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Resumen

Los trastornos lisosomales y la aciduria glutéarica tipo | son las enfermedades objeto de este
estudio. Dichas enfermedades, pertenecen al numeroso grupo de enfermedades metabdlicas
hereditarias (EMH) y tienen en comun la deficiencia de una enzima y la consiguiente acumulacion
del sustrato que al no poderse metabolizar resulta téxico para la célula. En general, estas
enfermedades presentan afectacidn neuroldgica, debutan en los primeros afios de vida y son
devastadoras, tanto para el paciente como para su entorno familiar. En la actualidad, la mayoria
de tratamientos disponibles son paliativos o bien no tienen un efecto significativo sobre la

afectacién neuroldgica.

En este trabajo nos hemos propuesto desarrollar y aplicar diferentes estrategias terapéuticas,
bajo diferentes enfoques moleculares, para poder aportar nuevas herramientas en el tratamiento
de estas enfermedades. Para ello se han cribado compuestos de bajo peso molecular capaces de
atravesar la barrera hematoencefalica para poder, si procede, tratar la afectacion neuroldgica.
Nos hemos centrado en el desarrollo de tres aproximaciones diferentes: el uso de terapias con
agentes antioxidantes, el uso de chaperonas farmacoldgicas y el uso de compuestos activadores

de la sobrelectura de codones de terminacion prematuros (PTCs).

Hemos demostrado que el tratamiento con diferentes antioxidantes (coenzima Qg 0 un cdctel de
tocoferol, acido lipoico y N-acetilcisteina) es capaz de rescatar ciertos parametros bioquimicos
caracteristicos del sindrome de Sanfilippo en fibroblastos de pacientes con esta enfermedad. Por

lo tanto, esta aproximacion terapéutica podria mejorar la sintomatologia de dichos pacientes.

Hemos desarrollado un método de cribado de chaperonas farmacoldgicas para la aciduria
glutdrica tipo |, que nos ha permitido identificar un posible hit. Se ha validado su efectividad
mediante estudios in vitro y en fibroblastos de pacientes con esta enfermedad y se ha
confirmado su eficacia en una de las mutaciones mds prevalentes en poblacién espafiola
(p.Val4d0OMet). Ademads, hemos colaborado en la creacién y validacion de un modelo neuronal
derivado de células iPS para la enfermedad de Gaucher tipo Il (forma neuronopatica) y se ha
comprobado la efectividad del tratamiento con chaperonas farmacoldgicas en este nuevo
modelo celular mediante el uso de analogos de Nojirimicina. La obtencién de estas células iPS
permitird a la comunidad cientifica tener acceso a un modelo celular neuronal de la enfermedad

de Gaucher.
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Resumen

Hemos identificado diferentes lineas celulares de pacientes con distintas enfermedades
lisosomales, causadas por mutaciones “nonsense”, que responden al tratamiento con
compuestos que inducen la sobrelectura de PTCs. En colaboracién con otros grupos, hemos
puesto a punto un método de cribado de pequefias moléculas capaces de promover la
sobrelectura de PTCs y hemos probado los diferentes hits resultantes en las diferentes lineas
celulares previamente seleccionadas. De los mas de 62.000 compuestos cribados, Unicamente
uno demostro restaurar los parametros bioquimicos alterados en las enfermedades lisosomales
de estudio: Bicalutamide. Este compuesto es un anti-androgénico utilizado para el tratamiento
de cancer de prdstata que se ha relacionado recientemente con el mecanismo de autofagia. El
estudio molecular de su mecanismo de accidon nos ha permitido determinar que la restauracion
de los parametros bioquimicos alterados después del tratamiento con Bicalutamide era debida a
un incremento del flujo autofagico y de la exocitosis lisosomal, determinado por la activacién del
factor de transcripciéon TFEB. Este descubrimiento nos ha conducido a la realizacién de una
patente de uso del compuesto Bicalutamide y sus derivados para el tratamiento de

enfermedades lisosomales (WO 2015/097088 A1).

En resumen, en este trabajo se han desarrollado diferentes estrategias terapéuticas mediante
diferentes enfoques moleculares que conforman una primera aproximacion para el tratamiento
de la afectacién neurolédgica de distintas EMH. Se han identificado dos nuevos compuestos
procedentes de librerias de reposicionamiento que han demostrado restaurar parcialmente los
pardmetros bioquimicos alterados. Estos compuestos podrian ser Utiles para el tratamiento de
las enfermedades objeto de este estudio, tanto a nivel sistémico como neurolégico. Sin embargo,

previamente se debera validar la eficacia de los compuestos identificados en modelos animales.
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1.- ENFERMEDADES METABOLICAS HEREDITARIAS

Las Enfermedades Metabodlicas Hereditarias (EMH) se definen como alteraciones
bioguimicas de origen genético causadas por un defecto en la estructura o funcién de una
proteina, generalmente una enzima o una proteina de transporte, implicadas en una ruta del

metabolismo celular.

El concepto de EMH fue introducido por Archibald Garrod a principios del siglo XX a raiz de
sus estudios sobre la alcaptonuria. Garrod observé que los pacientes con esta enfermedad
excretaban niveles elevados de acido homogentisico y que la herencia de la enfermedad se
podia explicar segun las leyes de Mendel (Garrod, 1902). Medio siglo después se comprobd
la hipotesis de Garrod demostrandose el defecto de homogentisico dioxigenasa, una de las
seis enzimas implicadas en el catabolismo de la fenilalanina y la tirosina, en el higado de un

paciente con alcaptonuria (La Du et al., 1958).

Desde entonces, el nimero de EMH identificadas no ha cesado de crecer comprendiendo un
amplio grupo de enfermedades raras que incluye: trastornos del metabolismo de los
aminodacidos, acidos organicos, piruvato, acidos grasos, galactosa, glicosilacion, colesterol,

asi como enfermedades peroxisomales, mitocondriales y lisosomales.

Estas enfermedades presentan una herencia monogénica mendeliana, generalmente
autosdmica recesiva, aunque también existen enfermedades con herencia autosdmica
dominante o bien ligada al cromosoma X. Si la alteracidon esta asociada al DNA mitocondrial
la herencia es materna (Scriver et al., 2001). La prevalencia individual de cada una de las
EMH es de 1-10 por cada 100.000 nacidos vivos por lo que se consideran enfermedades
raras. Sin embargo, en su conjunto, presentan una prevalencia de 1 por cada 800 nacidos

vivos (Sanderson et al., 2006).

Las EMH presentan un amplio abanico sintomatoldgico, que comprende desde cuadros
sistémicos leves a afectaciones neurolégicas severas, y una edad de presentacion desde
neonatal hasta la edad adulta. En la actualidad, la gran mayoria no disponen de un

tratamiento eficaz, especialmente si existe afectacion neuroldgica.

Durante los ultimos afios, la aparicién de técnicas de secuenciacidn masiva ha permitido el

descubrimiento de nuevos genes causantes de EMH ofreciendo un mayor entendimiento de
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las bases moleculares y de los mecanismos patofisioldgicos subyacentes en estas
enfermedades. Estos avances permiten plantear el desarrollo de nuevas estrategias asi como
la busqueda de nuevos agentes terapéuticos para el tratamiento de estas enfermedades

(Rabani et al., 2012).
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2.- ENFERMEDADES OBJETO DE ESTE ESTUDIO

2.1 Enfermedades lisosomales

i) El lisosoma

Los lisosomas, descritos por primera vez por De Duve y colaboradores en 1955, son
organulos esféricos u ovalados que se localizan en el citoplasma celular y que constituyen el
compartimento catabdlico por excelencia de las células eucariotas (De Duve et al., 1955). Su
funcién principal consiste en el mantenimiento de la homeostasis celular mediante la
degradacion de organulos y macromoléculas organicas extracelulares (internalizadas por
endocitosis) o intracelulares (via un proceso denominado autofagia). Los lisosomas también
estan involucrados en la reparacion de membranas, la apoptosis, la regulacién de la

neurotransmision y la pigmentacién de la piel (Boustany et al., 2013).

Lumen intra-fis

Enzimas hidroliticas

y macromoléculas a
« o degradar
e o > \
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Proteinas de
transporte

Figura 1. El lisosoma.

En mamiferos, cada célula contiene varios cientos de lisosomas, de medida y morfologia
heterogéneas, que constituyen un 5% del volumen celular total (Mellman, 1989). Los
lisosomas se forman a partir de una red vesicular de endomembranas, que incluye los
endosomas tempranos y tardios, que derivan de la via endocitica o del aparato de Golgi.

Presentan una Unica membrana en forma de bicapa lipidica de unos 75 A de espesor, que
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contiene proteinas integrales de membrana que forman un complejo sistema de transporte
gue permite el intercambio de particulas entre el citosol y el lumen, asi como una cadena de
transporte de electrones que culmina en una ATPasa protdnica. Esta ATPasa permite la
acidificacion del lumen lisosomal (pH 4.8) necesaria para el correcto funcionamiento de las

enzimas hidroliticas (Gille y Nohl, 2000) (Figura 1).

Las enzimas hidroliticas, también denominadas hidrolasas acidas debido a su activacion a pH
acido, son glicoproteinas que se sintetizan en el reticulo endoplasmatico y que son
mayoritariamente transportadas al lisosoma gracias a una sefial de fosforilacién en un
determinado residuo de manosa: manosa-6-fosfato (M6P). Esta sefalizacién se produce en
el aparato de Golgi y es reconocida por receptores especificos (RM6P) del compartimento
trans-golgi. El transporte hacia los lisosomas se realiza a través de vesiculas revestidas de
clatrina y el pH acido intra-lisosomal permitira la disociacidon del complejo enzima-receptor
asi como la posterior activacion catalitica del enzima (Schultz et al., 2011; Braulke et al.,
2009) (Figura 2). Durante los ultimos afos se han descrito otras vias de transporte
independientes de M6P que consisten en el reconocimiento de una sefial peptidica en el

extremo C-terminal de ciertas proteinas (Braulke y Bonifacio, 2009).
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Figura 2. Sintesis y transporte de las hidrolasas lisosomales. Alberts et al., 2007.
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ii) Enfermedades

Las enfermedades lisosomales (LSDs) son causadas por mutaciones en genes que codifican
para enzimas, proteinas de membrana o proteinas no enzimaticas lisosomales (Gieselmann,

1995).

La primera LSD se describié en 1881 (enfermedad de Tay-Sachs) pero no fue hasta el afio
1963 cuando se relacionaron las LSDs con defectos en enzimas lisosomales. Hers (1963)
demostré que el déficit de maltasa 4cida (a-glucosidasa) provocaba la acumulacién de
glucégeno en el interior de los lisosomas de los pacientes afectos de la enfermedad de

Pompe. Desde entonces se han descrito mas de 50 LSDs diferentes.

Existen diferentes tipos de clasificaciones, sin embargo, la mas comun, es la agrupacién de
las diferentes enfermedades en funcidon de la denominaciéon quimica de los sustratos
acumulados: esfingolipidosis, mucopolisacaridosis, glucoproteinosis y oligosacaridosis

(Boustany et al., 2013).

lysosomal
degradation

Complex
substrate

Lysosomal
enzyme
deficiency

Stored nonmetabolized products

Figura 3. Efecto de la deficiencia de una enzima lisosomal en las LSDs. En el panel superior
observamos el correcto catabolismo de un sustrato mediante diferentes enzimas lisosomales (A, By
C). En el panel inferior observamos la acumulacion de un sustrato producida por la deficiencia de un
enzima lisosomal (B).
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Las LSDs son enfermedades monogénicas, mayoritariamente de herencia autosémica
recesiva excepto en algunos casos cuya herencia se halla ligada al cromosoma X
(enfermedad de Hunter y enfermedad de Fabry). Presentan un elevado grado de
heterogeneidad alélica, hecho que dificulta el establecimiento de una clara relacion

genotipo-fenotipo (Boustany et al., 2013).

Individualmente cada enfermedad presenta una incidencia muy baja (1-4 por cada 100.000
nacidos vivos) por lo que se consideran enfermedades raras o minoritarias aunque algunas
pueden llegar a ser muy prevalentes en determinadas poblaciones como, por ejemplo, las
enfermedades de Gaucher y Tay-Sachs en los judios Askenazies con incidencias de 1:600 y

1:2500, respectivamente (Charrow et al., 2004).

A nivel bioquimico, la acumulacién primaria de metabolitos desencadena una cascada
patogénica comun para un gran numero de LSDs que afecta multiples organulos y funciones
celulares (Figura 3). A nivel clinico, el espectro de sintomas asi como la edad de aparicién
varia significativamente entre las diferentes LSDs. El grado de afectacién depende en general
de la funcidn residual de la proteina, que a su vez varia dependiendo de la mutacidn, de la
bioquimica del material acumulado y del tipo celular afectado (Platt et al., 2012). No
obstante, muchos sintomas son comunes a las diferentes LSDs e incluyen: visceromegalia,
hidrops fetal, dismorfias, alteracién del sistema nervioso central, anomalias esqueléticas,
cardiacas, gastrointestinales, renales y dermatoldgicas, retraso mental, retraso psicomotor y

anemias (Wraith, 2002).

La grave afectacidn neuroldgica asi como otras complicaciones que aparecen a lo largo de la
historia natural de las LSDs son la causa de la baja calidad de vida de los pacientes vy, en

general, provocan una muerte prematura.

El diagndstico se realiza en base a la aparicion de los primeros sintomas clinicos que sugieran
algln tipo de LSD. Al ser enfermedades poco frecuentes y con una gran variabilidad clinica,
puede resultar muy dificil llegar al diagndstico definitivo. El primer paso en el diagndstico
consiste en la deteccidn en orina o plasma de niveles elevados del sustrato acumulado a
causa de la LSD, pero para obtener el diagndstico definitivo es necesario medir los niveles de
actividad de la enzima involucrada en la LSD que se sospecha e identificar las mutaciones
responsables de la enfermedad en el gen correspondiente.
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El tratamiento de los pacientes consiste, principalmente, en terapias paliativas o de soporte.
Otras aproximaciones tales como el trasplante de células madre hematopoyéticas, la terapia
de sustitucion enzimatica, la terapia de reduccion de sustrato y la terapia con chaperonas
farmacoldgicas, han permitido una mejora sintomatolégica en pacientes de algunas LSDs.
Actualmente se estd empezando a ensayar la terapia génica para algunas enfermedades

(Boustany et al., 2013).

En la actualidad, se han descrito mas de 50 enfermedades lisosomales pero en el apartado
siguiente se van a describir Unicamente las que han sido objeto de este estudio. Estas

deficiencias se hallan resumidas en la tabla 1.

2.1.1 Enfermedad de Fabry

La enfermedad de Fabry (MIM #301500) es un trastorno monogénico con herencia ligada al
cromosoma X. Estd causada por la deficiencia de a-galactosidasa (EC. 3.2.1.22), enzima
codificada por el gen GLA y necesaria para la degradacion de lipidos complejos y
glucoesfingolipidos como la globotriasylceramida. La deficiencia de esta enzima provoca el
acumulo de estos sustratos en los multiples tipos celulares dénde es necesaria su
degradaciodn, y resulta en una afectacion multisistémica, tanto en hombres como, en menor
grado, en mujeres. La diferente afectacion de la enfermedad en algunas mujeres portadoras

se debe al grado de inactivacion del cromosoma X mutado (Maier et al., 2006).

La incidencia de la enfermedad de Fabry a nivel mundial es de 1 en 40.000-100.000 nacidos

vivos (Ishii et al., 1993).

El cuadro clinico de la enfermedad es muy amplio, desde una afectacién leve, casi
asintomatica, en mujeres heterocigotas, a afectaciones severas en varones hemicigotos. La
sintomatologia clinica consiste en dolor neuronopatico, angioqueratomas, proteinuria, fallo
renal y afectacidén cardiaca con hipertrofia del ventriculo izquierdo y arritmias (El-Abassi et
al., 2014; Ferraz et al. ,2014). En los casos mas severos, el inicio de la enfermedad puede
ocurrir en diferentes estadios del desarrollo fetal (Popli et al., 1990). En la forma tardia de la
enfermedad, los pacientes presentan una actividad residual entorno al 20% de la actividad
normal y los sintomas aparecen entre la cuarta y la sexta década de vida con

manifestaciones clinicas confinadas a un Unico sistema orgdanico (Spada et al., 2006).
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La afectacién multisistémica, especialmente a nivel cardiovascular y renal limita la esperanza
de vida alrededor de los 50 afios en los pacientes no tratados. Sin embargo, el tratamiento
mediante terapia de sustituciéon enzimatica (ERT) junto con los tratamientos paliativos
convencionales puede frenar la progresién de la enfermedad y promover una mejora en la
calidad de vida de los pacientes. La ERT consiste en la inyeccidn de la enzima a-galactosidasa
humana recombinante. Comercialmente existe bajo dos formas: Replagal®, enzima
recombinante obtenida a partir de una linea inmortalizada de fibroblastos humanos
(Schiffmann et al., 2006) y Fabrazyme®, enzima recombinante obtenida a partir de una linea
celular estable de ovario de hamster (Wraith et al., 2008). La ERT, para la enfermedad de
Fabry, fue aprobada e introducida en Europa en el afo 2001. Se ha demostrado que esta
terapia puede, en algunos casos, enlentecer o incluso prevenir la aparicion de
manifestaciones cardiacas y renales si es aplicada en estadios poco avanzados de la
enfermedad (El Dip et al., 2013; Pisani et al., 2012); sin embargo, su eficacia es muy limitada
en las formas mas avanzadas de la enfermedad (Schaefer et al., 2009). Por ello, el desarrollo
de nuevas estrategias terapéuticas para la enfermedad de Fabry sigue siendo necesario

(Thomas y Hughes, 2014).

2.1.2 Enfermedad de Gaucher

La enfermedad de Gaucher es de herencia autosémica recesiva. Esta causada por la
deficiencia del enzima B-glucocerebrosidasa (EC.3.2.1.45), codificada por el gen GBA. La
Glucocerebrosidasa es necesaria para la degradacion de lipidos complejos,
glucoesfingolipidos como la glucosilceramida. La deficiencia de esta enzima causa el acimulo
de glucerebrdsido principalmente en macréfagos, dando lugar a las denominadas células de
Gaucher que presentan una morfologia caracteristica con un nucleo excéntrico y un aspecto
'‘papel arrugado', debido a la presencia masiva de depdsitos de lipidos tubulares (Beutler et

al., 2001, Ferraz et al., 2014).

La enfermedad de Gaucher es la LSD mas prevalente y su frecuencia difiere
significativamente entre las diferentes poblaciones, llegando a ser tan frecuente como 1:600
en descendientes de judios Askenazies (Zimran, 1991). Sin embargo, a nivel mundial

presenta una incidencia general de 1 en 50.000-100.000 nacidos vivos (Charrow et al., 2000).
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Es una enfermedad multisistémica, heterogénea y con afectacion multiorganica. Se
caracteriza por la asociaciéon de organomegalia (bazo, higado), osteopatia (dolor, infartos
dseos, osteonecrosis) y citopenia (trombocitopenia, anemia y, mas raramente, neutropenia).
Existe una gran heterogeneidad y un espectro continuo de afectacion clinica aunque
cldsicamente se han identificado tres formas clinicas de la enfermedad (I, Il y lll) en funcidn
de la gravedad de la afectacién neuroldgica. El subtipo | (MIM #230800), el mas frecuente,
no presenta afectacién neurolégica a diferencia de los subtipos Il (MIM #230900) y Il (MIM
#231000). El subtipo I, o forma neuronopatica aguda, cursa con aparicion de sintomas
neurolégicos severos durante el primer afo de vida y el subtipo Ill, o forma neuronopatica
cronica, es mas leve y cursa con una neurodegeneracion progresiva (Ferraz et al., 2014;

Nagral, 2014).

Actualmente se han descrito mas de 200 mutaciones causantes de la enfermedad (HGMD
database: http://www.hgmd.cf.ac.uk/ consultado el 07 de octubre 2015) aunque dos de
ellas representan mas del 80% de los alelos en pacientes de distintas poblaciones:
p.Asn370Ser y p.Leu444Pro (Beutler, 1993). Existe cierta correlacién genotipo-fenotipo que
asocia la primera mutacién (p.Asn370Ser) con un fenotipo no neuroldgico: subtipo | y la
segunda (p.Leu444Pro) con un subtipo neurolégico cuando se encuentra en homocigosis
(Amaral et al., 1993; Koprivica et al., 2000). Sin embargo, el tipo de mutacion no siempre
determina el fenotipo de la enfermedad, habiéndose incluso descrito casos de variabilidad

fenotipica entre gemelos (Lachmann et al., 2004).

Histéricamente, el Unico tratamiento disponible para esta enfermedad era el trasplante de
médula dsea y presentaba resultados controvertidos (Ringdén et al., 1995). En la actualidad
se encuentran disponibles dos otras aproximaciones terapéuticas: la ERT y la terapia de
reduccion de sustrato (SRT). La ERT ha revolucionado el tratamiento de la forma no-
neurolégica (subtipo I) de la enfermedad ya que es eficaz para la reduccidon de la
hepatosplenomegalia y de la sintomatologia dsea, aunque no resuelve ni las manifestaciones
pulmonares ni la aparicion de nédulos linfaticos (Barton et al., 1991; Kaplan et al., 2013). El
enzima recombinante no es permeable a la barrera hematoencefalica por lo tanto el
tratamiento no es eficaz para los subtipos Il y Il de la enfermedad. La SRT se encuentra en
fase clinica lll y consiste en inhibir la actividad de la glucosilceramida sintetasa, enzima

encargada de la sintesis de glucocerebrdsidos. Esta terapia se administra via oral (Miglustat
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o Eliglustat tartrato) y esta indicada para los pacientes que presentan un fenotipo
intermedio, donde el tratamiento con ERT no ha sido posible (Cox et al., 2003). Esta
aproximacion tampoco mejora el fenotipo neuroldgico de la enfermedad y es menos eficaz
gue la ERT. Ademas, se ha descrito que el tratamiento con Miglustat presenta severos
efectos secundarios por lo que su uso ha sido aprobado Unicamente en adultos (Belmatoug
et al., 2011). El otro compuesto, Eliglustat tartrato, se encuentra en fase clinica Il y no parece
presentar efectos secundarios severos por lo que se estd estudiando su administracién en
ninos (Cox et al., 2010). No existe ningin medicamento eficaz para los subtipos Il y lll de la
enfermedad de Gaucher por lo que urge el desarrollo de nuevas aproximaciones

terapéuticas (Bennett y Mohan, 2013).

2.1.3 Enfermedad de Niemann-Pick tipo Ay B

La enfermedad de Niemann-Pick tipo A (MIM #257200) y tipo B (MIM #607616) (NPAB) es un
trastorno monogénico de herencia autosémica recesiva, causado por la deficiencia de
esfingomielinasa acida (ASM, EC.3.1.4.12), codificada por el gen SMPD1, y necesaria para la
degradacion de esfingomielina (Vanier, 2013). La esfingomielina es uno de los componentes
mayoritarios de las membranas, especialmente de la vaina de mielina que rodea
los axones de células nerviosas, por lo que la actividad ASM es necesaria para su correcto

recambio.

