar la expresion de 7FEB como respuesta celular para restaurar la
proteostasis lisosomal, pero la activacion de TFEB resultaria al mismo tiempo en
la sobreexpresion de otros genes lisosomales en esta area cerebral, incluyendo
SCARB2.

Los casos incluidos en este estudio tenian un amplio rango de duracion de la
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enfermedad, que variaba entre los 2 y los 30 afios. Teniendo en cuenta este
parametro encontramos, que la expresion de 7FEB esta modulada por la duracion
de la enfermedad en el cortex con patologia Lewy y patologia Alzheimer
concomitante. TFEB estaba especialmente sobreexpresado en cerebros de
pacientes que padecieron la enfermedad durante menos de 10 afios, sugiriendo
que el desarrollo rapido de la patologia implica cambios moleculares mas
pronunciados que su desarrollo lento. Correspondientemente, la DCL se
caracteriza por una progresion agresiva y duracion corta’.

Como el sistema lisosomal esta estrechamente asociado con el sistema
autofagico, nuestra tercera pregunta se dirigia hacia el transcriptoma del mismo
(articulo pendiente de publicar). En este contexto analizamos la expresion de seis
genes implicados en puntos especificos de la autofagia. Estudiamos su expresion
en la las mismas areas cerebrales, corteza temporal y el nticleo caudado, con la
misma patologia que en los estudios anteriores. Aparte de cerebros con patologia
Lewy pura y patologia Lewy con patologia Alzheimer concomitante, también
incluimos cerebros con patologia Alzheimer pura.

Los casos mas afectados habian desarrollado patologia Alzheimer pura y
presentaban con una sobre expresion de BECNI en la corteza temporal y de
ATG3 en el nucleo caudado, indicando que los niveles de autofagia estan
incrementados en estos casos. Al contrario, los niveles de autofagia parecen estar
disminuidos en cerebros con patologia Lewy pura debido a la disminucion de
LC3B, y en cerebros patologia Lewy con patologia Alzheimer concomitante
debido a la disminucion de A7G5. En este Gltimo grupo la regulacion negativa de
ATGS5 se observaba especialmente en casos de debut tardio y duracion corta de la
enfermedad, indicando que este mecanismo esta asociado a las formas mas
agresivas de la enfermedad.

Se ha demostrado que BECNI1 forma parte de un complejo proteico necesario
para la formacion de autofagosomas 7, y su fosforilacion y ubiquitinacion regula
el equilibrio entre la autofagia pro-supervivencia y las respuestas
proapoptoticas’®. Aunque la modificacion postranscripcional de BECN1 es
necesaria para iniciar la autofagia, también la sobreexpresion de su gen puede
contribuir al incremento de la misma. ATGS es esencial durante la formacion de

vesiculas autofagicas * y ATG12 y ATGS5 en forma de conjugado representan
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una molécula de sefializacion clave para el control de los niveles de autofagia
celular '%, ATG12-ATGS5 promueven la formacion de LC3II, potenciando la
formacioén del fagoforo, y niveles disminuidos de ATGS estan asociados a la
reduccion de la actividad autofagica > 1°!,

El hallazgo mas importante de este estudio es que cambios transcripcionales en
los genes autofagicos no estan primariamente involucrados en el desarrollo de
enfermedades con cuerpos de Lewy. En cambio, la variacion encontrada dentro
de cada grupo de pacientes es muy elevada indicando que alteraciones puntuales
en los mecanismos de la autofagia pueden actuar como factores de riesgo
individuales.

En resumen, en esta tesis hemos descrito que cambios transcripcionales en el
sistema lisosomal intervienen en el desarrollo de las enfermedades con cuerpos de
Lewy, especialmente en el desarrollo de las formas mas agresivas de la
enfermedad. Estos cambios se observan en las areas cerebrales especialmente
vulnerables en estas enfermedades. En cambio, alteraciones en la autofagia
parecen jugar un papel menos generalizado, afectando a cada paciente de forma
diferencial y representando de esta manera moduladores de la enfermedad.

En conjunto nuestros resultados indican que el sistema lisosomal puede
representar una diana terapéutica para las enfermedades con cuerpos de Lewy
dirigiendo posibles terapias a las areas cerebrales especificamente afectadas en

cada una de ellas.
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5.Conclusiones

Los perfiles de expresion de GBA son area-dependientes y especificos
para las dos ECL, y estan caracterizados por la disminucion de GBA#vI
en DCLc, y de GBAtvl y tv5 en DCLp en el cortex temporal. Y de
ambos transcritos en el nicleo caudado de EPCD.

El splicing alternativo del gen GBA esté4 desregulado en las ECL,
indicando que GBAtvS juega un rol especifico en la patogénesis de las
ECL.

En las ECL, la deficiencia de GCasa comienza a nivel transcripcional, ya
que GBAtvl esta disminuida en sangre y cerebro de estos pacientes.

La expresion de GBAtvI correlaciona con la edad de inicio de la
enfermedad, teniendo los niveles mas bajos los pacientes con DCL de
debut temprano y pacientes con EP de debut tardio.

Los perfiles de expresion de los genes reguladores de GBA, TFEB y
SCARB? son especificos para cada area cerebral y cada patologia.

La expresion de SCARB2tv?2 esté4 correlacionada negativamente con la
expresion de GBAtvI en el cortex temporal.

El splicing y uso de promotor alternativos de SCARB2 y TFEB estan
desregulados en cerebros con patologia Lewy, ya sea pura o acompaiada
con patologia Alzheimer.

La duracion de la enfermedad modula la expresion de TFEB en el cortex
temporal de cerebros con pCL+pEA y su expresion estd especialmente
desregulada en casos de menos de 10 afios de duracion de la
enfermedad.

Los cambios de expresion de los genes involucrados en la autofagia no
son primariamente responsables del desarrollo de la pCL o pEA, pero
pueden potenciar la disfuncion del sistema autofagico en puntos
especificos de la misma.

Los niveles de la autofagia estan aumentados en pEA debido a la
sobreexpresion de BECNI tanto en la corteza temporal como en el

nucleo caudado.
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e Losniveles de la autofagia estan disminuidos en cerebros con pCL,
donde la expresion de LC3B esta disminuida en pCL y de ATG5 en pCL
+ pEA.
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