Diversos estudios han estimado que esta enfermedad podria tener una incidencia de 0.5-1
en 100.000 nacidos vivos (Poupetova et al., 2010); sin embargo, se cree que esta estimacion
podria ser infravalorada debido a los numerosos casos mal diagnosticados en el adulto

(Schuchman et al., 2015).

Existen varias formas clinicas, desde formas neuroldgicas infantiles ligadas a una muerte
prematura (tipo A), a un cuadro no neurolégico con una esperanza de vida que puede llegar
a la edad adulta (tipo B). Existen muchas formas intermedias por lo que los subtipos Ay B se
suelen agrupar en un unico tipo de la enfermedad AB (Schuchman et al., 2007). La historia
natural de NPAB cursa con hepatosplenomegalia, deterioro de la funciéon pulmonar y un
cuadro neurodegenerativo severo. También pueden presentar disfuncidn cardiaca y

hepatica, estigmas retinales y problemas de crecimiento.
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En la actualidad, no existe ningun tratamiento eficaz para esta enfermedad aunque se han
desarrollado diferentes terapias que consiguen paliar cierta sintomatologia en el subtipo B
(no neuroldgico). La primera en implantarse fue el trasplante de médula 6sea y permite una
reduccion de la hepatosplenomegalia, sin embargo también se han documentado
numerosos efectos secundarios (Victor et al., 2003) y no se han observado mejoras a nivel
neuroldgico en los pacientes (Schneiderman et al., 2007; Schuchman et al., 2007). También
se estan investigando los beneficios de la ERT, mediante la inyeccion de enzima
recombinante producida en células de ovario de hamster (He et al.,, 1999). Estudios
preliminares en ratones han mostrado resultados prometedores a nivel sistémico sin
embargo no se ha conseguido frenar la progresion de la enfermedad neuroldgica ni la
muerte prematura de los ratones (Miranda et al., 2000). Actualmente la ERT se encuentra en
fase clinica Il en pacientes que no presentan neurodegeneracién (tipo B) y con resultados
preliminares controvertidos (NCT00410566). Por ello, en la actualidad se esta trabajando en
el desarrollo de terapias como la SRT, las chaperonas farmacoldgicas o la terapia génica

(Schuchman et al., 2007, Schuchman et al., 2015).

2.1.4 Mucopolisacaridosis tipo | o enfermedad de Hurler, Hurler-Scheie o Scheie

La Mucopolisacaridosis tipo | (MPSI, MIM #607014) o la enfermedad de Hurler, Hurler-Scheie
o Scheie es un trastorno monogénico de herencia autosdmica recesiva, causado por la
deficiencia de a-L-iduronidasa (EC 3.2.1.76), codificada por el gen IDUA e implicada en el
catabolismo de los glucosaminoglucanos dermatan sulfato y hepardn sulfato (Neufeld y
Muenzer, 2001). La MPSI fue histéricamente distinguida en dos enfermedades diferentes,
segun los eponimos de sus descubridores: la forma Hurler como una enfermedad severa y
con afectacion neuroldgica y la forma Scheie como una enfermedad con un fenotipo mas
leve y sin afectacidn neuroldgica. Posteriormente, los avances de la genética permitieron
establecer que se trataba de la misma enfermedad (MPSI) y actualmente no existen pruebas

bioquimicas o moleculares que permitan diferenciarlas (Wraith, 1995).

Se postula que la incidencia de la MPSI es de 1:175.000 nacidos vivos (Wraith y Jones, 2014).
Estudios poblacionales anteriores, en los Paises Bajos y en el Reino Unido, determinaron
prevalencias de 1 a 1.07 en 144.000 y 100.000 nacidos vivos, respectivamente (Poorthuis et

al., 1999; Moore et al., 2008).

39



Introduccion general

La sintomatologia de la MPSI es muy heterogénea pero suele incluir: facies toscas, retraso en
el crecimiento, estatura baja, disostosis multiple, rigidez articular, opacidad corneal,
cardiomiopatia, insuficiencia respiratoria, hepatosplenomegalia e infecciones respiratorias
recurrentes. En funciéon de si el paciente presenta sintomatologia neurolédgica o no, la
enfermedad se define como Hurler (neurolégica), Scheie (no neuroldgica) o Hurler-Scheie
para las formas intermedias, siendo la forma mas severa, la mas prevalente: mas de la mitad
de los pacientes diagnosticados (D’Aco, 2012). Sin embargo, no siempre existe una relacion

clara entre el genotipo vy el fenotipo de la enfermedad (Martins et al., 2009).

El diagndstico de la enfermedad se produce, de media, hacia los seis afios de vida, cuando
las manifestaciones esqueléticas y viscerales son ya evidentes. La esperanza de vida de estos
pacientes es reducida. Sin tratamiento, los pacientes que presentan la forma severa (Hurler)
tienen una esperanza de vida de 6,8 afios de media (Moore et al., 2008). Los pacientes que
presentan la forma mas atenuada de la enfermedad (Scheie) sobreviven hasta la

adolescencia o la edad adulta pero con una baja calidad de vida (Neufeld y Muenzer, 2001).

El tratamiento actual de la enfermedad consiste en la ERT en combinacién o no con el
trasplante de células madres hematopoyéticas (HSCT). Se ha demostrado que la
administracion temprana de la ERT mejora el prondstico de la enfermedad (Jameson et al.,
2013) y que si el HSCT se realiza durante los 2 primeros afos de vida se consigue estabilizar
la regresién cognitiva y mejorar algunos sintomas como la hepatosplenomegalia, la
obstruccion pulmonar y la cardiomiopatia (Wraith et al., 2014). Por ello, es de vital
importancia que el diagndstico de la enfermedad se realice lo mds temprano posible. En este
sentido, la comunidad cientifica esta barajando la posibilidad de introducir esta enfermedad
en el cribado neonatal (Jameson et al., 2013). La ERT consiste en la inyeccién de la enzima
Laronidasa (Aldurazyme®), una a-L-iduronidasa recombinante humana obtenida a partir de
células de ovario de hamster. Este tratamiento fue aprobado por la FDA en el aiio 2003
como tratamiento de larga duracién para la MPSI y presenta mejoras significativas en la
disfuncién pulmonar y la movilidad articular aunque no es eficaz ante las lesiones
neuroldgicas. Como efectos adversos cabe destacar que la mayoria de pacientes presenta
anticuerpos contra el enzima recombinante a partir de las 12 semanas posteriores a la

primera inyeccion (Clarke et al., 2009; Jameson et al., 2013).
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2.1.5 Mucopolisacaridosis tipo Il o enfermedad de Hunter

La Mucopolisacaridosis tipo Il (MIM #309900) o enfermedad de Hunter es un trastorno
monogénico con herencia ligada al cromosoma X. Esta enfermedad estd causada por una
deficiencia de iduronato 2-sulfatasa (EC 3.1.6.13), codificada por el gen IDS. Esta enzima es
necesaria para la degradaciéon de los glucosaminoglucanos dermatan sulfato y heparan
sulfato (Neufeld et al., 2001; Martin et al., 2008). Se han descrito muy pocos casos de
mujeres afectas de la enfermedad (Sukegawa et al., 1998; Cudry et al., 2000; Tusch et al.,

2005).

Se estima que la prevalencia de la enfermedad es de 1 en 170.000 varones nacidos vivos
(Young y Harper, 1982; Giugliani et al., 2010) aunque ésta se ve duplicada en poblaciones

como los judios Askenazies y Sefardies (Zlotogora et al., 1991; Ben-Simon-Schiff et al., 1994).

La mayoria de las mutaciones descritas son privadas por lo que es muy dificil establecer una
correlaciéon genotipo-fenotipo. Ademads, existe un pseudogen que provoca que
aproximadamente un 13% de las mutaciones de los pacientes, provengan de una
recombinacion homdloga (Bondeson et al., 1995). Este tipo de mutaciones suelen causar el

fenotipo grave de la enfermedad (Gort et al., 1998; Froissant et al., 2002).

El sindrome de Hunter cursa con una afectacion multiorganica y multisistémica con una edad
de aparicidon y una progresién de la enfermedad variable. La sintomatologia es amplia y
aparece de forma progresiva después del nacimiento con hernias, dismorfia facial,
hepatoesplenomegalia, regresion psicomotora, déficit intelectual, sordera y trastornos
cardiorespiratorios (Neufeld et al., 2001). El espectro clinico comprende desde formas muy
severas a cuadros clinicos leves. La forma severa cursa con una aparicion de los sintomas
entre los 2 y 4 afios de vida con neurodegeneracién progresiva. Estos pacientes suelen
fallecer durante la primera o segunda década de vida a causa de una obstruccién respiratoria
o un fallo cardiaco asociado a la pérdida de funcién neuronal (Young y Harper, 1983). Los
pacientes que presentan un cuadro clinico leve inician los sintomas a una edad similar, pero
presentan una disfuncion neuronal mucho menos severa. Estos pacientes suelen presentar

una inteligencia normal y sobreviven hasta la edad adulta (Young y Harper, 1982).
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El Unico tratamiento disponible en la actualidad, excluyendo las terapias paliativas, es la ERT.
La ERT para la MPSII fue aprobada e introducida en Europa y Estados Unidos a finales de
2007 en base a los resultados obtenidos en las fases clinicas Il y Il (Muenzer et al., 2006). La
ERT consiste en la inyeccion de la enzima recombinante Idursulfase (Elaprase®) obtenida a
partir de células humanas inmortalizadas, y ha mostrado frenar el avance sistémico de
algunos sintomas de la enfermedad. Su incapacidad para corregir la disfuncion neuroldgica,
asi como su imposibilidad para mejorar ciertos sintomas y su elevado coste, han llevado la

comunidad cientifica a plantearse su uso como medicamento (Tomanin et al., 2014).

2.1.6 Mucopolisacaridosis tipo Il o Sindrome de Sanfilippo

La mucopolisacaridosis tipo Il (MPSIIl) o sindrome de Sanfilippo es un trastorno de herencia
autosomica recesiva, causado por la deficiencia de una de las cuatro enzimas que
catabolizan el heparan sulfato, provocando su acumulo en los lisosomas de multiples tipos
celulares. Existen cuatro tipos clinicamente bien definidos en funcién de la enzima afectada.
El tipo A (MIM #252900) dénde la enzima deficiente es la heparan-N-sulfatasa (EC.3.10.1.1)
codificada por el gen SGSH; el tipo B (MIM #252920) dénde la enzima deficiente es la a-N-
acetilglucosaminidasa, (EC.3.2.1.50) codificada por el gen NAGLU; el tipo C (MIM #252940)
donde la enzima deficiente es la acetil-CoA-a-glucosaminida acetiltransferasa (EC.2.3.1.3)
codificada por el gen HGSNAT y el tipo D (MIM #252940) dénde la enzima deficiente es la N-

acetilglucosamina-6-sulfatasa (EC 3.1.6.14) codificada por el gen GNS.

La MPSIII es la mucopolisacaridosis mas prevalente con 0.28-4.1 casos por cada 100.000
nacidos vivos (Poortuis et al., 1999; Valstar et al., 2008). Sin embargo, se cree que la
incidencia real de la enfermedad es mas elevada debido a la gran heterogeneidad
sintomatologica que dificulta el diagndstico de casos clinicamente atipicos (Valstar et al.,
2008). El tipo A es la forma de presentacién mds frecuente seguido por el tipo B. Los tipos C
y D se diagnostican con mucha menor frecuencia (Poortuis et al., 1999; Baehner et al., 2005;

Valstar et al., 2008).

La sintomatologia de la enfermedad suele presentarse a los 3-4 anos de vida con dismorfia
leve, retraso en el desarrollo seguido de regresion, demencia y retraso motor progresivo. La

esperanza de vida de estos pacientes no supera la segunda o la tercera década de vida
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(Valstar et al., 2008). Los cuatro tipos son clinicamente indistinguibles, sin embargo, el grupo
de Van de Kamp estudié una amplia serie de pacientes y sugirié que el transcurso clinico del
tipo A era mas severo, con una edad de aparicion mas temprana, una progresion de los
sintomas de la enfermedad mas rapida y una supervivencia menor (van de Kamp et al.,,

1981). Estudios posteriores secundan esta teoria (Meyer et al., 2007; Ruijter et al., 2008).

En la actualidad, exceptuando el tratamiento paliativo, no existe ninguna aproximacion
terapéutica. La severa afectacién neurolégica de la enfermedad dificulta la implementacion
de la ERT. Sin embargo, se estd investigando esta aproximacién mediante la inyeccidn
intratecal del enzima recombinante (HGT-1410%®) para sobrepasar las dificultades derivadas
de atravesar la barrera hematoencefalica. Estudios preliminares en ratones han mostrado
resultados esperanzadores (Savas et al., 2004; Hemsley et al.,, 2007). Actualmente, esta
aproximacién se encuentra en fase clinica Il (NCT 01155778) para la MPSIIIA. Ademas, se
estan investigando otras aproximaciones tales como la terapia génica (Ribera et al., 2015), el

trasplante de médula dsea o la SRT (Gilkes et al., 2014).

2.1.7 Enfermedad de Pompe

La enfermedad de Pompe o Glucogenosis tipo Il (MIM #232300) es un trastorno monogénico
de herencia autosdmica recesiva, causado por la deficiencia de a-1,4-glucosidasa acida
(EC 3.2.1.20), codificada por el gen GAA, y necesaria para el catabolismo del glucégeno. La
deficiencia de esta enzima causa acumulo de glucégeno en los lisosomas de numerosos
tejidos, sin embargo los sintomas clinicos se concentran basicamente en el musculo cardiaco

y esquelético.

La incidencia de la enfermedad es de 1:57.000 para la forma adulta y de 1:138.000 para la
forma infantil (Martiniuk et al., 1998; Ausems et al., 1999; Lim et al. 2014). Sin embargo la
implantacion del cribado neonatal en Taiwan y Austria ha revelado una mayor prevalencia

en estas poblaciones (Chien et al., 2009; Mechtler et al., 2012).

La sintomatologia de la enfermedad es amplia y va desde un cuadro infantil severo que
debuta a los 3 meses de vida con debilidad muscular, hipotonia y cardiomiopatia
hipertréfica, a un cuadro mas leve con miopatia progresiva y afectacidon respiratoria en

adultos. La esperanza de vida de los pacientes afectos de la forma infantil no supera los 2
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afos (Hirschhorn y Reuser, 2001). La severidad de las manifestaciones clinicas y la edad de
aparicion se correlacionan con el tipo de mutacidn y con los niveles de actividad enzimatica
residual. Sin embargo la mayoria de los pacientes presentan mutaciones privadas, es decir,
propias de una Unica familia y en general son heterocigotos compuestos (Hoefsloot et al.,

1990; Kuo et al., 1996).

La Unica terapia actualmente disponible y aprobada desde 2006 por la UE es la ERT. La ERT
consiste en la inyeccion intravenosa de la enzima recombinante humana a-1,4-glucosidasa
acida (Myozyme®) obtenida a partir de células de ovario de hamster. Las primeras evidencias
muestran cierta reversion de la hipertrofia cardiaca pero poco significativa a nivel del
musculo esquelético, tanto en pacientes con la forma infantil como en la forma adulta (Van
den Hout et al., 2004; Kishnani et al., 2007; Schoser et al., 2008; Angelini y Semplicini, 2012;
Kishnani et al.,, 2014). La reversidn, en parte, de las anomalias cardiacas han permitido
cambiar el curso natural de la enfermedad en la forma infantil, incrementando
significativamente la esperanza de vida de estos pacientes (Kishnani et al., 2007; Nicolino et
al., 2009). Es importante destacar que el tratamiento pre-sintomatico con ERT es beneficioso
tal y como se ha reportado en Taiwan dénde esta enfermedad se encuentra incluida en el
cribado neonatal (Chien et al, 2009). Actualmente se estan investigando otras
aproximaciones terapéuticas para esta enfermedad tales como la terapia génica (Smith et
al., 2013), la SRT (Douillard-Guilloux et al., 2008) y la induccion de la autofagia y la exocitosis

lisosomal (Spampanato et al., 2013).

2.1.8 Gangliosidosis GM1

La Gangliosidosis GM1 (MIM #230500) es un trastorno monogénico de herencia autosémica
recesiva, causada por una deficiencia de B-galactosidasa (EC.3.2.1.23), codificada por el gen
GLB1, e implicada en el catabolismo de los gangliésidos. Los ganglidsidos constituyen
aproximadamente el 6% de los lipidos que forman las membranas de las células neuronales

eucariotas (Suzuki et al., 2001).

Se estima que la incidencia de la enfermedad es de 1:100.000-200.000 nacidos vivos

(Brunetti-Pierri et al., 2008).
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Clinicamente, presenta un amplio espectro de sintomas que comprenden afectaciones
neuroviscerales, oftalmoldgicas y dismorficas, y se divide en tres tipos en funcion de la edad
de aparicion clinica. La tipo | es la forma infantil severa de aparicidn anterior a los seis meses
de vida y de rapida progresion, se caracteriza por una regresién psicomotora, visceromegalia
y dismorfia facial y esquelética. La tipo Il es la forma infantil tardia o juvenil de aparicién
entre los siete meses y los tres afos de vida, y se caracteriza por retraso psicomotor y
cognitivo, estrabismo, debilidad muscular, letargia y bronconeumonia terminal. La tipo Il es
la forma adulta crénica de aparicién entre los tres y los treinta afios de vida, caracterizada
por una disfunciéon cerebelar, una distonia generalizada, problemas en el habla, corta
estatura y deformidades vertebrales (Suzuki et al., 2001). La esperanza de vida de los
pacientes es muy variable en funcidn del tipo de afectacién pudiendo llegar a adulto en las

formas mas leves (tipo Ill).

En la actualidad, el tratamiento para pacientes con gangliosidosis GM1 es sintomatico y de
soporte. La ERT es un posible enfoque terapéutico y se estan realizando ensayos clinicos,
actualmente en fase clinica Il (NCT 00037830), para pacientes clinicamente agrupados en el
tipo Ill (forma adulta). Ademas, se estan desarrollando nuevas aproximaciones terapéuticas
como el uso de una chaperona quimica (Matsuda et al., 2003; Suzuki et al., 2012), la SRT
(Elliot-Smith et al., 2008), la induccion de la autofagia y de la exocitosis (Maeda et al., 2015)
0 muy recientemente, la terapia génica (Weismann et al.,, 2015). El tratamiento con una
chaperona quimica, la N-octyl-4-epi-B-valienamine (NOEV) estd mostrando resultados
esperanzadores en modelos animales para ciertas mutaciones (Matsuda et al., 2003; Suzuki

et al,, 2012).

En la Tabla 1 se resumen los aspectos mas relevantes de cada una de las enfermedades

lisosomales implicadas en este estudio.
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ENFERMEDAD

INCIDENCIA

ENZIMA

MATERIAL
PRIMARIO
ACUMULADO

FORMAS
cLiNIcAS

AFECTACION
NEUROLOGICA

PRINCIPALES SINTOMAS

TRATAMIENTOS
DISPONIBLES

Enfermedad de Fabry
MIM #301500

Enfermedad de Gaucher
MIM #230800; #230900;
#231000

Enfermedad de
Niemann-Pick AB
MIM #257200; #607616

Mucopolisacaridosis tipo |
( Hurler-Scheie)
MIM #607014

Mucopolisacaridosis tipo Il
( Hunter)
MIM #309900

Mucopolisacaridosis tipo 1A
(Sanfilippo A) MIM #252900

Mucopolisacaridosis tipo 11IB
(Sanfilippo B) MIM #292920

Mucopolisacaridosis tipo llIC
(Sanfilippo C) MIM #252930

Mucopolisacaridosis tipo 111D
(Sanfilippo D) MIM #252940
Pompe
(Glucogenosis tipo 1)
MIM #232300
Gangliosidosis GM1
MIM #230500

1:40.000-
100.000

1:50.000-
100.000

0,5-1:
100.000

1:175.000

1:170 000

0,28-4,1:
100.000
0,28-4,1:
100.000
0,28-4,1:
100.000
0,28-4,1:
100.000

1:57.000-
138.000

1:100.000-
200.000

GLA

GBA

SMPD1

IDUA

IDS

SGSH

NAGLU

HGSNAT

GNS

GAA

GLB1

a-galactosidasa
EC. 3.2.1.22

glucocerebrosidasa
EC. 3.2.1.45

esfingomielinasa acida
EC3.1.4.12

a-L-iduronidasa
EC.3.2.1.76

iduronato 2-sulfatasa
EC3.1.6.13

heparan-N-sulfatasa
EC3.10.1.1

a-N-acetilglucosaminidasa
EC3.2.1.50

acetil CoA a-glucosaminida
acetiltransferasa
EC2.3.13

N-acetilglucosamina-6-
sulfatasa EC 3.1.6.14

a-1,4-glucosidasa acida
EC3.2.1.20

B-galactosidasa
EC3.2.1.23

Glucoesfingolipidos

Glucoesfingolipidos

Esfingomielina

Dermatan sulfato y
heparan sulfato

Dermatan sulfato y
heparan sulfato

Heparan sulfato

Heparan sulfato

Heparan sulfato

Heparan sulfato

Glucégeno

Ganglidsidos

Ly

AyB

Hurler;
Hurler/Schei
e; Scheie

Infantil,
juvenil y
adulto

LIty il

Tabla 1.- Caracteristicas de las enfermedades lisosomales objeto de este estudio

S|

SI(Ily 1)

S| (Subtipo A)

S|

S|

S|

S|

S|

S|

NO

S|

Dolor neuronopatico, angioqueratoma,

proteinuria, fallo renal y afectacion
cardiaca

Organomegalia, osteopatias y
citopenias.

Hepatosplenomegalia, deterioracion
pulmonar neurodegeneracion,
disfuncién cardiaca y del higado,
estigmas retlnales y problemas de
crecimiento

Facies toscas, retraso en el crecimiento,

multiples disostosis, rigidez articular,
opacidad corneal, cardiomiopatia,
insuficiencia respiratoria,
hepatosplenomegalia
Hernias, dismorfia facial,
hepatoesplenomegalia, regresion

psicomotora, déficit intelectual, sordera

y trastornos cardiorespiratorios
Dismorfismo leve, retraso en el
desarrollo, regresion, demencia y
retraso motor progresivo
Dismorfismo leve, retraso en el
desarrollo, regresion, demencia y
retraso motor progresivo
Dismorfismo leve, retraso en el
desarrollo, regresion, demencia y
retraso motor progresivo
Dimorfismo leve, retraso en el
desarrollo, regresion, demencia y
retraso motor progresivo

Hipotonia grave, cardiomiopatia

hipertréfica y hepatomegalia progresiva

Neurodegeneracion, dismorfias,
oftalmolopatia, visceromegalia

ERT

Trasplante de médula
Osea; ERT; SRT

Trasplante de médula
osea, ERT

Trasplante de médula
6sea; ERT

ERT

ERT
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2.2 Acidurias organicas

Las acidurias organicas son un conjunto de EMH de herencia autosémica recesiva causadas
por mutaciones en genes que codifican para enzimas involucradas en el metabolismo
intermediario de aminoacidos, carbohidratos y de la B-oxidacién de acidos grasos. La
deficiencia de una de estas enzimas provoca la acumulacién en diferentes tejidos de
precursores que pueden resultar tdxicos y su subsecuente excrecidén en la orina (Ozand y

Gascon 1991).

Se estima que la incidencia de estas enfermedades es de 3-4 en 100.000 nacidos vivos

(Sanderson et al., 2006).

Los sintomas de la mayoria de las acidurias organicas debutan en edad neonatal, tras un
periodo libre de afectacién, con vémitos, pérdida progresiva de masa corporal seguida de
hipotonia, movimientos inconexos, letargia progresiva y coma. Si no son tratadas a tiempo,
pueden dar lugar a una severa disfuncidon cerebral o incluso a una muerte prematura
(Dionisi-Vici et al., 2006). Una vez superada la fase aguda, los pacientes pueden presentar
clinica en forma de descompensaciéon metabdlica ante factores estresantes como infecciones
o cirugias (Kolker et al., 2013). También existen casos en los que la enfermedad se presenta
de forma tardia, con un cuadro clinico variable que va desde ataxias, comportamientos
anormales, rechazo de comidas con elevado contenido proteico y vomitos recurrentes a

encefalopatias severas (Dionisi-Vici et al., 2006; Kolker et al., 2013).

Bioquimicamente, las acidurias organicas se detectan debido a la aparicion de acidosis
metabodlica, cetosis e hiperamonemia, asi como de trombocitopenia, neutropenia o
pancitopenia. El diagndstico se realiza mediante cromatografia y espectrometria de masas.
Ademas algunas enfermedades se pueden detectar mediante cribado neonatal e incluso

antenatalmente en liquido amniético o vellosidades coriales (Kolker et al., 2013).

La mayoria de las acidurias orgdnicas pueden ser parcialmente tratadas mediante la
implementacién de dietas especificas por lo que su diagndstico precoz es vital. Existen
diferentes aproximaciones para tratar los episodios agudos, como por ejemplo una
alimentacion parenteral, procedimientos de eliminacion de toxinas, hemodialisis y

suplementacidn vitaminica (Lilliu, 2010). Los progresos obtenidos en el tratamiento de estas
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enfermedades han permitido incrementar la supervivencia de los pacientes, sin embargo, de
momento, no se ha conseguido frenar el desarrollo del trastorno neuronopatico (Dionisi-Vici

et al., 2006).

Las acidurias organicas mas frecuentes incluyen la aciduria propiénica, la metilmaldnica, la
isovalérica, la deficiencia de biotina y la aciduria glutarica tipo I. A continuacidon nos

centraremos en la aciduria glutdrica tipo |, enfermedad objeto de este estudio.

2.2.1 Aciduria glutarica tipo |

La aciduria glutarica tipo | (AG-I, MIM #231670) es una enfermedad autosdmica recesiva,
descrita por primera vez por Goodman y colaboradores en el afio 1975 (Goodman et al.,
1975). La causa de esta enfermedad reside en la deficiencia de la enzima mitocondrial

glutaril-CoA deshidrogenasa (GCDH, EC 1.3.99.7) codificada por el gen nuclear GCDH.
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Figura 4. Catabolismo de la lisina, hidroxilisina y triptéfano. Metabolitos acumulados en la
deficiencia de glutaril CoA deshidrogenasa.
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Esta enzima cataliza la deshidrogenaciéon y descarboxilacion de glutaril-CoA en la via

catabdlica de degradacion de la L-lisina, L-hidroxilisina y L-triptéfano (Figura 4).

La prevalencia de la enfermedad es de 1 por cada 100.000 nacidos vivos siendo mucho mas
elevada en ciertas poblaciones como los indios Ojibway de Canada y los Amish de

Pensilvania (Kolker et al., 2006).

Clinicamente se caracteriza por una presentacidon infantil con distonia y discinesia y una
degeneracion del nucleo estriado, en particular del caudado y del putamen. La caracteristica

bioquimica mas relevante es la elevada excrecion de los acidos glutdrico y 3-hidroxiglutarico.
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Figura 5. Plegamiento polipeptidico de la GCDH. A. Mondémero. B. Homotetramero, las subunidades
oro y purpura forman un dimero y las azul y verde otro dimero. Fu et al., 2004.

La proteina GCDH es un homotetramero unido de forma no covalente a una molécula de
FAD (Flavin Adenin Dinucledtido), cofactor natural del enzima. Es de codificacién nuclear y
cada monémero contiene una secuencia sefial N-terminal de 44 aminoacidos que permite su
direccionamiento a la mitocondria (Omura et al., 1998). Una vez procesada en la
mitocondria, cada subunidad contiene 394 aminodacidos y tiene un peso molecular de 43.5

kDa (Figura 5; Goodman et al., 1995).

La reaccion de deshidrogenacion es comun a todas las acil-CoA deshidrogenasas (ACD) y el
aminodcido Glu370 es el residuo catalitico que permite el intercambio de protones con el

cofactor FAD. De entre las ACDs, la reaccion de descarboxilacion es exclusiva de la enzima
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GCDH vy su funcién es facilitada por una red de aminoacidos que permiten la unién con el

hidrogeno: Arg94, Glu87, Tyr369, Ser95 y Thrl170 (Figura 5A) (Fu et al., 2004).

Las manifestaciones clinicas aparecen entre los 6 y los 18 meses de vida. El desarrollo del
neonato es normal hasta que se produce una primera crisis con vomitos, letargia vy
convulsiones en relacion a un episodio infeccioso. Mas adelante aparecen sintomas tales
como retraso psicomotor y movimientos distdnicos y discinéticos. A nivel neuroradiolégico
se observa una atrofia fronto-temporal que puede ir acompafiada de la formacion de quistes
aracnoideos. El caudado y el putamen se ven gravemente afectados a partir del episodio
encefalopatico. En cambio, la atrofia del lI6bulo frontal y temporal parece estar presente
desde el nacimiento (Baric et al., 1998). Es importante destacar que se han descrito
individuos asintomaticos (Busquets et al., 2000a) por lo que se postula que la alteracién
genética es una condicién necesaria pero no suficiente para que se desarrolle la

sintomatologia clinica de la enfermedad (Gregersen et al., 2001).

Asi pues, la AG-1 es una enfermedad autosdmica recesiva, con penetracion incompleta y una
elevada heterogeneidad alélica. En la actualidad se han descrito 167 mutaciones, el 82% de
las cuales son mutaciones “missense” o de cambio de sentido seguido de las mutaciones de
“splicing” (10%) y de las mutaciones “nonsense” o sin sentido (3%) (HGMD database
http://www.hgmd.cf.ac.uk/ consultado el 07 de octubre 2015). La mutacion p.Arg402Trp es
la mds prevalente en la poblacidn caucdsica (Hoffmann and Zschocke, 1999) y las mutaciones
p.Ala293Thr y p.Val400Met son las mas frecuentes en la poblacién espanola (Busquets et al.,

2000a).

No existe una correlacién clara entre el genotipo y el fenotipo de la enfermedad. La
severidad de la enfermedad dependerd generalmente del desarrollo de las crisis
encefalopaticas (siendo la primera determinante), y que, a su vez, dependen de una gran

variedad de factores (Christensen et al. 2004; Kolker et al. 2006).

La acumulacién cerebral de acido glutdrico y 3-hidroxiglutdrico se considera un factor de
riesgo bioquimico en la manifestacion de la patologia neurodegenerativa en pacientes
afectos de AG-I, por ello cualquier estrategia terapéutica capaz de disminuir estos

metabolitos tiende a ser neuroprotectora (Sauer et al., 2006).
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El tratamiento actual consiste basicamente en una dieta hipoproteica y en la administracion
de L-carnitina (Kolker et al., 2007). La suplementacién con L-carnitina permite secuestrar y
eliminar parte del exceso de glutaril-CoA en forma de glutarilcarnitina. Este tratamiento se
administra de por vida y requiere dosis mas elevadas durante los primeros afos del
desarrollo pudiendo dar lugar a efectos secundarios adversos en el tracto digestivo en forma

de diarreas recurrentes (Kolker et al., 2011).

A raiz del cribado neonatal y de la identificacién creciente de pacientes pre-sintomaticos, se
aprobd en 2007 un protocolo de tratamiento preventivo que comprende 30 consejos para el
correcto diagnostico, seguimiento y tratamiento de la enfermedad (Koélker et al., 2007;
revisado en 2011: Kélker et al., 2011). Se ha demostrado que parte de los pacientes tratados
en edad neonatal se mantienen asintomaticos en la infancia aunque se desconocen los
efectos a largo plazo de la posible acumulacién progresiva de metabolitos tdxicos en el

cerebro (Bijarnia et al., 2008; Boneh et al., 2008; Jafari et al., 2011).

En general, los pacientes no tratados cursan con una sucesion de episodios agudos
desencadenados por episodios infecciosos recurrentes o en otros casos la enfermedad se
mantiene estacionaria. La esperanza de vida es muy variable y dificil de predecir, aunque
aproximadamente la mitad de los pacientes fallecen durante la primera década de vida a
consecuencia de un episodio agudo. Algunos pacientes con dafios neuroldgicos severos

llegan a la edad adulta (Couce et al., 2013).
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3.- APROXIMACIONES TERAPEUTICAS EN EMH

En los ultimos afios, la capacidad de diagndstico de las EMH ha incrementado
exponencialmente si bien, la capacidad de tratamiento de estas enfermedades ha seguido
un avance mucho mas modesto. El conocimiento de la fisiopatologia es, a menudo,
fragmentado y por otra parte es dificil restablecer la homeostasis en todos los
compartimentos afectados. Aproximadamente alrededor de un 12% de las EMH tienen un
tratamiento eficaz, un 54% obtienen beneficios en un grado variable y un 34% no tiene
ningun tratamiento disponible (Scriver et al.,, 2001). Por todo ello urge el desarrollo de
nuevas estrategias terapéuticas. A continuacidon detallaremos las nuevas estrategias y
aproximaciones disponibles para el tratamiento de las enfermedades lisosomales vy la
aciduria glutdrica tipo I, con especial énfasis en las aproximaciones terapéuticas objeto de
esta tesis, por lo tanto no se incluyen los tratamientos mas convencionales como:
suplementacién dietética, reduccién de sustrato, trasplante de progenitores

hematopoyéticos, trasplante de drganos, terapia génica, ni terapia de sustitucidon enzimatica.

Las nuevas aproximaciones terapéuticas estan en gran parte enfocadas a paliar los efectos
que la enfermedad provoca en el sistema nervioso central (SNC), sistema gravemente

afectado en la mayor parte de las EMH.

3.1 Aproximaciones terapéuticas de diana general

En las aproximaciones terapéuticas de diana general, el tratamiento irda enfocado a la
restauraciéon de la homeostasis celular mediante una intervencion a nivel molecular,
pudiendo ser util no sélo para una enfermedad concreta, sino para diferentes grupos de
enfermedades. Estos son procesos generales, aunque en este apartado nos vamos a centrar
en las enfermedades lisosomales. Algunos ejemplos son la suplementacion con

antioxidantes (3.1.1), la activacidn de la autofagia y la activacion de la exocitosis (3.1.2).
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3.1.1 Suplementacion con antioxidantes en enfermedades lisosomales

3.1.1.1 Estrés oxidativo

Los radicales libres se generan a partir de productos aberrantes o incompletos, altamente
reactivos, e incrementan el estrés oxidativo celular repercutiendo negativamente en la
funcién lisosomal. De la misma forma que ocurre en la membrana mitocondrial, el oxigeno
es el aceptor final de la cadena de transporte de electrones lisosomal y da lugar a la
formacion de especies reactivas de oxigeno (ROS, del inglés Reactive Oxygen Species) (Gille y
Nohl, 2000). Por otro lado, se ha observado que una disfuncion del lisosoma da lugar a una
disminucion de agentes antioxidantes tales como el coenzima Qig (CoQyg) 0 la vitamina E

(Gille y Nohl, 2000; Copp et al., 1999; Xu et al., 2012).
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Figura 6. Mecanismo patogénico engendrado por estrés oxidativo en la enfermedad lisosomal de
Niemann-Pick tipo C. Modificado de Vazquez et al., 2012.
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El incremento de los niveles de ROS intracelulares genera una cascada de sefalizacidon
patogénica que desemboca en la apoptosis de la célula (Vazquez et al.,, 2012). El SNC es
especialmente sensible a este incremento de estrés oxidativo, ya que las neuronas tienen,
de forma constitutiva, niveles inferiores de glutation reducido; un potente antioxidante y
neutralizador de ROS (Butler y Bahr, 2006; Vazquez et al., 2012). Este hecho explicaria en
parte el severo impacto neuroldgico del estrés oxidativo observado en las enfermedades

lisosomales (Figura 6).

3.1.1.2 Terapia con antioxidantes

Diferentes estudios relacionan las enfermedades lisosomales con una deficiencia basal de
CoQyp y/0 una mejora fenotipica después de la administracién de antioxidantes. Un estudio
realizado en 37 pacientes afectos de la enfermedad de Niemann-Pick tipo C, mostré que
presentaban niveles de CoQo en plasma inferiores al rango control (Fu et al., 2010). En otro
estudio, realizado en modelos de ratén para la enfermedad de Krabbe, se observd que los
ratones recuperaban peso, motilidad y incrementaban su vida media después de Ia
administracion de un céctel de antioxidantes (Pannuzzo et al., 2010). Ademas, en un estudio
en pacientes afectos de la enfermedad de Sanfilippo B, se observé que los niveles de CoQgq
se encontraban en el rango bajo de los controles (Delgadillo et al., 2011). Por otro lado el
grupo liderado por el Dr. Zheng demostrd que la suplementacion con tocoferol (vitamina E)
era capaz de reducir el acimulo de colesterol en células de pacientes afectos de las
enfermedades de Niemann-Pick tipo C y Wolman. Los autores sugieren que este efecto
podria estar mediado por un incremento de calcio citosélico que, a su vez, conduciria a un
incremento de la exocitosis lisosomal (Xu et al., 2012). La exocitosis lisosomal consiste en el
vertido del contenido del lisosoma en el medio extracelular, mecanismo relevante al tratarse

de enfermedades de acumulo lisosomal.

Asi, antioxidantes como el CoQyy, las xantofilas, el L-glutation, el tocoferol, la N-acetilcisteina
y el acido lipoico (Pannuzzo et al., 2010; Lépez-Erauskin et al., 2011; Xu et al., 2012) se han
descrito como potenciales moléculas neutralizadoras de ROS, estabilizadoras de la

membrana lisosomal y potenciadoras de la exocitosis lisosomal.
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La diana terapéutica de los antioxidantes es independiente tanto del enzima mutado como
del material acumulado; pudiendo ser de utilidad para el tratamiento de todas las

enfermedades lisosomales independientemente de su origen.

3.1.2 Activacidon de la autofagia y de la exocitosis

3.1.2.1 Autofagia y exocitosis

La autofagia es un proceso catabdlico, altamente conservado en la evolucidn, en el cual el
material citoplasmatico a degradar es transportado a los lisosomas para su posterior
disgregacion. Este proceso presenta diferentes etapas: reconocimiento del material a
degradar, transporte hacia los lisosomas, catabolismo y reciclaje de los productos de

degradacion.
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Figura 7. Esquema de las diferentes vias autofdgicas en mamiferos y de las diferentes etapas de la
macroautofagia y la autofagia mediada por chaperonas. Hsc: proteina heat shock cognate de 70kDa;
hsp90: proteina heat shock de 90kDa; L2A: proteina asociada a la membrana tipo 2; KFERQ motif:
motivo diana; e-MI: microautofagia endosomal. Schneider et al., 2014.

En funcion de los componentes moleculares involucrados en cada una de las etapas se han

identificado 3 tipos de autofagia (Figura 7):

- Macroautofagia, dénde el material a degradar se encuentra secuestrado en una doble
membrana vesicular (el autofagosoma) que serd entregado a los lisosomas mediante fusion

vesicular.
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- Microautofagia, donde el material a degradar se internaliza en el lisosoma mediante

vesiculas que forman invaginaciones en la superficie de los lisosomas o endosomas tardios.

- Autofagia mediada por chaperonas, dénde no se requieren vesiculas y el material a
degradar es reconocido por chaperonas citosélicas que lo depositan en la superficie

lisosomal para su posterior internalizacion mediante un complejo de translocacién.

En el presente trabajo vamos a centrar nuestro estudio en la macroautofagia, a la que de

ahora en adelante nos referiremos como autofagia.
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Figura 8. Proceso de autofagia en mamiferos. Una sefal (por ejemplo la falta de nutrientes)
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desencadena la induccién de la formacidn de estructuras de doble membrana (los fagéforos) que,
una vez formados, fagocitan porciones de citoplasma junto con proteinas y organulos a degradar. El
complejo Atgl12-Atg5-Atgl6L y la proteina LC3:Il se localizan en el fagéforo durante todo el proceso
de formacién de los autofagosomas. Una vez formado, el complejo Atgl2-Atg5-Atgl6L se disocia de
la membrana mientras que LC3:1l permanece anclado. Finalmente el autofagosoma se fusiona con el
lisosoma dando lugar al autolisosoma y permitiendo la degradacién del material fagocitado mediante
las hidrolasas lisosomales. La posterior rotura del autolisosoma permite la liberacién de las unidades
a reciclar (aminodcidos, acidos grasos, azucares y nucledtidos). Modificado de
www.mit.edu/~sarkar/Research.html.

Durante el proceso de autofagia, se forman estructuras de doble membrana, los
autofagosomas, que fagocitan componentes intracelulares a degradar, incluyendo organulos

tales como las mitocondrias. Los autofagosomas se caracterizan por contener, tanto en su
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membrana como en su lumen, un ratio muy elevado de una proteina: LC3:ll. Esta proteina,
lipidada a partir de su precursor LC3:l por un complejo formado por proteinas Atg (Atgl2-
Atg5-Atgl6l), se encuentra exclusivamente en estas estructuras y tiene un papel
fundamental en la formacion y elongacién de los autofagosomas (Tanida et al., 2011).
Posteriormente, los autofagosomas se fusionan con los lisosomas permitiendo la
degradacion del material secuestrado mediante la intervencion de las hidrolasas lisosomales

(Figura 8, Tanida et al., 2008).

La autofagia contribuye a la supervivencia celular frente a situaciones de estrés y al recambio
de los organulos celulares dafiados. El flujo autofagico es regulado mediante sefales intra- o
extracelulares que incluyen: estrés oxidativo, factores de crecimiento, estrés relacionado con
el reticulo endoplasmatico, niveles de glucosa, niveles de aminodcidos y privacion de

nutrientes.
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Figura 9. Sefiales fisioldgicas que desencadenan la activacién de la autofagia y enfermedades

relacionadas. Tanida et al., 2011.

La activacién o inhibicion de la via se ha visto relacionada con diferentes patologias tales

como las enfermedades metabdlicas, el cancer, las enfermedades neurodegenerativas, las
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cardiomiopatias y el envejecimiento (Figura 9) (Rubinstein et al., 2010; Tanida et al., 2011;
Schneider et al., 2014). Por ello, el estudio de farmacos que regulen el flujo autofagico ha
emergido como una posible estrategia para el tratamiento de este tipo de enfermedades

(Rubinstein et al., 2012).

La actividad de la maquinaria autofagica se regula mediante sefializacién upstream (Figura
10). Existen diferentes sefiales que incluyen: factores de crecimiento, aminodcidos, glucosa y
niveles energéticos que se integran en la sefializacion regulada por una quinasa denominada

mTOR (mammalian Target Of Rapamycin).
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Figura 10. Principales vias de sefializacién y regulacién de la autofagia. A la izquierda, via de
sefializacion dependiente de mTOR vy a la derecha sefializacion independiente de mTOR. Rubinsztein
et al., 2012.

El mecanismo de induccion de la autofagia, como resultado de una privacidon celular de
nutrientes o del farmaco Rapamicina, se desencadena mediante la inhibicion del complejo 1
de mTOR (mTORC1). Este mecanismo se encuentra conservado desde levaduras hasta

mamiferos. El otro complejo que forma mTOR, mTORC2, no se regula directamente
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mediante Rapamicina pero también presenta un papel en la regulaciéon de la autofagia
mediante el control de la actividad del factor de transcripcion FOXO3 (forkhead box protein
03) (Rubinsztein et al. 2012). Este factor de transcripcion se ha visto implicado en la
induccion de la transcripciéon de genes implicados en la autofagia en células musculares

(Mammucari et al., 2007).
i) mMTORC1 y TFEB

Cuando los niveles de aminoacidos en la célula son elevados, mTORC1 se dirige a la
superficie lisosomal permitiendo su activacion mediante la GTPasa Rheb (Saucedo et al.,
2003). Es importante tener en cuenta que los lisosomas no solo sirven como plataforma
fisica para la activacidn de la via de regulacién autofdgica liderada por mTORC1, de hecho en
los ultimos afios se ha demostrado que la actividad mTORC1 y los lisosomas estan
intimamente interconectados.
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Figura 11. Regulacién de la funcidn lisosomal mediante mTOR en una situacién fisiolégica normal
(panel izquierdo) y de falta de nutrientes (panel derecho). En condiciones fisioldgicas normales (panel
izquierdo), mTORC1 activo promueve la retencidon de TFEB en el citosol. Ademas, los lisosomas se
dirigen hacia la periferia de la célula. Contrariamente, bajo una situacién de falta de nutrientes (panel
derecho), la inactivacion de mTOR permite la rapida traslocacién de TFEB en el nlcleo (1), la
induccidn de la biogénesis lisosomal (2), la activacion de la autofagia (3) y los cambios en el potencial
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de membrana lisosomal (5). Paralelamente, la inactivacion de mTORC1 también permite la fusién
entre autofagosomas y lisosomas (4). Después de largos periodos de falta de nutrientes, la
reactivacion de mTORC1 juega un papel critico a la hora de inducir la re-formacion de los lisosomas
(6). RHEB: Ras homolog enriched in brain; TFE3, transcription factor binding to IGHM enhancer 3;
TFEB, transcription factor EB; ULK, uncoordinated 51-like kinase; v-ATPase, vacuolar H+-adenosine
triphosphatase; ZKSCAN3, zinc finger with KRAB and SCAN domains 3. Puertollano, 2014.

Los niveles de aminoacidos en el interior del lumen lisosomal modulan directamente la
actividad mTORC1 mediante la ATPasa protdnica (Zoncu et al., 2011). Ademads estudios
recientes sugieren que mTORC1 podria tener un papel esencial en la funcion lisosomal

regulando su biogénesis, su distribucion y su actividad (Figura 11) (Puertollano, 2014).

Durante mucho tiempo se pensé que la expresidon de los genes lisosomales era constitutiva,
sin embargo durante los Ultimos anos se estd evidenciando que las células son capaces de
modular la actividad lisosomal en respuesta a su estado energético. Se ha descrito que el
Factor de Transcripcion EB (TFEB) promueve la expresion de una gran cantidad de proteinas
lisosomales y actualmente se considera un master gen regulador de la biogénesis lisosomal.
Una vez activado, TFEB se une a un motivo determinado de 10 pares de bases

(GTCACGTGAC), conocido como Coordinated Lysosomal Expression and Regulation (CLEAR).

Este motivo se encuentra en numerosos genes lisosomales permitiendo su transcripcion
mediante la activaciéon de TFEB (Sardiello et al., 2009). Es importante destacar que la

activacion de TFEB se regula mediante mTORC1 (Figura 12).

Settember et al. (2012), demostraron que, en situaciones fisiolédgicas normales, mTORC1
activado (situado en la membrana lisosomal) fosforila el factor de transcripcion TFEB en
diferentes residuos de serina. La fosforilacién de la serina 211 (Ser211) juega un papel crucial
ya que permite el secuestro de TFEB en el citosol mediante la chaperona 14-3-3 impidiendo
su traslocacién al nucleo para ejercer su funcién como factor de transcripcion (Martina et al.
2012). En condiciones de falta de nutrientes, se inactiva mTORC1, TFEB deja de fosforilarse
impidiendo su secuestro por la chaperona 14-3-3 y se transloca al nucleo donde promovera

la expresién de diferentes genes lisosomales (Puertollano, 2014).
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Figura 12. Regulacién de la transcripcién de genes lisosomales mediante mTOR y TFEB. (A) En
condiciones fisioldgicas y en ausencia de estrés celular, el complejo formado por la v-ATPasa,
Ragulator y las GTPasas Rag se encuentra activo y recluta mTORC1 en la superficie lisosomal dénde
MTORC1 se vuelve activo. mTORC1 activo y unido al lisosoma es capaz de unirse a TFEB y fosforilarlo
manteniéndolo en el citoplasma e impidiendo su traslocacién al nucleo. (B) Bajo condiciones de falta
de nutrientes o estrés lisosomal, se inactivan las GTPasas Rag liberando mTORC1 de la membrana
lisosomal y inactivdndola. TFEB deja de estar fosforilado y se transloca al nucleo donde activa la
expresion de diferentes genes involucrados en la biogénesis lisosomal y la autofagia. Settembre et
al., 2012.

TFEB también induce la transcripcién de genes reguladores del proceso de autofagia
incluyendo diferentes proteinas involucradas en la formacién de los autofagosomas y en la
fusion autofagosoma-lisosoma (Settembre et al., 2011). De este modo TFEB ejerce de link

entre los dos mayores mecanismos de degradacion celular: el proceso de autofagia y los

lisosomas.

ii) Exocitosis lisosomal

El proceso de exocitosis convencional consiste en el vertido de la carga de vesiculas
derivadas de la via reticulo endoplasmatico-Golgi en el medio extracelular mediante su

fusién con la membrana plasmatica (Morgan, 1995).

La exocitosis lisosomal forma parte de una via de secrecién no-convencional, en la que se
produce la fusién de una membrana no vesicular (procedente de autolisosomas o en algunos

casos de autofagosomas y endosomas) con la membrana plasmatica y el subsiguiente
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vertido de su carga en el medio extracelular (Nickel y Rabouille, 2009). El proceso responde a
sefales intracelulares de calcio que dirigen las interacciones de proteinas SNAREs entre el
lisosoma y la membrana plasmatica (Rao et al., 2004). La formacién de los complejos SNAREs
consiste en la interaccion de dos proteinas presentes en la superficie citosélica de la
membrana citoplasmatica: SNAP23 y sintaxina 4 con la proteina VAMP7 situada en la
membrana lisosomal, permitiendo el acercamiento lisosoma-membrana plasmadtica. La
liberacion de calcio intralisosomal mediada por la activacion de los canales de calcio TRMPL1
por PI(3,5)P2, promueve la fusién del lisosoma con la membrana plasmatica (Figura 13). Es
importante destacar que los genes involucrados en el acercamiento (“docking”) y fusién de

los lisosomas con la membrana plasmatica estan regulados por el factor de transcripcién

TFEB (Samie y Xu, 2014).

i

3
Lysosome
Mucleus m';—

Figura 13. Mecanismo molecular involucrado en la exocitosis lisosomal. Las Snares SNAP23 vy
sintaxina 4 junto con la proteina VAMP7 situada en la membrana lisosomal, permiten el
acercamiento lisosoma-membrana plasmatica. La liberacién de Ca®* intralisosomal mediada por la
activacion de los canales de calcio TRMPL1 por PI(3,5)P2, promueve la fusidn del lisosoma con la
membrana plasmatica. Samie y Xu, 2014.

Mutaciones en el gen que codifica para el canal de calcio TRMPL son el origen de la
mucolipidosis tipo IV, una enfermedad neurodegenerativa que cursa con retraso mental. A
nivel celular se observa un defecto del trafico lisosomal en todos los tipos celulares y un

acumulo de diferentes lipidos (Bassi et al., 2000). Esta acumulacidon no es debida a una

deficiencia de una enzima hidrolitica como en otras enfermedades lisosomales sino a un
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defecto en la fusién/fision de la membrana lisosomal con la membrana plasmatica durante

el proceso de exocitosis.

3.1.2.2 Autofagia, exocitosis y enfermedades lisosomales

A pesar de la diferencia quimica y estructural de los diferentes sustratos acumulados en las
LSDs, éstas presentan, en su mayoria, un fenotipo similar, sugiriendo la existencia de un
patron patogénico comun a todas ellas. Por ello, teniendo en cuenta la integracion de la
funcion lisosomal con los autofagosomas, era razonable pensar que existia un impacto

directo de las LSDs sobre el mecanismo de autofagia (Figura 14, Lieberman et al., 2012).

BLOQUEO DEL FLUJO

AUTOFAGICO
(Acumulacidn de autofagosomas)
g : l
Acumulacién de Acumulacion de
proteinas defectuosas mitocondrias
\]/ aberrantes

Dafo celular / estrés

v

Respuesta
inflamatoria

MUERTE CELULAR <

Figura 14. Cascada patogénica originada a partir del acimulo del metabolito primario en las
enfermedades lisosomales. Modificado de Lieberman et al., 2012.
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Durante los ultimos afios se ha analizado el mecanismo de autofagia en diferentes LSDs. En
todas ellas se ha observado un patrén recurrente de bloqueo del flujo autofagico que causa
una acumulacién secundaria de metabolitos y de sustratos autofagicos (proteinas
poliubiquitinizadas) asi como una disfuncién mitocondrial. Estas evidencias han llevado a la
comunidad cientifica a clasificar las enfermedades lisosomales como desdrdenes de la

autofagia (Settember et al., 2008).

Es interesante remarcar que se ha descrito una activacion anormal de mTOR en diferentes
LSDs, hecho similar al descrito en enfermedades neurodegenerativas como las
enfermedades de Alzheimer, Parkinson o Huntington. En estas enfermedades se ha
observado un bloqueo de la autofagia junto con la acumulacidn intraneuronal de agregados
proteicos, elementos clave para el desencadenamiento de la cascada patogénica
(Rubinsztein et al., 2006). Ravikumar y colaboradores (2004) demostraron que el
tratamiento con Rapamicina (agente inhibidor de mTORC1) era capaz de mejorar la
neuropatologia en un modelo de ratén de la enfermedad de Huntington via el incremento
de exocitosis de la huntingtina mediada por la autofagia. Estos resultados sugieren que un
incremento del flujo autofagico podria ser una aproximacion efectiva para reducir el

acumulo téxico lisosomal y por consiguiente la muerte celular en las LSDs.

Existe, sin embargo, cierta discrepancia sobre si la induccién de la autofagia y por
consiguiente de la exocitosis lisosomal, podria reducir el acimulo lisosomal a largo plazo.
Ciertos autores sugieren que el beneficio a nivel cerebral solo podria darse a corto plazo
debido a que las células scavenger también presentan deficiencia de la hidrolasa
correspondiente y tampoco podrian degradar el material exocitado. Sin embargo, existe otra
corriente que postula que el contenido exocitado podria ser transportado por el liquido

cefalorraquideo y el plasma y ser eliminado por la orina (Schultz et al., 2011).

3.1.2.3 Terapia con compuestos que regulan la autofagia

Diversas aproximaciones pretenden encontrar compuestos capaces de promover la
autofagia para reducir el acimulo lisosomal mediante exocitosis y prevenir la muerte celular
(Lieberman et al., 2012). Dado que la autofagia lisosomal viene regulada en gran parte por la

via de sefializacion mTOR y por el mastergen TFEB, estas moléculas se han convertido en
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posibles dianas terapéuticas (Rubinstein et al., 2012; Moskot et al., 2014). En este sentido se
esta investigando la posible modulacion del factor de transcripcion TFEB y se ha observado
gue su sobreexpresidon en diversas lineas celulares, entre ellas algunas de enfermedades
neurodegenerativas, genera nuevos lisosomas, incrementa la formacion de autofagosomas y
promueve la fusidon autofagosoma-lisosoma (Figura 15) (Sardiello et al., 2009; Dehay et al.,

2010; Settember et al., 2011; Medina et al., 2011; Tsunemi et al., 2012; Pastore et al., 2013).
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Figura 15. Nombre, composicion y referencia de distintos compuestos reportados en la literatura
como activadores de la autofagia.

En algunos modelos de enfermedades lisosomales se ha demostrado que la sobreexpresion
de TFEB mejora el fenotipo bioquimico de la enfermedad. Por ejemplo, un estudio en

miotubos y fibras musculares derivadas de pacientes afectos de la enfermedad de Pompe,
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mostrd que la sobreexpresidon de TFEB daba lugar a un incremento del docking y de la fusion
de los lisosomas con la membrana plasmatica, y a su vez a un incremento de la exocitosis y a
una clara disminucion de glucégeno; sustrato acumulado en esta enfermedad. Ademas se
observé un incremento de la formacion y renovacion de los autofagosomas (Spampanato et

al., 2013; Feeney et al., 2013).

En otro estudio realizado con células de pacientes afectos de lipofuscinosis neuronal
ceroidea, se demostrd que el compuesto 2- hydroxypropyl-8-cyclodextrin (HPBCD) era capaz
de activar el factor de transcripcion TFEB y que su administracion revertia el fenotipo
bioguimico de la enfermedad gracias al incremento del flujo autofagico (Song et al., 2014).
En un estudio anterior, cuando aln no se conocia el mecanismo de accidon del compuesto
HPBCD, se observdo que los modelos de ratén de la enfermedad de Niemann-Pick tipo C
tratados con HPBCD desarrollaban mas tardiamente la sintomatologia de la enfermedad,
manifestandose en un incremento de vida media, una disminucion de colesterol vy
gangliésidos acumulados en neuronas y una reducciéon de la neurodegeneracién. Sin
embargo estudios similares en modelos de ratén para las enfermedades de Sanfilippo Ay

Gangliosidosis tipo | no mostraron los mismos beneficios (Davidson et al., 2009).

Estos resultados preliminares son muy prometedores pero se requieren mas estudios que
exploren los diferentes efectos de los moduladores de la autofagia en diferentes puntos de
la via mTOR, tanto en modelos celulares como animales de diferentes enfermedades
lisosomales. Se espera que esta aproximacion pueda dar lugar al desarrollo de nuevos
farmacos eficaces para diversas LSDs (Lieberman et al., 2012). También se postula que un
incremento intermitente del flujo autofdgico podria ser terapéuticamente suficiente vy
permitiria disminuir los posibles efectos secundarios que ocasionaria una induccién

constitutiva de la autofagia (Rubinstein et al., 2012).

3.2 Aproximaciones terapéuticas especificas de mutacion

n o«

Las aproximaciones especificas del tipo de mutacion, “missense”, “nonsense” o “frameshift”
y de “splicing”, pueden ser utiles para un mismo tipo de mutacién en diferentes

enfermedades. A continuacion detallaremos los mecanismos y aproximaciones terapéuticas
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involucradas en los tipos de mutacion objeto de esta tesis: las mutaciones que dan lugar a la
aparicion de un coddén de terminacion prematuro (“nonsense” o “frameshift”) y las

mutaciones que afectan al plegamiento de la proteina (“missense”).

3.2.1 Sobrelectura de codones de terminacién prematuros

3.2.1.1 Mecanismo molecular del Nonsense Mediated mRNA Decay

El Nonsense Mediated mRNA Decay (NMD) es un mecanismo muy conservado
evolutivamente en eucariotas que permite reconocer y eliminar los transcritos aberrantes de
mMRNA para prevenir la formacidon de proteinas truncadas que podrian resultar nocivas para
la célula (Schoenberg y Maquat, 2012). EIl NMD juega un papel crucial en la prevencion del
posible efecto negativo-dominante de las proteinas truncadas generadas a causa de la
presencia de un coddn de terminacion prematuro (PTC). Sin embargo, diversas evidencias
también demuestran que el NMD podria acentuar la gravedad de ciertas enfermedades
recesivas ya que la degradacién de los mRNAs mutados impide la formacién de proteinas
truncadas con potencial actividad residual (Khajavi et al., 2006). Por ello, la variabilidad inter-
individual de la eficiencia del NMD podria repercutir en la gravedad fenotipica de una

enfermedad (Doma y Parker, 2007).

El mecanismo de accién del NMD se puede dividir en tres fases: la deteccién del mRNA
mutado, su marcaje y su destruccién. A continuacién detallaremos cada uno de estos pasos

recogidos en la figura 16.

- Deteccion del mRNA mutado: Cuando la lectura del ribosoma se detiene en un codoén de
terminacion, el factor de terminacidn eRF1 penetra en el sitio A del ribosoma vy
heterodimeriza con eRF3 que se engloba dentro del complejo SURF. Seguidamente, SURF se
une al complejo cap-binding (CBC) formando un loop en el mMRNA y creando la primera sefial
de activacion del NMD. Ademads, a consecuencia del proceso de splicing, los mRNAs también
se encuentran unidos a complejos multiprotéicos denominados exon-junction complexes
(EJCs) que estan situados a 20-24 nucledtidos upstream (hacia el coddn de inicio) de cada

union exon-exon (Le Hir et al., 2000).
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Figura 16. Mecanismo molecular del NMD. Popp y Maquat, 2013.

Si el ensamblaje eRF1-eRF3 tiene lugar a mdas de 50-55 nucledtidos upstream de un EJC, es

decir previo a una unién exén-exoén, el barrido del ribosoma efectuado durante la traduccidn
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habrd sido incapaz de hacer saltar fisicamente el o los EJC restantes desencadenando la
segunda y Ultima sefal de activacion del NMD. De forma general, los codones de
terminacidon naturales se situan en el Ultimo exdén por lo que la presencia de un EJC

downstream constituye una situacion aberrante (Popp y Maquat, 2013).

- Marcaje: En los transcritos donde aparecen las dos sefales, el complejo SURF se
asocia con las proteinas UPF2-UPF3, que forman parte del EJC dando lugar al supercomplejo
inductor del NMD (DECID) (Hwang et al., 2010). DECID constituye la etiqueta que activa el
mecanismo de degradacién del mRNA ya que permite la fosforilacion de la proteina UPF1.

(Popp y Maquat, 2013).

- Destruccion: UPF1-fosforilada recluta la endonucleasa SMG6 que desplaza UPF3 del
EJC creando un primer producto de degradaciéon que comprende el PTC y parte del DECID
(Kashima et al.,, 2010). Posteriormente UPF1 se une a UPF2 y mediante un cambio
conformacional estimula su actividad helicasa. La helicasa separa las proteinas del DECID que
son recicladas y genera un fragmento de mRNA que posteriormente es degradado por la
exoribonucleasa XRN1 (Franks et al., 2010). Ademas UPF1-fosforilada también recluta la
proteina SMG5 permitiendo la separacion del resto del mRNA del CBC y su posterior

degradacion 5°-3’ (Lejeune et al., 2003).

3 -most
EX0N-exon
AUG junction Ter
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Figura 17. Localizacién de PTC susceptibles o no de ser degradados por el mecanismo de NMD.
Maquat, 2004.
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Gracias a este mecanismo, la mayoria de los transcritos de mRNA que contengan un PTC son
degradados excepto si éste se sitla a menos de 55 nucledtidos upstream de un EJC o en el
ultimo exdn debido a las caracteristicas moleculares que rigen el NMD (Figura 17) (Kuzmiak y

Magquat, 2006).

3.2.1.2 Estrategia terapéutica

En humanos existen tres codones de terminacion, UAA, UAG y UGA, que son reconocidos
por factores de liberacién (eRFs) en lugar de por tRNAs como ocurre en los demds codones.
El final de la traduccion proteica ocurre cuando un codon de terminacién entra en el sitio A
del ribosoma y se une a eRF1. eRF1 tiene aproximadamente la misma estructura que un t-
RNA y forma un complejo con eRF3, una GTPasa que permite su desplazamiento al sitio P del

ribosoma para liberar la secuencia peptidica (Jackson et al., 2012).

Sin embargo, t-RNAs codificantes parcialmente complementarios (2 de 3 nucledtidos)
pueden, en cierta medida, penetrar en el sitio A y permitir que se inserte su aminoacido
correspondiente dando lugar a lo que se denomina sobrelectura de un codén de terminacién
o readthrough. Este proceso ocurre en un 0.01-1% de PTCs y 0.001-0.01% de codones de

terminacion naturales (Figura 18A) (Keeling et al., 2012).

Aproximadamente un 30% de las mutaciones causantes de enfermedades genéticas son
mutaciones “nonsense” que introducen un PTC y que darian lugar a una proteina truncada,
generalmente no funcional. En la mayoria de los casos, el mRNA portador de este tipo de

mutaciones es degradado por el mecanismo de NMD (Mendell y Dietz, 2001).

La terapia de sobrelectura de PTCs pretende incrementar la tasa basal de sobrelectura de
PTCs para permitir que se formen proteinas completas para obtener un beneficio

terapéutico (Figura 18B).

La Unica diferencia entre una proteina derivada de la sobrelectura y una proteina resultante

de una traduccion normal es el aminoacido insertado en el lugar del PTC.

70



Introduccion general

A i
F % !
= _
A _a— — B
() AR 1 ransianon
O T I——
S [T O o iemnmnanon
A N\ e — i mas
s = N . — ~99.U 70
r O A .
i o 1 . A
1 it T
n_ = »r
Nelld s e
_ _ — P .
M7 GEANNEG T ——— e Y LT i VT ... £\ 0\ . 0\
—TrT T ] = X
\T= = 7
T A
S~ S
N
3
N _
- Traneiatinnal
= _
= Readihrouah
= b
0 ~U. 1%
ALIA
—
near-cognate
aa-ikNA
P\
D SA
o. v
m _
j =) A
= JA—
wJ [
= eTTE—
= =iicweaaw
& — ~ N e—
y 2 L2 ~ N C——_—
7 - N —
E = L =
I g 1 F
f = 1 E
) gy '] o
L = 2 -
\‘ pmg II -t
N a— S =
e a—
P — = §
. — o — o
el P AAAA
MY Cnnnt — e —— T TN —TT —_. 1 1A A,
ey =5 B
1 o o ] ol
=
N f WA
s
T T T
T
oy
=
ut
-
OAmnn lycosides .
ogly Translational
Readthrough

~5% - 10%

near-cognate
aa-tRNA

Figura 18. Modelos de sobrelectura de PTCs. A) Sobrelectura fisioldgica. B) Sobrelectura inducida
mediante el uso de drogas como los aminoglicésidos. Keeling et al., 2012.

Las proteinas derivadas de la sobrelectura de PTCs presentan una mutacion “missense”
(excepto si se ha introducido el aminodcido original) y son total o parcialmente funcionales.
El uso de este tipo de terapia resultaria muy beneficioso para ciertas enfermedades

lisosomales teniendo en cuenta que un incremento del 5-10% de la actividad enzimatica

residual puede revertir el fenotipo clinico (Desnick et al., 1973).

En la actualidad se han descrito diferentes compuestos capaces de inducir la sobrelectura de

PTCs que se dividen bdsicamente en 2 grupos: los antibidticos aminoglicésidos y sus

derivados, y los compuestos no aminoglicésidos (Figura 19).
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Figura 19. Algunos compuestos descritos como activadores de la sobrelectura de PTCs.

Se ha demostrado, en modelos in vitro e in vivo, que estos compuestos son capaces de paliar
la patogenicidad de diferentes enfermedades genéticas mediante induccion de la
la distrofia muscular de

sobrelectura de PTCs: la fibrosis quistica (Rowe et al., 2011),

Duchenne (Kayali et al., 2012), la ataxia telangiectasia (Lai et al., 2004), el sindrome de Rett

(Vecsler et al., 2011), el sindrome de Usher (Goldmann et al., 2011), la enfermedad de Hurler
2012), 2013),

(Wang et al., la enfermedad de Maroteaux-Lamy (Bartolomeo et al.,

deficiencia de carnitina palmitoiltransferasa (Tan et al., 2011), la hemofilia (Yang et al.,

2007), la aciduria metilmaldnica (Buck et al., 2009), la lipofuscinosis ceroidea neuronal

(Sarkar et al., 2011) y la atrofia muscular espinal (Wolstencroft et al., 2005).

Aunque los antibidticos aminoglicdsidos muestran resultados esperanzadores, su toxicidad a
largo plazo (oto- y nefrotoxidad) impide su paso a fases clinicas avanzadas (Hutchin vy
Cortopassi, 1994; Mingeot-Leclercq y Tulkens, 1999). Los compuestos no-aminoglicdsidos

son terapéuticamente mas prometedores ya que no presentan funcion antibacteriana ni
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efectos secundarios aparentes. Entre ellos se encuentra el PTC124, actualmente en fase
clinica para diferentes enfermedades genéticas (fibrosis quistica, FQ; hemofilia y la distrofia
muscular de Duchenne, DMD) (Keeling y Bedwel, 2011). Lamentablemente los resultados
preliminares obtenidos en la fase Il para la DMD y la fase Ill para la FQ no han sido
concluyentes (Sheridan, 2013, Keeling et al., 2014). También es importante destacar que
existe cierta controversia en cuanto al efecto de sobrelectura del PTC124. Este compuesto
proviene de un cribado de moléculas capaces de inducir la sobrelectura de PTCs realizado
con luciferasa y se demostrd, a posteriori, que éste era un inhibidor competitivo, propiedad

gue podria haber falseado el ensayo (Auld et al., 2010).

Los antibidticos aminoglicdsidos son capaces de unirse y estabilizar la subunidad pequeiia
del ribosoma (40S) permitiendo incrementar la frecuencia de entrada de t-RNAs
codificantes. El compuesto PTC124, en cambio, estabilizaria la subunidad grande (60S) del
ribosoma (Rowe y Clancy, 2009). Se especuld que esta habilidad podria desencadenar la
sobrelectura de codones de terminacidn naturales, sin embargo diversas evidencias sugieren
gue no ocurre asi. En primer lugar, el tiempo de parada del ribosoma en el coddn stop
natural es inferior al de un PTC, reduciendo la ventana temporal de actuacion (Amrani et al.,
2004). Ademas, se ha demostrado que el CBC (situado en el extremo 5’) juega un papel
esencial durante la terminacién de la traduccion y que su proximidad al coddn stop es clave.
Los codones stop naturales se situan cerca de la cola poly(A) facilitando su asociacion con el
CBC y asegurando una éptima finalizacidon de la traduccién; en cambio los PTCs se situan de
forma aleatoria a lo largo del ORF disminuyendo la eficiencia de terminacion. Ademas,
generalmente los codones stop naturales se sitian en tandem al final de los ORFs para

asegurar la correcta terminacién de la traduccién (Liang et al., 2005).

Cabe destacar que se han analizado en diversos experimentos la extension de las proteinas
en presencia y ausencia de compuestos inductores de la sobrelectura de PTCs y no se han

observado diferencias significativas (Welch et al., 2007; Keeling et al., 2012).

Existe cierta jerarquia referente a la eficiencia de sobrelectura en funcién de los nucledtidos
que componen el PTC (UGA > UAG > UAA) ademas se inserta preferiblemente el aminoacido

glutamina (UAA y UAG) o triptofano (UGA) (Figura 20).
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Figura 20. Insercién de diferentes aminoacidos durante la sobrelectura de PTCs en funcidn de los
nucledtidos que componen el PTC.

Finalmente, se ha descrito que la secuencia nucleotidica que rodea el PTC es importante
para determinar la eficiencia de sobrelectura. Asi pues, en funcidon de los nucledtidos
presentes en las posiciones -1, -5, +4 y +8 flanqueantes al PTC se obtendra mayor o menor
eficiencia de sobrelectura, siendo el primer nucledtido downstream (+4) el mas
determinante (C > U > A > G) (Cassan y Rousset, 2001; Floquet et al., 2012). En la practica,
siguen existiendo factores desconocidos que dificultan la identificacién de los pacientes que
responderian mejor al tratamiento (Tan et al., 2011; Sanchez-Alcudia et al., 2012; Ho et al.,

2013).

Los efectos secundarios adversos, la especificidad de secuencia, asi como los resultados
preliminares decepcionantes de fases clinicas avanzadas subrayan la necesidad de encontrar,
mediante técnicas de high throughput screening o modelaje de moléculas conocidas, nuevos
hits mas eficaces y no toxicos. Otros autores estdn investigando la posibilidad de un
tratamiento sinérgico entre compuestos que inducen la sobrelectura e inhibidores del NMD
para incrementar la eficiencia de los primeros (Figura 21) (Bidou et al., 2012; Keeling et al.,

2013).
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Figura 21. Efecto de la combinacién de la terapia de sobrelectura de PTCs con la inhibicién del NMD.
Keeling et al., 2012.

3.2.2 Chaperonas farmacoldgicas

3.2.2.1 Mecanismos moleculares gue regulan el plegamiento proteico

Las proteinas necesitan adquirir una determinada conformacion tridimensional para su
correcto funcionamiento. Aunque, a priori, podrian adoptar multitud de conformaciones
aleatorias, cada cadena polipeptidica contiene en su estructura primaria la informacién
necesaria para alcanzar su conformacién funcional (o estado nativo) (Anfinsen, 1973). Este

proceso, altamente regulado, tiene lugar en el reticulo endoplasmatico (Gomes, 2012).

Las proteinas mal plegadas exponen residuos hidrofdbicos (en forma de laminas beta) que
tienden a crear contactos intermoleculares formando agregados proteicos altamente
nocivos para la célula. El plegamiento incorrecto de una proteina puede ocurrir de forma
natural y aleatoria -siendo mas probable en proteinas portadoras de motivos aminoacidicos
recurrentes (ej: poliglutaminas en la proteina huntingtina)- o a causa de la presencia de
mutaciones “missense”. Por ello existe un sistema de control de calidad asociado al reticulo
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endoplasmatico (ERAD) que regula la homeostasis proteica asistiendo la biogénesis, el
plegamiento y la posible degradacion de las proteinas. Ademas, pequefias moléculas
denominadas chaperonas, asisten y catalizan este proceso ayudando las proteinas a superar
las diferentes barreras energéticas encontradas para alcanzar su conformacion nativa (Figura

22) (Muntau et al., 2014).

% Unfolded

Chaperones

Chape'rones
N A

<«

= _ Foldin_g .y |
o intermediates g \
v £ )
S 6}
Partially .
folded Oligomers
M, states
. Amorphous
Native aggregates
state
Amyloid fibrils
Intramolecular contacts Intermolecular contacts

Figura 22. Panorama energético del plegamiento de las proteinas. Muntau et al., 2014.

Existen diferentes chaperonas, generalmente denominadas heat shock proteins (Hsp),
clasificadas en funcién de su peso molecular (Ej: Hsp70, Hsp90, etc.), que ayudan las
proteinas en el proceso de plegamiento. La transcripcion de chaperonas se regula
positivamente en situaciones de estrés celular, en las cuales existe un claro incremento de
agregados proteicos (Vabulas et al.,, 2010). Las primeras en actuar son las chaperonas de
unién al ribosoma (Hsp40, NAC) que estabilizan el polipéptido naciente y evitan la formacion
de contactos intermoleculares. Una vez acabada la traduccion, otras chaperonas (Hsp70s) se

encargan de promover el correcto plegamiento proteico. Las proteinas mas reticentes son
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transportadas hacia las chaperoninas (Hsp60s) que forman estructuras en barril capaces de
encapsular las proteinas creando un entorno propicio para el plegamiento. Finalmente, si
una proteina no es capaz de adoptar su conformacidn nativa sera etiquetada mediante
enlaces covalentes con diferentes moléculas de ubiquitina, transportada y posteriormente

degradada en el proteasoma (Figura 23) (Muntau et al., 2014).
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Figura 23. Plegamiento proteico. Reynaud et al., 2010.

3.2.2.2 Terapia con chaperonas farmacoldgicas

Cerca de un 70% de los cambios puntuales causantes de enfermedad son mutaciones
“missense” (Wang et al., 2005). La mayoria no afectan directamente la funcionalidad de la
proteina sino su plegamiento, por lo que se denominan mutaciones conformacionales y la
desregulacidon de la homeostasis proteica causada por este tipo de mutaciones da lugar a las
denominadas enfermedades conformacionales. Estas pueden ser fruto de una ganancia de
funcién de la proteina (ej: las enfermedades de Alzheimer, Parkinson o Huntington) o de una
pérdida de funcidén, grupo al que pertenecen la mayoria de las EMH y en el que nos
centraremos de ahora en adelante. En estos casos, la pérdida de funcién es el resultado de la

degradacion por el proteasoma de una proteina mal plegada a causa de una mutacién
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“missense”. Por lo tanto, la causa de la enfermedad no es una pérdida de la funcién
catalitica de la proteina sino el resultado de la degradacion de una proteina aberrante

(Parenti et al., 2013).

Durante los ultimos afios se han desarrollado aproximaciones terapéuticas mediante el uso
de moléculas de bajo peso molecular, denominadas chaperonas farmacoldgicas (PC, del
inglés pharmacological chaperone). Las PCs interaccionan con proteinas mutadas
determinadas promoviendo su correcto plegamiento e incrementando su estabilidad. Esta
interaccion permite evitar la degradacién proteica por el sistema ERAD y rescatar
parcialmente su actividad. Esta aproximacion es relevante para todas las enfermedades
genéticas que presenten un elevado ratio de mutaciones conformacionales y dénde un
modesto incremento de la actividad residual de la proteina pueda resultar terapéuticamente

beneficioso para el paciente.

Las PCs tienen ademas claras ventajas terapéuticas frente a otras aproximaciones ya que al
ser moléculas de bajo peso molecular, incrementan la probabilidad de atravesar la barrera
hematoencefélica (BBB, del inglés Blood Brain Barrier) y actuar a nivel del SNC, pueden
administrarse oralmente, su especificidad permite utilizar dosis muy bajas y finalmente, no

suelen presentar inmunoreactividad.

Por otra parte existen ciertas limitaciones. Este tratamiento solo es eficaz para un
determinado tipo de mutacion y muchas de las PCs descritas hasta la fecha son inhibidores
competitivos de sus enzimas diana, reduciendo su ventana de actuacion (Figura 24). Sin
embargo, estas limitaciones se estan superando mediante el descubrimiento de nuevos
compuestos que interaccionan en otros dominios proteicos, gracias a nuevas metodologias
de cribado que no dependen de la actividad enzimatica como la técnica de differencial

scanning fluorimetry (Niesen et al., 2007).

La eficacia de estos compuestos se ha demostrado in vivo en modelos animales y humanos y
actualmente se estdn llevando a cabo ensayos clinicos en diferentes enfermedades genéticas
con resultados preliminares prometedores (Tabla 2; revisado en Leidenheimer y Ryder,

2014; Valenzano et al.,, 2011; Suzuki, 2014). Ademadas se estima que su uso como
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medicamento complementario a otras terapias (ERT, terapia génica, etc.) podria ser muy

beneficioso (Valenzano et al., 2011; Muntau et al., 2014).
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Figura 24. Mecanismo de actuacién de las chaperonas farmacoldgicas. En rojo las PCs inhibidoras
competitivas y en verde las no competitivas. www.minoryx.com.
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ENFERMEDAD

MIM

Aciduria Metilmaldénica CbIB #251110

Aciduria Glutarica

Fabry

Fenilcetonuria

Fibrosis Quistica

Gaucher

Gangliosidosis GM1

Gangliosidosis GM2

Homocistinuria

Hipercolesterolemia
familiar

#231670

#301500

#261600

#219700

#230800
#230900
#231000

#230500

#272800
#268800

#236200

#143890

CHAPERONA FARMACOLOGICA
N-{[(4-

chlorophenyl)carbamothioyl]lamino}-

2-phenylacetamide
FAD (cofactor natural)

Galactose
DGJ / AT1001 / Amigal

Benzylhydantoin

Sapropterin dihydrochloride, BH4

RDR1
VX-809

NN-DNJ y derivados

NOV
Ambroxol
Diltiazem

NOEV

DGJ y derivados

Galactosa
NGT
ADNJ
M-22971; M-45373; M-21850
Pyrimethamine
Betaine, Taurine

4-fenilbutirato

FASE CLINICA

Preclinica

Preclinica
Preclinica
Fase Il

Preclinica
Medicamento
aprobado
Preclinica

Preclinica
Preclinica

Preclinica
Estudio piloto
Preclinica
Preclinica

Preclinica

Preclinica
Preclinica
Preclinica
Preclinica
Fase Il
Preclinica

Preclinica

REFERENCIA

Jorge-Finnigan et al., 2013

Lucas et al., 2011
Okumiya et al., 1995; Frustaci et al., 2001
Fan et al., 1999; NCT00526071

Pey et al., 2008; Santos-Sierra et al., 2012
Utz et al., 2012

Sampson et al., 2011

Ren et al., 2013
Sawkar et al., 2002; Yu et al., 2006; Sanchez-Ollé et al.,
2009; Frohlich et al., 2010
Lin et al., 2004
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Maegawa et al., 2007; Clarke et al., 2011; NCT01102686
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ENFERMEDAD MIM CHAPERONA FARMACOLOGICA FASE CLINICA REFERENCIA

Polineuropatia Amiloidea Medicamento

. #105210 Tafamidis (Fx-10062) Bulawa et al., 2012

familiar aprobado
. Okumiya et al., 2007; Parenti et al., 2007 Flanagan et al.,
Pompe #232300 DNJ y derivados Fase Il 2009; NCT00688597
Krabbe #245200 a-Lobeline Preclinica Lee et al., 2010
Lipofuscinosis Neuronal ,
. #204200 CS38 Preclinica Dawson et al., 2010

Ceroidea
Retinitis Pigmentosa #613801 Calnexina Preclinica Noorwez et al., 2009;
Sanfilippo C #232930 Glucosamine Preclinica Feldhammer et al., 2009
Zellweger #214110 GF109203x,; Ro 31-8220 Preclinica Zhang et al., 2010

Tabla 2. Ejemplos de chaperonas farmacoldgicas descritas en enfermedades genéticas.
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Objetivos

El objetivo de esta tesis consiste en desarrollar diferentes aproximaciones terapéuticas en
enfermedades metabdlicas hereditarias mediante el uso de moléculas de bajo peso

molecular. Para ello, nos hemos centrado en tres aproximaciones diferentes:

1.- Antioxidantes:

1.1.-Valorar el uso de terapias con agentes antioxidantes en el sindrome de

Sanfilippo.

2.- Chaperonas farmacoldgicas:

2.1.- Desarrollar un método de cribado de chaperonas farmacoldgicas para la aciduria

glutdrica tipo I.

2.2.- Validar un modelo de células iPS para el estudio de chaperonas farmacolégicas

en la enfermedad de Gaucher.

3.- Compuestos activadores de la sobrelectura de codones de terminacidén prematuros:

3.1.-Poner a punto un método de cribado para identificar compuestos capaces de

promover la sobrelectura de codones de terminacién prematuros.

3.2.- Validar la eficacia de los compuestos positivos al cribado en las diferentes lineas

celulares, previamente identificadas, con posibilidad de respuesta terapéutica.
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PRESENTACION DE LOS RESULTADOS

El trabajo realizado a lo largo de esta tesis se centra en la busqueda de nuevas estrategias y
agentes terapéuticos que puedan ser Utiles para el tratamiento de enfermedades
metabdlicas hereditarias y mas concretamente de las enfermedades lisosomales (articulos 1,
3,4 y5)yde laaciduria glutdrica tipo | (articulo 2).

Las publicaciones de este compendio se han estructurado en diferentes capitulos en funcién

del tipo de aproximacién terapéutica utilizada:

1.- ANTIOXIDANTES

Articulo 1. Matalonga et al. J Inherit Metab Dis (2014); 37(3):439-446

2.- CHAPERONAS FARMACOLOGICAS

Articulo 2. Matalonga et al. [en preparacion]
Articulo 3. Tiscornia et al. Hum Mol Genet (2013); 22(4):633-645

3.- COMPUESTOS CAPACES DE INDUCIR LA SOBRELECTURA DE CODONES DE TERMINACION
PREMATURA

Articulo 4. Matalonga et al. Neurotherapeutics (2015); 12(4):874-886

4.- COMPUESTOS ACTIVADORES DE LA AUTOFAGIA Y DE LA EXOCITOSIS LISOSOMAL

A raiz del cribado de compuestos con posible actividad de sobrelectura de PTCs, hemos
identificado y patentado un compuesto capaz de promover la autofagia y la exocitosis

lisosomal.

Articulo 5. Matalonga et al. [en preparacion]
Patente: WO 2015/097088 Al
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1.- ANTIOXIDANTES

ARTICULO 1

Titulo: Treatment effect of coenzyme Qyo and an antioxidant cocktail in

fibroblasts of patients with Sanfilippo disease
Autores: Matalonga L, Arias A, Coll MJ, Garcia-Villoria J, Gort L, Ribes A.
Revista: J Inherit Metab Dis. 2014 May; 37(3):439-46. Factor de impacto: 4.01 (1er cuartil:

Genetics and Heredity).

RESUMEN

El Coenzima Q0 (CoQyo) es un potente antioxidante presente en un gran numero de
procesos metabdlicos. Una de sus multiples funciones es su papel en el intercambio de
electrones que tiene lugar en la membrana lisosomal para la traslocacion de protones hacia
el lumen, contribuyendo a la acidificacion del medio intralisosomal. Esta acidificacion es
esencial para la activacion de la funcion proteolitica de las hidrolasas lisosomales. La
deficiencia de una de estas hidrolasas da lugar a un amplio rango de enfermedades
lisosomales, entre las cuales se encuentra la enfermedad de Sanfilippo que presenta, entre

otras manifestaciones bioquimicas, un incremento del estrés oxidativo.

El objetivo de este trabajo consiste en evaluar si el tratamiento con CoQig 0 con un coctel de
antioxidantes (a-tocoferol, N-acetilcisteina y a-acido lipoico) es capaz de aliviar el fenotipo
bioguimico de la enfermedad de Sanfilippo A y Sanfilippo B, en fibroblastos de pacientes

afectos.

Para llevar a cabo este estudio se analizaron pre y post tratamiento: los niveles de CoQjq, la
via de biosintesis del CoQy, las actividades enzimaticas deficientes en Sanfilippo A (Heparan-
N-sulfatasa) y Sanfilippo B (a-N-acetilglucosaminidasa), los niveles de glucosaminoglucanos
(GAGSs) intracelulares y la exocitosis lisosomal en fibroblastos de cinco pacientes, tres de

ellos afectos de la enfermedad de Sanfilippo Ay dos de Sanfilippo B.

El analisis de los niveles de CoQiq basales de cada una de las lineas celulares mostré que
existia una disminucion de CoQ;g Unicamente en pacientes Sanfilippo A. No se encontré
ninguna disfuncion en el estudio de la via de biosintesis del CoQy¢ en estos pacientes, por lo
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gue se descartd la existencia de una deficiencia primaria y se demostré, por primera vez, que

existia una deficiencia secundaria de CoQgp en pacientes Sanfilippo A.

Posteriormente se trataron todas las lineas celulares con CoQ;o en comparaciéon con un
coctel de antioxidantes. Observamos que los fibroblastos tratados con CoQg derivados de
pacientes Sanfilippo B, a diferencia de los de Sanfilippo A, mostraban un incremento
significativo de la actividad a-N-acetilglucosaminidasa, mientras que el tratamiento con el
coctel de antioxidantes no mostrd ningun efecto en la actividad enzimatica residual de las
lineas celulares que se analizaron. Ademas, observamos que una de las lineas celulares
Sanfilippo A y dos de Sanfilippo B mostraban una disminucidn significativa de los niveles de
GAGs después del tratamiento tanto con CoQis como con el cdctel de antioxidantes.
Paralelamente estudiamos los niveles de exocitosis lisosomal y observamos que estas
mismas tres lineas celulares presentaban un incremento significativo de los niveles de

exocitosis lisosomal, lo que explicaria la disminucion de GAGs.

Estos resultados son prometedores ya que se han podido restaurar ciertas alteraciones
bioquimicas de diferentes pacientes Sanfilippo A y Sanfilippo B mediante el tratamiento con

CoQyq u otros antioxidantes.
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Abstract Coenzyme Q¢ (CoQ;o) plays a key role in the
exchange of electrons in lysosomal membrane, which contrib-
utes to protons’ translocation into the lumen and to the acid-
ification of intra-lysosomal medium, which is essential for the
proteolytic function of hydrolases responsible -when
deficient- of a wide range of inherited lysosomal diseases such
as Sanfilippo syndromes. Our aim was to evaluate whether
treatment with CoQ,( or with an antioxidant cocktail («x-
tocopherol, N-acetylcysteine and o-lipoic acid) were able to
ameliorate the biochemical phenotype in cultured fibroblasts
of Sanfilippo patients. Basal CoQ;, was analyzed in fibro-
blasts and Sanfilippo A patients showed decreased basal
levels. However, no dysfunction in the CoQ;q biosynthesis
pathways was found, revealing for the first time a secondary
CoQ deficiency in Sanfilippo A fibroblasts. Cultured fibro-
blasts from five patients affected by Sanfilippo A and B
diseases were treated with CoQ and an antioxidant cocktail.
Upon CoQ treatment, none of the Sanfilippo A fibroblasts
increased their residual enzymatic activity, but the two
Sanfilippo B cell lines showed a statistically significant in-
crease of their residual activity. The antioxidant treatment had
no effect on the residual activity in all tested cell lines.
Moreover, one Sanfilippo A and two Sanfilippo B fibroblasts
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showed a statistically significant reduction of glycosamino-
glycans accumulation both, after 50 pmol/L CoQ;( and anti-
oxidant treatment. Fibroblasts responsive to treatment en-
hanced their exocytosis levels. Our results are encouraging
as some cellular alterations observed in Sanfilippo syndrome
can be partially restored by CoQ; or other antioxidant treat-
ment in some patients.

Introduction

Coenzyme Qp( (CoQqy) is a lipophilic molecule synthesized
in all cells (no dietary uptake is required) and is present in all
membranes in eukaryotic organisms. The best known function
is its role as electron carrier in the mitochondrial respiratory
chain. However, more functions are attributed to CoQ;¢ and it
is currently known that it participates in a great number of
metabolic processes such as prevention of lipid, protein and
DNA oxidation; regulation of mitochondrial uncoupling pro-
teins; formation of mitochondrial permeability transition
pores; pyrimidine nucleoside biosynthesis and apoptosis
(Turunen et al 2004).

Although CoQ has a prominent role in the mitochondrial
respiratory chain by transporting electrons from complex I and
complex II to complex III, both the lysosomal and mitochon-
drial membranes contain similar proportions of CoQq
(Turunen et al 2004). In fact, several studies have shown that
CoQ g also plays a key role in the exchange of electrons in the
lysosomal membrane, which contributes to protons’ translo-
cation into the lumen and to the acidification of the intra-
lysosomal medium (Gille and Nohl 2000). Acidification is
essential for the proteolytic function of intra-lysosomal hydro-
lases since these enzymes require acid pH for optimal activi-
ties. As it occurs in the mitochondrial respiratory chain, oxy-
gen is the final electron acceptor in the lysosomal electron
transport chain and can potentially trigger the onset of reactive
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oxygen species (ROS) which are harmful for the cell. The
reduced form of CoQ in the lysosomal bilayer protects the
membrane from oxidative stress (Gille and Nohl 2000). Other
compounds such as xanthophylls, L-glutathione (Pannuzzo
et al 2010), - and «-tocopherol (Xu et al 2012), N-
acetylcysteine and «-lipoic acid (Lopez-Erauskin et al 2011)
have been described as potent antioxidants that are neutraliz-
ing ROS, stabilizing lysosomal membranes and exocyting its
content.

In addition, the deficiency of CoQq in the mitochondria
has an indirect impact on the lysosome through a natural
process called mitophagy (mitochondrial autophagy by lyso-
somes), triggered in the presence of mitochondrial membrane
disaggregation. This regulatory process, which is observable
under normal conditions, seems to be increased in cells from
patients with CoQ;( deficiency. When mitophagy occurs there
is a significant increase of the activity of all lysosomal en-
zymes. This effect was reversed when the cell culture medium
was complemented with CoQ;o (Rodriguez-Hernandez et al
2009).

Several evidences related lysosomal diseases with CoQ
deficiency or with an amelioration of the phenotype under
antioxidant administration in animal models. In fact, a study
of 37 patients affected by Niemann-Pick type C disease
showed that CoQ;¢ was low in all of them (Fu et al 2010).
Furthermore, in a mouse model study of Krabbe disease, it
was observed that mice recovered weight, motility and ex-
tended their half-life after the administration of a cocktail of
antioxidants (Pannuzzo et al 2010). In addition, Delgadillo
et al (2011) observed that CoQ,( levels in plasma of
Sanfilippo B patients were in the low range of the controls.
Moreover, Xu et al (2012) demonstrated that tocopherol re-
duces cholesterol accumulation and alleviates cellular pheno-
type of Niemann-Pick type C and Wolman diseases and
suggested that the pharmacological effect may be mediated
by stimulating an increase in cytosolic Ca>" that enhances
lysosomal exocytosis. These authors speculated that this
mechanism appears to be independent of either the mutant
enzyme or the storage material and might alleviate the pheno-
type of all lysosomal storage diseases (LSDs) in cells.

Mucopolysaccharidosis type III or Sanfilippo disease is a
LSD caused by a deficiency in one of the four enzymes
catalyzing the degradation of heparan sulphate: heparan N-
sulfatase is deficient in type A (OMIM #252900), o«-N-
acetylglucosaminidase in type B (OMIM #252920), acetyl-
CoA-oa-glucosamide-acetyltransferase in type C (OMIM
#252930), and N-acetyl-glucosamine-6-sulfatase in type D
(OMIM #252940). Clinically these patients are characterized
by severe progressive dementia with distinct behavioral dis-
turbances and mild somatic disease. None of the pre-existing
treatments, including enzyme replacement therapy (Germain
2005), hematopoietic stem cell transplantation (Krivit 2004),
substrate reduction therapy (Jakobkiewicz-Banecka et al
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2007), chaperone mediated therapy (de Ruijter et al 2011) or
gene therapy (Ellinwood et al 2010) showed clinical improve-
ment in these patients so far.

The aim of our study was to elucidate whether treatment
with CoQ)q or a cocktail of antioxidants were able to amelio-
rate the biochemical phenotype in fibroblasts of Sanfilippo A
and B patients before attempting future therapeutic
approaches.

Materials and methods
Patients

Primary skin cultured fibroblasts from five patients with either
Sanfilippo A (P1, P2, P3) or Sanfilippo B (P4, P5) diseases
were grown in Dulbecco’s modified Eagles medium (DMEM)
with 10 % fetal bovine serum and antibiotics (penicillin and
streptomycin), at 37 °C with 5 % CO,. All reagents were
purchased from PAA Laboratories (Velizy-Villacoublay,
France). Patients were selected on the basis of fibroblasts
availability and measurable residual enzymatic activity.
Patients’ genotype, enzymatic activity and CoQq levels are
shown in Table 1. The use of human samples was approved by
the Ethical Committee of Hospital Clinic, Barcelona.

Treatment and cell viability

Primary cultured human skin fibroblasts between five and
nine passages were plated in 6-well plates and were treated
during 72 h (according to Xu et al 2012) with different
concentrations of CoQqo: 10 wmol/L, 20 umol/L, 30 pmol/
L, 50 umol/L, and 100 pmol/L or a cocktail of antioxidants at
doses previously reported in fibroblasts (Lopez-Erauskin et al
2011): «-tocopherol at 500 nmol/L, N-acetylcysteine at
50 umol/L and «-lipoic acid at 50 pmol/L, all purchased from
Santa Cruz Biotechnology (Santa Cruz, USA).

Cell viability was evaluated for each treatment by 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenil tetrazolium bromide
(MTT) assay (Sigma-aldrich, St.Louis, USA) as described
by Sumantran (2011).

Enzymatic activities

Fibroblasts were harvested and rinsed twice with physiologi-
cal serum and lysed by three freeze-thaw cycles. Protein
concentration was measured using the BioRad DC Protein
Assay (Bio-Rad Laboratories, S.A, Alcobendas, Madrid).
Equal amounts of protein lysates (10 L) were seeded in white
96-well plates and the corresponding enzymatic activities,
Heparan-N-sulfatase (EC 3.10.1.1) for Sanfilippo A and o-
N-acetylglucosaminidase (EC 3.2.1.50) for Sanfilippo B,
were determined in triplicate using a fluorimetric assay with



J Inherit Metab Dis (2014) 37:439-446

441

Table 1 Genotype, enzymatic activity and CoQ levels of patients’ fibroblasts

Patient Disease Gene Genotype Effect on protein Residual enzymatic Passage CoQiq
activity (nmol/h/mg) number (nmolCoQ/UCS)

P1 Sanfilippo A SGSH  ¢.[1339G>A];[1339G>A] p.[Glu447Lys];[Glu447Lys] 0.17 7/9 1.3

P2 Sanfilippo A SGSH  c.[221G>A];[221G>A]  p.[Arg74Cys];[Arg74Cys]  0.15 8/9 0.9

P3 Sanfilippo A SGSH  c¢.[1297C>T];[1297C>T]  p.[Arg433Trp];[Arg433Trp] 0.17 8/9 0.7

P4 Sanfilippo B NAGLU c¢.[112C>T];[112C>T] p-[Arg38Trp];[Arg38Trp] 0.46 6/7 291

P5 Sanfilippo B NAGLU ¢.[503G>A];[1696C>T]  p.[Trpl168X];[GIn566X] 0.78 7/9 2.74

Reference - - - - 27.1-84.7 (Sanfilippo A) 5/10 2.0-2.9

range 70-486  (Sanfilippo B)

4-methylumbelliferyl artificial substrates (Annunziata and
Dimatteo 1978): 4-Methylumbelliferyl-a-N-
sulphoglucosaminide purchased from Moscerdam
(Oegstgeest, Netherlands) for Sanfilippo A and 4-
Methylumbelliferyl-2-acetamido-2-deoxy-«-D-
glucopyranoside purchased from Calbiochem (Whitehouse,
USA) for Sanfilippo B. Sanfilippo A determination was per-
formed following exactly the recommendations of
Moscerdam (Karpova et al 1996). For Sanfilippo B determi-
nation, the artificial substrate was prepared with phosphate
(0.2 mol/L)/citrate (0.1 mol/L) buffer at pH 4.7 and incubated
for 17 h at 37 °C. Both reactions (Heparan-N-sulfatase and oc-
N-acetylglucosaminidase activities) were stopped with
200 pL of carbonate buffer (0.5 mol/L) at pH 10.7.
Fluorescence was measured at 365 nm emission and 465 nm
excitation with a microplate reader (POLARstar Omega,
BMG LABTECH, Offenburg, Germany). 3-hexosaminidase
(EC.3.2.1.30) activity was assayed with 4-
Methylumbelliferyl-2-acetamido-2-deoxy-f3-D-
glucopyranoside (Sigma-Aldrich, St Louis, USA) as artificial
substrate. Cells were cultured in triplicate and determinations
of the enzymatic activities were also performed in triplicate.

Glycosaminoglycans (GAGs) determination

GAGs quantification was performed using the 1,9-
dimethylmethylene blue (DMB) assay adapted from Barbosa
et al (2003). Cells were cultured in triplicate in 6-wells plates
and harvested after 72 h treatment. DMB absorbance was
measured in duplicates at 656 nm with a microplate reader
(POLARstar Omega, BMG LABTECH, Offenburg,
Germany).

Lysosomal exocytosis assay

Lysosomal exocytosis was assayed by measuring f3-
hexosaminidase activity in the culture media, as previously
described (Xu et al 2012). Briefly, skin fibroblasts derived
from patients and a healthy individual were cultured in

triplicate in 24-well plates at 30,000 cells/well in 0.4 mL
medium for 1 day at 37 °C. After being washed twice with
phosphate buffered saline pH 7.4, cells were incubated with
0.3 mL/well treatment medium (0 and 50 wmol CoQ10/L);
30 uL of medium from each well were taken at 0, 5, 8, 24, 32,
48, and 72 h and were aliquoted in triplicate into a 96-well
plate. Therefore 10 puL of media was used for each (3-
hexosaminidase measurement. The enzymatic activities were
expressed per mL instead of per protein. Previously, we have
measured the proteins at 0, 24, 48, and 72 h (in the pellet) and
found no significant differences. We also treated fibroblasts
with 80 pumol/L of «-tocopherol according to Xu et al (2012)
and exocytosis measurement was performed as describe
above.

CoQp and citrate synthase (CS) measurements

CoQ concentration was measured by HPLC-MS/MS as
described by Arias et al (2012). CS activity was determined
in fibroblasts by a previously described spectrophotometric
method (Srere 1969) using 0.1 mmol/L DTNB, 0.2 % Triton
X100 and 30-50 pg of protein in a final volume of 500 pL.
Results were expressed in nmol CoQ;/unit of CS (UCS).

Biosynthesis of CoQ in fibroblasts

Biosynthesis of CoQ;o was determined as described by
Bujan et al (2013). Briefly, skin derived fibroblasts were
treated with two stable isotope labeled precursors: *Cg-
parahydroxybutyrate ('*C¢-PHB) and “H;-mevalonate
(*H5-MV) for 72 h. Pelleted-cells were resuspended
with 300 puL of buffer solution (0.25 mmol/L sucrose,
2 mmol/L EDTA, 10 mmol/L Tris and 100 UI/mL
heparin at pH 7.4) and sonicated twice for 5 s.
Homogenates were used to determine CoQ;o biosynthe-
sis from labeled substrates, total protein content and CS
activity. Results were expressed in nmol CoQ,;y/UCS.
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Statistical analysis

Statistic significance of data was assessed using T-student
statistical test. All data are presented as mean + standard
deviation (SD), with the level of significance set at P <0.05.

Results

In this study we have analyzed the potential treatment efficacy
of CoQ( and of an antioxidant cocktail (x-tocopherol, N-
acetylcysteine and o-lipoic acid) in fibroblasts from three
patients affected by Sanfilippo A syndrome and two patients
affected by Sanfilippo B syndrome. Treatment response was
evaluated by measuring the increase of the enzymatic activi-
ties and the decrease of the abnormal GAGs accumulation.
Exocytosis was also evaluated.

CoQq in fibroblasts

As basal CoQ) levels in fibroblasts of the three Sanfilippo A
patients were low (Table 1), we analyzed CoQ,( biosynthesis
in fibroblasts of two of them (P1 and P3) in order to know if
the deficient level might be due to a dysfunction of its bio-
synthesis. Results showed normal biosynthesis with both pre-
cursor substrates, which excluded any primary defect of
CoQ g pathway (Supplementary Table 1).

Treatment and cell viability

Fibroblasts were treated with different concentrations of
CoQyo. At 200 pmol/L cell viability was around 70 %.
Therefore, this concentration was toxic to the cells and was
excluded to be used in further experiments. Plotted

concentration of CoQ; in the culture media versus intracel-
lular CoQ;( concentration showed a linear regression up to
50 umol/L (Fig. 1), on the other hand cell viability was almost
100 % in all tested concentrations except for 100 pumol/L of
added CoQ); o, which was around 90 %. Therefore, we decided
to use 30 and 50 pumol/L in further experiments. After treat-
ment, we also evaluated the intracellular content of CoQ;¢ in
all the patients, and results were within the values of controls
(data not shown).

Enzymatic activity

To evaluate the effect of treatment on the enzymatic activity,
basal and treated fibroblasts were measured. Results are
shown in Fig. 2a and Supplementary Table 2. None of the
fibroblasts from patients affected by Sanfilippo A disease (P1,
P2 and P3) increased their enzymatic activity, neither with
CoQ;¢ nor with the antioxidant cocktail, while the two pa-
tients (P4 and P5), suffering from Sanfilippo B disease,
showed a significant increase both, after treatment with
30 pmol/L CoQy (p <0.01 and p <0.05 respectively) as well
as after treatment with 50 umol/L CoQ;q (p <0.05 and
p<0.01 respectively), but the antioxidant cocktail had no
effect on the enzymatic activity. Fluorescence ranges for both
enzymatic activities are shown in Supplementary Table 3. Cell
viability was not altered in any of the cell lines after treatment
at the concentrations used in this study (data not shown).

Glycosaminoglycans

We evaluated the capability of CoQ;o and the antioxidant
cocktail to decrease GAGs’ accumulation in fibroblasts
(Supplementary Table 2, Fig. 1b). Results showed that
GAGs’ levels in two of the patients (P1 and P2) remained

Fig. 1 Intracellular incorporation 4000 control 1
of CoQ after treatment at

different concentrations in control 350+ =O—Control 2
fibroblasts. Plot of pmol CoQ;¢/L

in the culture media against sond Control 3
11‘41tracellular nmol CoQ;¢/unit —x—Control 4
citrate synthase (UCS)

250 -

200 -

150

100 -

Intracelullar nmolCoQ/ UCS
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Fig. 2 Enzymatic activity and glycosaminoglycan concentration in
Sanfilippo A and B patients’ fibroblasts before and after treatment with
CoQ and an antioxidant cocktail. a Heparan-N-sulfatase (Sanfilippo A
syndrome) and o-N-acetylglucosaminidase (Sanfilippo B syndrome) ac-
tivities in patients’ fibroblasts treated with 30 and 50 pmol/L CoQq
compared with the antioxidant cocktail (x-tocopherol at 500 nmol/L,
N-acetylcysteine at 50 umol/L and «-lipoic acid at 50 umol/L). b
Glycosaminoglycans concentration in patients’ fibroblasts treated with
30 and 50 pmol/L CoQ;q and the antioxidant cocktail (x-tocopherol at
500 nmol/L, N-acetylcystein at 50 umol/L, x-lipoic acid at 50 pmoVl/L).
All data are expressed as the mean and standard deviation from three
independent experiments in triplicate. Differences were analyzed using
the student’s 7 test. (¥*p <0.05; **p <0.01, ***p <0.001)

unaltered after both, CoQ; and the antioxidant cocktail treat-
ment. Three patients (P3, P4 and P5) showed a variable
decrease with both treatments. After treatment with
30 umol/L CoQjo, P3 did not show any significant decrease
of GAGs, but at 50 umol/L the decrease was impressive
(p<0.001) reaching control levels. This patient also exhibited
a significant decrease (p <0.01) with the antioxidant cocktail.
P4 only showed a significant decrease with the antioxidant
cocktail (p <0.01), while the behavior of P5 followed the rule

of P3, that is, a significant decrease after 50 pmol/L CoQ¢
treatment and also a significant decrease (p <0.01) with the
antioxidant cocktail.

Lysosomal exocytosis

In addition to the antioxidant capability, already described for
both compounds, we wondered if the decrease of GAGs was
due to an increase of lysosomal exocytosis. Therefore, we
monitored lysosomal exocytosis by measuring f3-
hexosaminidase activity in fibroblasts’ media, as it had recent-
ly been described for tocopherol (Xu et al 2012). After 72 h
incubation, results showed a tendency to increase exocytosis
in all cell lines (including controls), but it was only statistically
significant in the three responsive patients, with both CoQ10
and o-tocopherol treatment (Fig. 3). We have not corrected for
the biomass because we did not compare between patients we
compared each cell line with itself, with and without treat-
ment, at each time point and at each concentration (Fig. 3). In
addition proteins (in the pellet) for each cell line were mea-
sured at 0, 24, 48, and 72 h without any significant change.
Moreover, we have monitored the cell viability after each
treatment and it was unaltered. Therefore, we assume that
growth and death parameters are stable.

Discussion

The main clinical symptoms of Sanfilippo syndromes are
mental retardation with behavioral problems and somatic dis-
ease (Neufeld and Muenzer 2001) and are characterized by
impaired lysosomal enzymatic activities and abnormal GAGs
storage inducing a pathogenic cascade that impacts on multi-
ple cellular systems and organelles. Previously reported evi-
dences on lysosomal diseases showed increased ROS, dys-
functional mitochondria, aberrant inflammatory and apoptotic
signaling and perturbed calcium homeostasis, among other
biochemical alterations (Platt et al 2012), and modulators of
exocytosis have been proposed as general treatment for lyso-
somal diseases (Xu et al 2012). Central nervous system is the
main target for the treatment of these diseases but, to date, no
effective therapy exists and most of the compounds used are
unable to cross the blood—brain barrier (Valstar et al 2008).
CoQo and other antioxidants play a vital role in maintaining
the structure and function of the lysosome enabling membrane
fluidity, protecting this organelle from ROS, acidifying intra-
lysosomal medium and restoring calcium homeostasis (Fu
et al 2010; Pannuzzo et al 2010; Delgadillo et al 2011; Xu
et al 2012; Cornelius et al 2013). Much evidence showed that
CoQo (Artuch et al 2004), x-tocopherol (Vatassery et al
1998; Gabsi et al 2001), lipoic acid (Malinska and
Winiarska 2005), and N-acetylcysteine (Erickson et al
2012), the last three included in the antioxidant cocktail used
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Fig. 3 Lysosomal exocytosis in CoQ;, and x-tocopherol treated fibro-
blasts. Results were obtained by measuring [3-hexosaminidase activity in
the fibroblasts culture media at different incubation times. All data are
shown as mean and standard deviation obtained from three independent

in this study, were able to cross the blood-brain barrier.
Therefore, in this work we have studied if CoQ;q or an
antioxidant cocktail treatment were able to ameliorate the
biochemical phenotype in fibroblasts of both Sanfilippo A
and B patients.

Basal CoQ;( was analyzed in fibroblasts of both Sanfilippo
A and B patients. Sanfilippo A fibroblasts showed decreased
basal levels. However, no dysfunction in the CoQ;q biosyn-
thesis pathways was found, revealing for the first time a
secondary CoQ); deficiency in Sanfilippo A fibroblasts.

After CoQ;q or the antioxidant supplementation, fibro-
blasts from P1 and P2 showed neither an increase in
Heparan-N-sulfatase activity nor a decrease in GAGs concen-
tration (Fig. 2, Supplementary Table 2). Surprisingly, although
P3 did not show a significant increase in the residual enzy-
matic activity (Fig. 1a), GAGs accumulation decreased dras-
tically (Fig. 2b). Concerning P4 and PS5, both affected of
Sanfilippo B disease, it is interesting to remark a slight in-
crease in the residual enzymatic activity (Fig. 2a) in parallel
with a significant decrease of GAGs (Fig. 2b). The possibility
that the differences in the enzymatic activities are influenced
by the basal intracellular levels of CoQ; has been excluded as
the intracellular concentrations, after this supraphysiological
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supplementation, do not differ among patients (data not
shown). Nevertheless, it has been reported (Turunen et al
2004; Crane 2001) that after CoQ;( supplementation, changes
in physicochemical properties of the lysosomes occur. It might
be that the different response to treatment between Sanfilippo
A and Sanfilippo B is due to different physicochemical char-
acteristics of both enzymes, that may allow a slight recovery
of the a-N-acetylglucosaminidase activity, while Heparan-N-
sulfatase would present different physicochemical character-
istics insensitive to any modulation by supraphysiological
levels of CoQ;¢ However, GAGs decrease could not be
explained by this slight increase of the enzymatic activity. In
addition, P3 showed the most significant decrease of GAGs
while the enzymatic activity, remained unaltered. We won-
dered if, as it has been described for tocopherol (Xu et al
2012), the reduction of accumulated substrate may be due to
an increase in exocytosis. We measured it through the activity
of 3-hexosaminidase in the culture media. Results showed
that patients (P3, P4, and P5) which decreased their intracel-
lular content of GAGs (Fig. 2b, Supplementary Table 2) sig-
nificantly increased (3-hexosaminidase activity in the culture
media (Fig. 3), indicating an enhanced exocytosis. These
results are also supported by the role of CoQ,( in calcium
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homeostasis regulation, which is necessary for the exocytosis
(Crane 2001). Concerning treatment with the antioxidant
cocktail, we observed similar results to those found for
CoQ, as is shown in Fig. 3. To avoid any influence of the
changes that may occur during 72 h of incubation we moni-
tored treated and untreated fibroblasts at each time point and at
each concentration within the same cell line. Therefore, the
most likely explanation for an increased exocytosis is the
treatment, but it does not explain differences between patients.
Xu et al (2012) suggested that treatments enhancing the exo-
cytosis should be independent of either the mutant enzyme or
the storage material, but this logical principle could not be
verified in our patients.

In theory, the genotype is indirectly related with the enzymatic
activity but not with the exocytosis mechanism. Both patients
suffering from Sanfilippo B disease (P4 and P5) showed a slight
increase of their enzymatic activity (Fig. 1a). The mutation
carried by P4 in NAGLU gene (p.Arg38Trp in homozygosity)
is a non-conservative amino acid substitution which disrupts the
secondary structure without affecting the active site of the protein
(Beesley et al 2005). Mutations of PS5 p.[Trpl68*];[GInS66*]
lead to premature termination codons (PTC) potentially recog-
nized and degraded by the nonsense mediated mRNA decay
(NMD) surveillance mechanism. However, it is known that
RNA transcripts with a PTC located in the last exon of the gene,
as it occurs for p.GIn566* mutant, may elude the NMD surveil-
lance mechanism (Singh and Lykke-Andersen 2003). In both
cases treatment may help a small percentage of the mutant
protein to reach the lysosome, leading to a less severe pathogenic
cascade of events. Nevertheless, the different exocytosis response
remains to be explained.

Altogether, our results point that some biochemical alter-
ations in fibroblasts caused by Sanfilippo disease can be
partially restored by CoQ;q or other potent antioxidant sup-
plementations with different efficiencies depending on the
characteristics of each patient. Results are encouraging, but
further studies, including those in mouse models are necessary
before clinical trials in patients can be considered.
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RESUMEN

Las proteinas mal plegadas son el origen de un gran nimero de enfermedades monogénicas.
Las chaperonas farmacoldgicas (PCs) son pequenas moléculas capaces de unirse a proteinas
mutadas diana y estabilizar su estado conformacional. Las PCs permiten que las proteinas
mal plegadas no sean degradadas al facilitar su correcta localizacion subcelular y al restaurar

en parte su funcién.

En este trabajo hemos desarrollado una estrategia para la identificacion de compuestos
capaces de actuar como PCs utilizando como modelo de enfermedad la aciduria glutarica
tipo I, en la cual mas de un 80% de los pacientes presentan mutaciones “missense” y por
consiguiente, una elevada probabilidad de que el plegamiento de la proteina se encuentre

afectado.

Se realiz6 el cribado de una libreria comercial de moléculas de bajo peso molecular (1200
compuestos) mediante la técnica de differential scanning fluorimetry utilizando la proteina
glutaril CoA deshidrogenasa (GCDH) recombinante expresada y purificada en un sistema
bacteriano. Cuatro compuestos fueron positivos y estabilizaron térmicamente la proteina
GCDH wild-type. Posteriormente, estudios in silico (molecular docking), junto con estudios
conformacionales (Blue Native-PAGE) y de estabilizacion utilizando proteinas recombinantes
wild-type y mutantes (p.Ala293Thr, p.Val400Met y p.Argd02Trp) corroboraron la eficacia de
uno de los compuestos (Compuesto VII). En presencia de este compuesto observamos un
incremento de la estabilidad de dos de las proteinas recombinantes mutadas (p.Ala293Thry

p.Argd02Trp) y un incremento en la formacion de homotetramero en el mutante
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p.Val400Met. Ademas, el estudio en fibroblastos derivados de tres pacientes homocigotos
para cada una de las mutaciones de estudio, puso en evidencia la recuperacién parcial de la
forma tetramérica de la proteina en el paciente homocigoto para la mutacién p.Val400Met
mediante la recuperacién de hasta un 35% de la actividad GCDH respecto a los valores
control.

Estos resultados constituyen la prueba de concepto sobre el hecho de que las PCs pueden
rescatar parcialmente la estabilidad y el plegamiento adecuado de diferentes mutaciones
conformacionales que afectan a la proteina GCDH. Ademas, la confirmacidn de su eficacia en
fibroblastos de un paciente homocigoto para la mutacién p.Val400Met indica que estamos

ante una posible chaperona farmacoldgica.
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Abstract

Misfolded proteins are the cause of many monogenic diseases. Pharmacological chaperones
(PCs) are small molecules that bind to and stabilize the folded conformation of mutant
proteins. PCs help to avoid the degradation of partially folded proteins and favour their
correct sub-cellular localization and function. Glutaric aciduria type | (AG-l) is an autosomal
recessive disorder caused by the deficiency of the glutaryl-CoA dehydrogenase (GCDH). Most
of the AG-l disease-causing mutations are missense mutations that might give rise to
misfolded proteins. Therefore, AG-l is a good disease candidate to assay a PC treatment.

In this study, we have developed a strategy for the identification of compounds that may act
as PCs taking AG-I as a disease model.

Recombinant-expressed and purified GCDH protein was used in a high-throughput assay
based on differential scanning fluorimetry to screen compounds from a commercial library.
Four compounds were identified that stabilized thermically the purified recombinant wild-
type GCDH protein. In silico studies (molecular docking), together with in vitro
conformational and stabilization assays (Blue Native-PAGE and monitoring the steady-state
of the protein by Western-Blot) corroborated the stabilizing activity and efficacy of one
compound on recombinant wild-type and three different mutant GCDH proteins
(pAla293Thr, p.Vald00OMet and p.Argd02Trp). Furthermore, enzymatic studies in fibroblasts
derived from a patient homozygous for the p.Val400Met mutation have substantiated the
efficacy of the compound in a cellular system.

Our results provide a proof of concept that pharmacological chaperones can rescue
instability and misfolding of different GCDH conformational mutations. Moreover we have
identified a potential pharmacological chaperone to treat at least p.Val400Met homozygous

patients.
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INTRODUCTION

Glutaric aciduria type | (GA-I, MIM# 231670) is an autosomal recessive disorder caused by
the deficiency of the mitochondrial protein glutaryl-CoA dehydrogenase (GCDH, MIM#
608801, E.C. 1.3.99.7). GCDH catalyzes the decarboxylation and dehydrogenation of glutaryl-
CoA, an intermediate in the degradation of the amino acids lysine and tryptophan. The
enzymatic reaction produces crotonyl-CoA and CO; and requires flavin adenine dinucleotide
(FAD) as cofactor [1]. Defective GCDH leads to formation and accumulation of glutaric acid
and 3-hydroxyglutaric acids in tissues and body fluids. The clinical phenotype is portrayed by
the sudden development of encephalopathic crises characterized by severe dystonic-
dyskinetic disorder, hypotonia, irritability, macrocephaly and degeneration of the caudate
and putamen. These traits generally appear between 6 and 36 months of age [2, 3].
However, clinical variability is common and some patients remain asymptomatic [1]. The
estimated prevalence is 1:100.000 newborns [4], but it is considerably higher in some
genetic isolates such as the Ojibway Indians from Canada and the Amish from Pennsylvania
[5, 6]. The GCDH gene is localized on human chromosome 19p13.2, spans approximately 7
kb and is composed by 11 exons [7]. The encoded protein comprises 438 amino acids, 44 of
which, from the N-terminal, are cleaved off after import into mitochondria [8]. The active
GCDH enzyme represents a homotetramer [7]. More than 160 disease-causing mutations in
the GCDH gene have been described so far, 82% of them being missense mutations (Human
Genome Mutation Database, www.hgmd.cf.ac.uk). Some mutations show predominance in
specific populations being p.Arg402Trp the most common mutation identified in Caucasian
population [2].

Newborn screening techniques enabled the early identification of affected patients and the
implementation of an early treatment with a special diet and L-carnitine supplementation,
prevent acute encephalopathic crises and striatal damage in 65—-95% of the children [6, 9].
Therefore, a synergistic pharmacological treatment is still needed.

Several studies have shown that many human diseases are caused by loss-of-function
mutations that impair the correct folding of affected proteins [10, 11]. Over the past decade,
pharmacological chaperones have emerged as novel therapeutic tools for rescuing misfolded
proteins by enhancing their folding and favouring their correct sub-cellular localization and

function [11, 12]. Pharmacological chaperones are small molecules that specifically bind to
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and stabilize target misfolded proteins. They have been investigated as a potential treatment
for many genetic disorders that result from misfolded and/or unstable proteins, and proof-
of-concept studies have been described for several human diseases [13-17].

In this study we report the characterization of three GCDH missense mutations (p.Ala293Thr,
p.Val400Met and p.Argd02Trp) and the identification of compounds with pharmacological
chaperone potential for GCDH. We found one compound that enhanced protein stability or
quaternary structure of all the recombinant GCDH mutants tested. Moreover this compound
was able to enhance the GCDH residual enzymatic activity in fibroblasts derived from a

patient homozygous for the p.Val400Met mutation.

MATERIAL AND METHODS

Patients

Primary skin cultured fibroblasts from three patients biochemically and genetically
diagnosed of GA-Il in our centre were used in this study. Each patient was homozygous from
one of the studied mutations (p.Ala293Thr, p.Val400Met and p.Argd402Trp). The use of

human samples was approved by the Ethical Committee of Hospital Clinic, Barcelona.

GCDH expression, preparation of bacterial crude extracts and protein purification

The expression plasmid pBluescript encoding human GDCH plus a C-terminal His6-tag was
used to transform E. coli strain BL21Star One Shot Cells (Invitrogen, New York, USA). Protein
expression was induced with 1 mM IPTG and 16 h after induction; the cells were harvested
by centrifugation (4000 rpm for 15 min) and frozen at -802C until needed. Pellets were
resuspended in a buffer containing: 50mM Tris-HCI, 250mM KCIl, 10% glicerol and 1x
Complete Mini, EDTA-free Protease Inhibitor Cocktail (Roche Applied Sciences, Indianapolis,
USA). Then the lysate was frozen at -802C. After 15 minutes, the cell suspension was
sonicated and centrifuged (42C, 13000 rpm for 15 min) to obtain the crude soluble cell
extract. The extract was then subjected to a Poly-Prep® Chromathography Column (Biorad,
Milan, Italy) using NTA-Agarose beads (Qiagen, Hilden, Germany) following manufacturer’s
instructions. The eluted protein concentration was determined using the BioRad DC Protein

Assay (BioRad, Milan, Italy).
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Native gel electrophoresis, SDS—-PAGE and immunoblotting

Blue-Native PAGE technique consists in the separation of protein complexes through a 4-
20% gradient acrylamide gel. Purified protein samples were diluted with Native sample
buffer to 1.0 mg/ml and separated as described by [18]. Blue Native electrophoresis and
SDS-PAGE were electroblotted to Immobilon membranes (GE Healthcare, Buckinghamshire,
UK). GCDH protein was visualized using a rabbit polyclonal antibody raised against
recombinant human GCDH (obtained at our laboratory) and an anti-rabbit peroxidase
conjugated secondary antibody (BioRad, Milan, Italy). Proteins were visualized by

colorimetric detection (Opti-4CNTM Substrate Kit, BioRad, Milan, Italy).

mRNA Expression Analysis

This assay was performed in wild-type and mutant bacterial extracts; mRNA expression was
determined by reverse transcriptase polymerase chain reaction (RT-PCR). Total RNA was
extracted with DNAse | treatment, using QlAshredder and RNeasy kits, (Qiagen, Hilden,
Germany). Single-stranded cDNA was obtained using random primers and M-MLV Reverse
Transcriptase RNase H Minus Point Mutant (Promega, Madison, WI, USA) according to the
manufacturer’s protocol. Analysis of cDNA was performed by RT-PCR using SYBR Green
reagent (Life Technologies, Paisley, UK) in a Step One Plus real-time PCR system (Applied
Biosystems, Foster City, CA, USA). GCDH cDNA was amplified using specific oligonucleotides
(available from the authors upon request). GAPDH was used as an endogenous control. PCR
reactions were carried out in triplicate using 100 ng of cDNA. Levels of mRNA were relatively

guantified by evaluating Ct values using the comparative Ct (AACt) method [19].

FoldX prediction

FoldX is a computer algorithm that provides a quantitative estimate of the importance of the
interactions contributing to the stability of proteins and protein complexes. It uses a full
atomic description of the structure of proteins. The different energy terms taken into
account were evaluated using empirical data obtained from protein engineering
experiments. For a detailed explanation of the FoldX force field, see [20], [21] and the FoldX
web server (http://foldx.crg.es). To study the effects of GCDH mutations on protein stability
the <BuildModel> command in FoldX v.3.0 was used. Previously the SIQ PDB file (GCDH

monomer) was transformed into a tetramer using the PYMOL program (www.pymol.org)
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and the protein structure was repaired using the RepairPDB command. The effect of the
mutation was computed by subtracting the energy of the wild-type from that of the mutant
(positive numbers mean less stability). The difference in energy between the mutation and

the wild-type reference is provided in kilocalories per mol.

Compounds tested for pharmacological chaperone potential

The library of small individual compounds tested in this study was the commercially available
NIH clinical collection, which is a small molecule repository library. Each compound is
dissolved in 100% DMSO to a final concentration of 10mM. The hit compounds from the
screening were consecutively purchased from Sigma-Aldrich (St Louis, MO, USA) and

prepared at concentrations of 10mM in 100% DMSO.

High-throughput screening (HTS) using Differential Scanning Fluorimetry

The stability of purified wild-type GCDH was assessed by Differential Scanning Fluorimetry
methodology [22]. The technique consists in monitoring the thermal denaturation of the
purified GCDH in the presence of the fluorescent probe SYPRO Orange (Sigma-Aldrich, St
Louis, MO, USA). Final volumes of 50 ul containing 75 pug/mL of purified GCDH in 50mM Tris-
HCI, 250mM KCl, 10% glicerol pH 7.8, 5x SYPRO Orange and 1puL of each compound dissolved
in DMSO, were dispensed into 96-well PCR-plates. These were then loaded into a Real Time
thermocycler (Applied Biosystems, Foster City, CA, USA) for thermal denaturation. Unfolding
curves were recorded from 25 to 95°C at a scan rate of 1°C/min. The increase in SYPRO
Orange fluorescence intensity associated with protein unfolding (Aexcitation = 465 NM, Aemission =
580 nm) was monitored as a measure of thermal denaturation. The experimental unfolding
curves were then smoothed, normalized, and analysed using a free internet software (DSF
Analysis v3.0.2. ftp://ftp.sgc.ox.ac.uk/pub/biophysics/ Structural Genomics Consortium of
Oxford University, UK). The midpoint melting temperature (Tm) was calculated as that at

which half of the protein was in the unfolded state.

Molecular docking
To identify potential binding sites of our hits, we performed an automated molecular-

docking procedure using the web-based SwissDock program (www.swissdock.ch) [23]. Free
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Gibbs energy interaction results (AG) were obtained in kcal/mol being a negative value, an

energetically favourable interaction.

Effect of the compounds on GCDH stability in a prokaryotic expression system

GCDH stability was assessed as previously described [24]. Briefly, GCDH expression was
induced with 1 mM IPTG in 10 ml E. coli LB cultures for 5h in the presence of 40uM or 80uM
compound dissolved in DMSO or the corresponding concentration of DMSO. The crude
extracts, prepared as described above, were diluted to 1 mg protein/ml. Aliquots of equal
amounts of total protein were incubated at 379C, and equal sample volumes were removed

at different times for immediate analysis by SDS—PAGE or frozen until gel loading.

Cell culture and GCDH activity

Fibroblasts derived from three patients affected of GA-I and homozygous for each of the
studied mutations (p.Ala293Thr, p.Val400Met and p.Arg402Trp) were grown in Dulbecco’s
Modified Eagle medium with 10% fetal bovine serum and antibiotics (1% penicillin and
streptomycin) at 37 °C in 5% CO2 (all PAA Laboratories, Velizy-Villacoublay, France).
Different concentrations of compound VII (10, 20, 50 and 100uM) were used to treat human
skin derived fibroblasts for 48 hours. GCDH activity was determined as described previously

[25].

Cell viability

Cell viability was evaluated using 3-[4,5-dimethylthiazol-2- yl]-2,5-diphenil tetrazolium
bromide assay (Sigma-Aldrich, St Louis, MO, USA) as described by [26]. Briefly, medium from
treated and untreated fibroblasts grown in 96-well plates was replaced by 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenil tetrazolium bromide solution and incubated for 3h at 37
°C. Supernatant was removed and crystals were dissolved with dimethyl sulfoxide (Sigma-
Aldrich, St Louis, MO, USA). After 20min, absorbance was measured at 595nm with a

spectrophotometer (POLARstar Omega; BMG LABTECH, Ortenberg, Germany).
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RESULTS

Characterization of GCDH conformational mutations

The purified recombinant wild-type enzyme presented three conformational states: the
monomer, the dimer and the tetramer, the last being the native and physiologically
functional conformation of the protein. None of the mutants showed detectable tetramer
conformation. Moreover, mutant p.Arg402Trp also failed to achieve the dimer conformation
(Figure 1A). We also performed mRNA expression studies of the GCDH enzyme and all
mutant and wild-type proteins showed the same increase in GCDH expression after IPTG
induction (Figure 1B). In addition, the computational studies performed to evaluate mutant
protein stability revealed an increase in the Gibbs free energy from 1,6 to 18,4 kcal/mol

(Figure 1C).

Identification of compounds that stabilize thermically the GCDH protein and posterior in
silico analysis

A subset of more than 1200 compounds from the NIH-repository library was screened by
differential scanning fluorimetry (DSF). Data analysis revealed a group of four compounds
that shifted the GCDH Tm between 2.1 and 11.42C (Figure 2B). In silico approaches displayed
that all the thermically stabilizing compounds were predicted to favourably interact with the
GCDH protein with a AG ranging from -7.02 to -8.36kcal/mol (Figure 2B). Compounds Il and
[l were predicted to interact in the same pocket as FAD, the natural cofactor of the protein,

while compounds IV and VIl were predicted to interact in another pocket (Figure 2A and 2B).

GCDH stability in the presence of different hits

To determine whether the different hits acted as pharmacological chaperones, their effect
on the stability of wild-type GCDH and the different mutants (p.Ala293Thr, p.Val400Met and
p.Argd02Trp) was assessed. The half life time (T1/,) of the GCDH protein has been described
to be 36h (Keyser et al., 2008), so that we have monitored protein stability during this period
of time. Recombinant wild-type and p.Val400Met mutant proteins showed a stable GCDH
protein during the time of monitoring (Figure 2A) and the mutant p.Val400Met was not
useful for this experiment. However, the other two recombinant mutant proteins:

p.Ala293Thr and p.Arg402Trp, showed a decrease in protein stability of 2 and 8 hours,
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respectively (Figure 2A). Except compound VII, none of positive hits were able to enhance
protein stability (data not shown). Compound VII was able to enhance mutant p.Ala293Thr
protein stability up to 24 hours and mutant p.Argd02Trp protein stability up to 7 hours
(Figure 3A).

GCDH conformation in the presence of hit compounds

None of the positive hits were able to enhance mutant homotetramer conformation, except
compound VIl (data not shown). We detected an increase in the amount of the
homotetramer conformation of mutant p.Val400Met after incubation of the bacterial crude

extract with 80uM of compound VII (Figure 3B).

Recovery of residual activity in fibroblasts derived from AG-I patients

The therapeutic potential of compound VII was further evaluated by analysing its ability to
increase the residual enzymatic activity of fibroblasts derived from 3 patients homozygous
for each of the studied mutations for 48h (Figure 4A). After 20uM of treatment with
compound VIl an increase of the residual enzymatic activity of 17% respect to basal values
for p.Val400Met mutant was observed, corresponding to 35% of control values. Cell viability
was assessed in parallel and results showed a decrease after 100uM of treatment with

compound VI for all the cell lines (Figure 4B).

DISCUSSION

Glutaric aciduria type | (GA-1) is an autosomal recessive disorder caused by the deficiency of
the mitochondrial protein glutaryl-CoA dehydrogenase (GCDH). The functional and native
state of the GCDH enzyme is a homotetramer [7]. Nowadays, more than 160 disease-causing
mutations in the GCDH gene have been described in GA-l patients, 82% of them being
missense mutations (Human Genome Mutation Database). Several studies have shown that
many human diseases are caused by missense mutations that impair the correct folding of
the affected proteins [10, 11]. Over the past decade, pharmacological chaperones have
emerged as a novel therapeutic approach for rescuing misfolded proteins by enhancing their
folding and favoring their correct sub-cellular localization and function [11, 12]. In this study

we report the characterization of three GCDH conformational missense mutations,
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p.Ala293Thr, p.Val400Met and p.Arg402Trp, and the further identification of a molecule with
a potential pharmacological chaperone activity for the GCDH protein.

Before attempting a pharmacological chaperone high throughput screening (HTS), it is
crucial to previously elucidate which mutations might be responsive to this kind of
treatment. Therefore, we analyzed the most common missense Caucasian mutation
(p.Argd02Trp) and the most common missense mutations in the Spanish population
(p.Ala293Thr and p.Val400Met) [2]. A previous work demonstrated that the p.Arg402Trp was
a conformational mutation, interfering in the stability and the oligomerization of the GCDH
protein without affecting its active site pocket [27]. In this study, we have re-analyzed the
oligomerization state and stability of this mutation and also of the two mutations above
mentioned (p.Ala293Thr and p.Val400Met). As described previously [27], we found that the
p.Argd02Trp mutation was unable to achieve the homotetramer conformation and was
stable only for two hours. The other two mutants (p.Ala293Thr and p.Val400Met) were also
unable to achieve the homotetramer conformation but only mutant p.Ala293Thr presented
a decreased stability. To ensure that the decreased protein expression and conformation
observed in mutant proteins was not due to experimental issues in protein expression, we
performed mRNA expression studies of the GCDH protein. Mutants and wild-type proteins
showed the same increase in GCDH expression after IPTG induction confirming that the
conformational observations are only due to mutation effects. Moreover, computational
analysis using FoldX, revealed that all three mutations produced an increase in the energy
required for the proper folding of the protein. The energetically increase varies among the
different mutations and is in accordance and inversely proportional to the residual
enzymatic activity observed in patients’ fibroblasts. As more energy is required to achieve
the proper folding of the protein (p.Arg402Trp> p.Ala293Thr> p.Val400Met), less residual
enzymatic activity is detected (p.Arg402Trp< p.Ala293Thr< p.Val4d00Met). Altogether, these
results showed that the three tested mutations are conformational mutations susceptible to
respond to a pharmacological chaperone treatment. We then proceeded to the HTS using
the differential scanning fluorimetry assay and identified four positive compounds
(compounds I, Ill, IV and VII). We decided to use this HTS methodology as this technique,
unlike others, enable the discovery of both, activators and inhibitors molecules of the

enzyme.
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We started validating these four possible PC by in silico predictors of protein interaction
using molecular docking. All of the positive compounds were predicted to interact
favourably with the GCDH protein. However, two of them, compounds Il and Ill, were
predicted to interact in the same pocket as FAD, the natural cofactor of the protein, being
the FAD interaction more favourable with a AG of -10,81kcal/mol. This fact might interfere in
the correct functionality of the enzyme, consequently for further experiments, we tested
compounds IV and VIl who were predicted to interact in another pocket. To experimentally
validate these hits, we first monitored the stability of the mutant proteins in the absence
and presence of both compounds (IV and VII). Mutant p.Val400Met was not useful for this
experiment as its Ty, was similar to the wild-type protein. The other two mutant proteins
(p.Ala293Thr and p.Arg402Trp) were able to increase their stability but only in the presence
of compound VII. No variations were observed after compound IV incubation. Then, we
performed conformational studies in the presence and absence of these hits (compounds IV
and VII). Only compound VIl was able to increase the homotetramer formation of one of the
mutants (p.Val400Met). This mutant was the one that did not alter its protein stability and
the one that presented the minor energetically affectation. However, after compound VII
treatment, we were unable to detect any increase in the homotetramer formation for
p.Ala293Thr and p. Argd02Trp mutants, probably due to technical limitations as the amount
of the available protein was low.

Altogether these results demonstrated that compound VII was able to interact with the
GCDH protein in a different cleft than the natural cofactor and to increase protein stability or
homotetramer conformation in vitro of three recombinant GCDH mutant proteins. None of
the other compounds (ll, IIl and 1V) could be validated in this in vitro model.

We decided to proceed validating compound VII efficacy in a human-disease model. Thus,
we tested compound VIl in different fibroblasts cell lines derived from three patients
homozygous for each of the studied mutations. Fibroblasts from the patient homozygous for
the p.Val400Met mutation were able to increase their residual enzymatic activity up to 17%
respect to the basal values after the incubation with 20uM of compound VII. This slight
increase in the residual enzymatic activity could be relevant to overcome or decrease the
clinical phenotype of patients carrying the p.Val400Met mutation.

In conclusion, our results provide a proof of concept that PCs can rescue instability and

misfolding of different GCDH conformational mutations. Moreover we have identified a

117



Resultados

potential pharmacological chaperone to treat at least p.Val400Met homozygous patients.
Results are encouraging, but further studies, are necessary before clinical trials could be

undertaken.
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Figure 1. Characterization of the GCDH mutations. A) Blue-Native followed by Western Blot

of the purified wild-type and mutant GCDH proteins. B) mRNA expression of GCDH in wild-

type and mutant bacterial extracts pre- and post induction with IPTG. C) Computational

prediction of the quantitative estimate of the importance of the interactions contributing to

the stability of protein complexes using the FoldX program. The difference in energy

between the mutation and the wild-type reference is provided in kilocalories per mol. A

positive free energy means less protein stability in comparison to the wild-type

conformation.
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Figure 2. Differential scanning fluorimetry profiles and molecular docking of the four

pharmacological chaperone candidates. A) The location of the FAD binding site, the natural

cofactor of the GCDH enzyme, is shown using the SwissDock program. Its Gibbs free energy

interaction value is provided in kilocalories per mol. B) Thermal denaturation profiles of

purified wild-type GCDH (75ug/ml) (fluorescence at 610 nm vs temperature [2C]) with or

without four positive compounds. In red-green, duplicate curves for GCDH incubated with

DMSO, in blue-pink, purified GCDH incubated with 1mM of compounds II-IV and VII. The

melting temperature (Tm) was taken as the temperature at which the maximum

fluorescence was achieved; ATm was calculated as the difference between the T, in the

presence of a ligand and T, in the presence of DMSO. The location of the proposed binding

site of each compound is shown for one of the protein subunits using the SwissDock

program. The proposed Gibbs free energy interaction is provided in kilocalories per mol. A

negative Gibbs free energy means a favourable interaction in physiological conditions.
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Figure 3. GCDH stability and conformation in the presence of hit compounds .A) Effect of

compound VIl on wild-type and mutant proteins stability. Bacteria expressing wild-type or

mutant GCDH were incubated with 80 uM compound or the equivalent amount of the

DMSO. Crude cell extracts were incubated at 372C, and aliquots were removed at different

times. The aliquots were loaded onto SDS—-PAGE gels and the protein was immunodetected

by Western Blot. B) Blue-Native followed by Western Blot of the purified wild-type and

mutant GCDH proteins before and after incubation of the crude bacterial extracts with 80uM

of compound VIl or the equivalent amount of the DMSO.
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RESUMEN

La enfermedad de Gaucher esta causada por mutaciones en el gen GBA1 que codifica para la
enzima B-glucocerebrosidasa, involucrada en la degradacién de esfingolipidos complejos. Las
manifestaciones no neuroldgicas de la enfermedad pueden tratarse mediante terapia de
sustitucion enzimatica. Sin embargo, no existe ninguna opcion terapéutica para la forma
neuronopatica de la enfermedad que cursa con una aparicion temprana y un cuadro
sintomatoldgico severo y letal. En este trabajo se ha desarrollado un modelo para la forma
neuronopatica de la enfermedad de Gaucher mediante el uso de células pluripotentes

inducidas (iPSc).

Los fibroblastos de un paciente afecto de la forma neuronopatica de la enfermedad de
Gaucher, con el genotipo p.[Gly202Arg]+[Leu444Pro], fueron transfectados con un casete
policistronico de reprogramacion celular flanqueado por dianas LoxP. El casete comprendia
las secuencias que codifican para los siguientes factores de reprogramacion: Oct4, Sox2, KIf4
y c-Myc. Un vector lentivirus no integrativo que expresa la recombinasa Cre, fue utilizado

para la posterior eliminacién del casete de reprogramacién.

Las células iPS derivadas del paciente Gaucher expresaban de forma correcta los marcadores
de pluripotencia: diferenciacion en tres lineas germinales distintas, formacién de teratomas
y cariotipo normal. Ademdas presentaban las mismas mutaciones que los fibroblastos del

paciente Gaucher asi como una actividad B-glucocerebrosidasa deficiente. Seguidamente se
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diferenciaron las células iPS a neuronas y macréfagos sin observarse ningun efecto deletéreo
a nivel molecular durante el procedimiento. Finalmente se validd este nuevo modelo de la
enfermedad mediante el uso de chaperonas farmacoldgicas (uso de dos derivados analogos
de Nojirimicina) capaces de incrementar la actividad B-glucocerebrosidasa. Se observd que
estos compuestos eran capaces de incrementar los niveles de proteina y de actividad B-

glucocerebrosidasa en este nuevo modelo celular.

Este es el primer estudio en el que se presenta el desarrollo de un modelo iPSc para la forma
neuronopatica de la enfermedad de Gaucher. El acceso a estos nuevos tipos celulares (iPS,
neuronas dopaminérgicas y macréfagos) representa una aproximacién complementaria a
otros modelos que permitira avanzar tanto en el conocimiento de la fisiopatologia de la

enfermedad como en el desarrollo de nuevas terapias.
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Gaucher’s disease (GD) is caused by mutations in the GBA1 gene, which encodes acid-p-glucosidase, an
enzyme involved in the degradation of complex sphingolipids. While the non-neuronopathic aspects of the
disease can be treated with enzyme replacement therapy (ERT), the early-onset nheuronopathic form currently
lacks therapeutic options and is lethal. We have developed an induced pluripotent stem cell (iPSc) model of
neuronopathic GD. Dermal fibroblasts of a patient with a P.[LEU444PRO];[GLY202ARG] genotype were trans-
fected with a loxP-flanked polycistronic reprogramming cassette consisting of Oct4, Sox2, KIf4 and c-Myc
and iPSc lines derived. A non-integrative lentiviral vector expressing Cre recombinase was used to eliminate
the reprogramming cassette from the reprogrammed cells. Our GD iPSc express pluripotent markers, differ-
entiate into the three germ layers, form teratomas, have a normal karyotype and show the same mutations
and low acid-B-glucosidase activity as the original fibroblasts they were derived from. We have differentiated
them efficiently into neurons and also into macrophages without observing deleterious effects of the muta-
tions on the differentiation process. Using our system as a platform to test chemical compounds capable of
increasing acid-p-glucosidase activity, we confirm that two nojirimycin analogues can rescue protein levels
and enzyme activity in the cells affected by the disease.

INTRODUCTION

Complex glycosphingolipids are degraded into glucosylcera-
mide in the lysosome. Gaucher’s disease (GD) is an autosomal

lysosome (1,3). Lowered acid-B-glucosidase activity results
in the accumulation of glucosylceramide (GlcCer) and gluco-
sylsphingosine (GlcSph) in the lysosome, leading to lysosomal

recessive lysosomal storage disorder caused by over 200 (1)
different mutations in GBAIl, the gene encoding
acid-B-glucosidase, the lysosomal enzyme that further
cleaves glucosylceramide into ceramide and glucose (2).
Mutations in acid-B-glucosidase can result in decreased
enzyme stability, increased retention and degradation in the
endoplasmic reticulum (ER) and impaired trafficking to the

dysfunction (4). Although the main cell types affected in GD
are macrophages and neurons, recent evidence suggests that
other cell types such as osteoblasts, T-cells and dendritic
cells are also affected (5). The clinical presentation is highly
variable and cannot be generally predicted from the genotype,
but classically GD is divided into type 1 (non-neuronopathic),
type 2 (acute neuronopathic) and type 3 (chronic
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neuronopathic) (6). GD type 1 is characterized by a systemic
presentation, including skeletal defects, hematopoietic abnor-
malities and hepatosplenomegaly. GD type 2 is characterized
by early onset of CNS damage in multiple brain structures
and regions, including the basal ganglia, nuclei of the mid-
brain, hippocampus, cortex and putamen. Pathological hall-
marks include gliosis, microglial proliferation, periadventitial
accumulation of macrophages and neuronal degeneration
(4,7). In particular, treatment options for GD type 2 are com-
pletely lacking; patients develop the disease within 4—6
months of age and rarely survive more than 3 years (8). GD
type 3 shows a clinical presentation that is intermediate
between type 1 and type 2, showing both systemic involve-
ment and CNS damage, although the onset is later than in
GD type 2.

Strategies to treat the systemic aspects of the disease include
enzyme replacement therapy (ERT) (9), substrate reduction
therapy (SRT) (10) and stabilization of acid-B-glucosidase
using chemical chaperones (11-13). However, as the recombin-
ant enzyme cannot cross the blood brain barrier (14), no treat-
ments are currently available for the acute neurodegeneration
characteristic of GD type 2. Further efforts are clearly needed
to identify alternative therapeutic options for all GD types and
in particular for the neuronopathic form.

Our current knowledge of the pathogenic progression of GD
is far from complete, due in part to the difficulty in obtaining
the relevant cell types from patients. It is generally accepted
that the accumulation of a substrate causes lysosomal dysfunc-
tion in macrophages; upon infiltration, glycolipid-laden
macrophages (Gaucher cells) appear in multiple organs and
tissues, eventually causing organ dysfunction. In the particular
case of GD type 2, Gaucher cells are also found associated
with brain capillaries, but the mechanisms underlying neuro-
degeneration are controversial (7). Most in vitro studies focus-
ing on the basic mechanism and small compound screening
efforts have been performed on patient fibroblasts, a cell
type not primarily affected in patients. In addition, the existing
mouse models, while valuable, suffer from the limitation of
only partially reproducing the human phenotype (15-18)
and fail to reflect the different phenotypes caused by the
wide range of genotypes found in human patients. Therefore,
alternative models based on human cells are required to
further our understanding of the disease and develop novel
therapies.

In the last few years, it has been shown that ectopic expres-
sion of a small number of transcription factors can repro-
gramme adult somatic cells to induced pluripotent stem cells
(iPSc), which are similar to embryonic stem cells in many
aspects (19—22). Furthermore, several groups have successful-
ly demonstrated that iPSc can be derived from the cells
obtained from human patients suffering from a range of con-
ditions and used to model pathogenesis and test pharmaco-
logical compounds (23—-33). In this paper, we describe the
development of an iPSc model for the acute neuronopathic
form of GD (GD type 2). GD iPSc were generated by transfec-
tion of a polycistronic reprogramming construct and character-
ized in terms of pluripotency and differentiation capacity. In
particular, we differentiated them into macrophages and
neurons (the two main disease relevant cell types), which
showed markedly reduced acid-B-glucosidase protein and

enzymatic activity levels. We use this system to test recently
developed pharmacological compounds with acid-B-glucosidase
chaperone activity. We found that chaperone treatment can
rescue acid-B-glucosidase protein levels and activity, providing
a novel human in vitro model for dissecting mechanisms of
pathogenesis and for small molecule validation in the relevant
cell types involved in GD.

RESULTS
IPSc derivation and characterization

Low passage (P4) GD P.[LEU444PRO];[GLY202ARG] fibro-
blasts showing low acid--glucosidase activity (Fig. 1A) were
reprogrammed by nucleofection of a linear DNA fragment
containing a polycistronic reprogramming cassette comprised
of a CAG promoter driving expression of Oct4, Sox2, Klf4,
c-Myc and GFP linked by 2A self-cleaving peptides. The poly-
cistron was flanked by loxP sites, allowing the option of repro-
gramming cassette removal by Cre recombinase delivery if
necessary. After 5 to 6 weeks, seven GFP+ colonies with
ESc-like morphology were isolated, six of which had single
insertions of the transgene as determined by southern blot
(Fig. 1B). There was a noticeable delay in comparison to wild-
type (wt) iPSc, which appeared around 4 weeks after nucleo-
fection. Some iPSc lines silenced the reprogramming cassette
spontaneously after 8—12 passages as judged by GFP expres-
sion, while others remained GFP positive, indicating persist-
ence of transgene expression (Fig. 1C). In order to eliminate
the recombination cassette from lines that had not silenced
the transgene, we transduced them with a non-integrative len-
tiviral vector expressing Cre recombinase and cherry fluores-
cent protein. Three days after transduction, human
pluripotent cells (Tral-60) that were cherry+ were isolated
by fluorescent activated cell sorting (FACS) and replated,
giving rise to GFP-negative subclones (Fig. 1C). Southern
blot analysis revealed that the GFP-negative subclones of the
GFP+ GD iPSc line transduced with Cre recombinase had
lost the reprogramming cassette (Fig. 1B). A line that had
spontaneously silenced the transgene (iPSc-GD-A8) and a
Cre recombinase deleted line (iPSc-GD-C21) were chosen
for further study. These lines presented morphology similar
to hESc, remained unchanged with long-term passaging (up
to P40) and expressed pluripotency markers (alkaline phos-
phatase, Oct4, Sox2, Nanog, Tral-81, Tral-60, SSEA3 and
SSEA4) (Fig. 1D). The pluripotency of the lines was further
confirmed by microarray analysis, real-time PCR and FACS
analysis (Fig. 2, Supplementary Material; Figs S1 and S2, Sup-
plementary Material, Table S2). To evaluate the differenti-
ation capacity of our iPSc, embryoid bodies were generated
and induced to differentiate to ectoderm, mesoderm and endo-
derm. Differentiated cultures expressed Tujl and GFAP (ecto-
derm), GATA4 and ASA (mesoderm), and FOXA2 and AFP
(endoderm) (Fig. 1E). Furthermore, pluripotent cells were
injected into SCID-beige mice and formed teratomas
(Fig. 1F) containing the three germ layers. Both the lines
had a normal karyotype (Fig. 1G). Two iPSc lines
(iPSc-wt-N17 & iPSc-wt-N22) were established from wt fibro-
blasts using the same strategy and characterized as described
above. The characterization of the two wt and two GD iPSc
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Figure 1. Characterization of GD iPSc. (A) Acid-B-glucosidase activity in wt versus GD cells in fibroblasts (P = 0.0024) and iPSc (P = 0.0074). (B) Schematic
representation of the reprogramming construct and reprogramming cassette elimination strategy. Southern blot analysis of GD iPSc lines (G1-G7) with 5 probe.
Southern blot analysis of iPSc-GD-G4 and iPSc-GD-C21 (before and after delivery of Cre recombinase) with either 3’probe or 5'probe. (C) GFP fluorescence of
iPSc G4 (left panel, before delivery of Cre recombinase) and iPSc-GD-C21 (right panel, delivery of Cre recombinase), 10 x. (D) Morphology (20 x ), AP staining
(5x) and pluripotency markers (40 x). (E) In vitro differentiation (ectoderm 10 x, mesoderm 20 x, endoderm 40 x). (F) Teratoma formation (ectoderm 10 x,
mesoderm 20x, endoderm 20x). (G) Karyotype of iPSc-GD-C21. (H) Mutational analysis of iPSc-GD-21C. (I) Western blot analysis of iPSc-wt-N17,

iPSc-wt-N22, iPSc-GD-AS8 and iPSc-GD-C21.

lines is summarized in Supplementary Material, Table S1. We
genotyped the GD iPSc generated and confirmed that they
carried the GBA I mutations present in the original fibroblasts
(Fig. 1H).

We determined how acid--glucosidase expression behaved
in wt versus GD iPSc lines in comparison to the original fibro-
blast population. Fibroblasts from the P.[LEU444PRO];
[GLY202ARG] patient genotype were found to have around
2% of acid-B-glucosidase activity of wt fibroblasts
(Fig. 1A). In wt iPSc acid-B-glucosidase activity was ~19%
of the level found in wt fibroblasts. IPSc derived from the
P.[LEU444PRO];[GLY202ARG] fibroblasts were found to
have around 15% of the acid-B-glucosidase activity found in
wt iPSc. Western blot analysis showed that lowered activity
was due to decreased acid-B-glucosidase protein levels
(Fig. 1I). Line iPSc-GD-C21 was transduced with a lentiviral

vector over-expressing the wt GBAI open reading frame and
resulted in the establishment of four corrected subclones,
three of which had acid-B-glucosidase enzymatic activity
levels similar to or higher than that of wt lines (Supplementary
Material, Fig. S3).

Differentiation of GD iPSc to macrophages

Having determined that GD iPSc recapitulated the low expres-
sion of acid-B-glucosidase found in the original patient’s fibro-
blasts, we set out to differentiate the iPSc to disease relevant
cell types. Given their central role in GD, we sought to differ-
entiate our iPSc to macrophages. We chose to focus on a GD
line (iPSC-GD-C21) and a genetically rescued subclone of this
line (L-GBA 3—15) that had acid-B-glucosidase activity levels
similar to wt levels. In an initial attempt, we were unsuccessful
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Figure 2. Transcriptional profiling by microarray analysis. GD fibroblasts
from patient, two wt fibroblast populations, hESc (line #4), GD iPSc lines
(iPSc-GD-C21 and iPSc-GD-A8) and a wt iPSc line (FiPS 4F-8). List of
genes represented in the heat map are found in the Supplementary Material,
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WT Fibroblast
WT Fibroblast
GD iPSc C21

in differentiating various iPSc lines using the published proto-
col of Kambal ef al. (34). Further attempts using two addition-
al published protocols (Senju et al. (35), Karlsson ef al. (36))
also failed. We then used a fourth published protocol (Choi
et al. (37)) (with some modifications) to differentiate an
iPSc line (CBiPS 4F5) originally derived from CDI133+
cord blood progenitors (38) and succeeded in obtaining a
population of cells with macrophage morphology, with a
high proportion (86%) of cells expressing the monocyte—
macrophage lineage marker CD11b (Supplementary Material,
Fig. S4). However, the same protocol was unable to differen-
tiate either wt or GD iPSc that had been reprogrammed from
dermal fibroblasts. By increasing the culture times of the dif-
ferent steps of the protocol, we finally succeeded in differen-
tiating fibroblast-derived iPSc into macrophages (Fig. 3A).
Briefly, iPSc were cultured as embryoid bodies, differentiated
to the haematopoietic lineage by co-culture on OP9 stromal
cells and growth factor treatment for 14—17 days, and sub-
jected to two successive macrophage inducing cytokine cock-
tail regimes for 2 and 10 days, respectively, as described in
Materials and Methods section. This procedure resulted in a
population containing cells with macrophage-specific morph-
ology and CD profile (Fig. 3A). iPSC-GD-C21 derived macro-
phages were analysed by FACS and found to express markers
for the monocyte—macrophage lineage: CD11b (18.3%),
CD14 (35.6%), CD33 (35.5%) and CDI163 (13.6%)
(Fig. 3B). Further analysis showed populations expressing
more than one marker: CD14 plus CD11b (17.1%), CD33
plus CDI11b (20.1%) and CDI14 plus CD163 (14.7%)
(Fig. 3C). We then determined that these macrophages were
capable of internalizing fluorescently labelled beads by

phagocytosis (Fig. 3D and Supplementary Material, Movie
S1). Macrophages differentiated from the corrected sub-clone
L-GBA 3-15 showed an overall similar pattern of marker
expression: CD11b (11.7%), CD14 (19.2%), CD33 (21%),
CD163 (8.4%); CD14 plus CDI11b (11%), CD33 plus
CDI11b (12%), and 9.6% of the cells expressing CD14 plus
CD163 (9.6%) (Supplementary Material, Fig. S5). We then
differentiated both the lines to macrophages and analysed
the CD14 plus fraction for acid-B-glucosidase activity by
FACS. The corrected cell line showed a 3-fold increase in
GBAI-expressing cells and an overall higher average
acid-B-glucosidase activity compared with the non-corrected
line (Fig. 4). In sum, we obtained functional macrophages
and concluded that diminished GBA expression levels do
not affect macrophage differentiation in vitro.

Differentiation of GD iPSc to dopaminergic neurons

Given the severe neuronal involvement in GD type 2 patients, we
sought to differentiate our iPSc to the neuronal lineage, particular-
ly to dopaminergic neurons. We used a previously described
protocol that involves embryoid body (EB) formation and
culture of neural progenitors to form spherical neural masses
(SNMs) that can be expanded and subsequently differentiated
to dopaminergic neurons using a combination of small molecules
and the mid-brain patterning factors fibroblast growth factor 8
(FGF8) and sonic hedgehog (SHH) (39,40) (Fig. 5). This protocol
has been shown to produce a high percentage of mature dopamin-
ergic neurons capable of electrophysiological activity. Using this
procedure, we differentiated iPSc-wt-N22, iPSc- GD- C21 and
L-GBA 3-15 into SNMs that were positive for Pax6, Map2
and Tujl, markers of neural precursors and the neural lineage,
and subsequently to heterogeneous cultures with a high propor-
tion of cells with neuron morphology that were positive for
TUJ1. In addition, a significant percentage of TUJ1+ neurons
were also positive for tyrosine hydroxylase (TH), a marker of
dopaminergic neurons (Fig. 5A). While the majority of neurons
were Map2+-, indicating an intermediate level of maturity (data
not shown), clusters of mature (neurofilament+, synapsin+
and NeuN+) neurons were also evident (Fig. 5B) We observed
no significant differences in differentiation ability between the
three lines, suggesting that GBA expression levels have little
effect on differentiation; yield and proportion of mature
neurons, however, were variable from experiment to experiment
for all three lines.

Testing activity of small compounds for chaperone activity

At present, two therapeutic options are available for GD
patients: enzyme replacement (9,41) and SRTs (42). The first
strategy involves intravenous infusion of macrophage-targeted
recombinant acid-f3-glucosidase, three of which have been
approved for the treatment of GD patients: alglucerase (Cere-
dase), imiglucerase (Cerezyme) and velaglucerase alfa (43—
45), whereas substrate reduction can be achieved by oral ad-
ministration of N-(n-butyl) deoxynojirimycin (NB-DNIJ,
Zavesca), which inhibits glucosyltransferase (46) and
decreases substrate biosynthesis (47). Both the options have
been shown to provide clinical benefit to patients for
visceral, haematologic and skeletal aspects of the disease
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Figure 3. Differentiation and characterization of macrophages derived from iPSc-GD-C21. (A) A brief outline of differentiation protocol; Giemsa stain of iPSc-
derived macrophages (20 x ); (B) histograms showing percentage of cells positive for monocyte—macrophage lineage markers CD11b, CD163, Cd14 and CD33.
(C) Scatter plots showing percentage of double positive cells for monocyte—macrophage lineage markers CD14/CD11b, CD33/CD11b and CD14/CD163. (D)
Phagocytosis assay: micrographs showing morphology, fluorescent beads, DAPI stain and merge of iPSc-derived macrophages after internalization of fluorescent

beads (40 x).

(48—51). However, neither approach is effective for neuro-
logical symptoms of the condition, possibly due to low effi-
ciency of delivery through the blood—brain barrier
(3,10,52,53). A third strategy that has emerged in recent
years is to use small compounds capable of reversible inter-
action with the acid-B-glucosidase enzyme as it transits
through the ER (13). The interaction stabilizes the 3D structure
of the enzyme, protecting it from premature degradation and
facilitating its correct trafficking to the lysosomal compart-
ment (11,12,54,55). In particular, if the compound interacts
with the enzyme in the active site, its association constant
must be low enough to allow it’s displacement by physiologic-
al levels of substrate and conditions found in the lysosome. An
early candidate, the iminosugar-type glycomimetic N-(n-

nonyl)-deoxynojirimycin (NN-DNJ) increased enzyme activ-
ity of some acid-pB-glucosidase-mutant forms (p.Asn370Ser
and p.Gly202Arg) (56,57), but had the disadvantage of behav-
ing as a broad range glucosidase inhibitor, simultaneously
inhibiting both a- and B-glucosidases, which could lead to un-
wanted secondary effects in a clinical setting (58).

Recently, a novel family of bicyclic nojirimycin analogue
compounds with a spz—iminosugar structure was found to
behave as highly selective competitive inhibitors of lysosomal
B-glucosidase (59) and their chaperone effects partially char-
acterized in GD fibroblasts. We sought to validate our model
as a platform for small compound testing by further character-
izing the effect of these inhibitors on macrophages and
neurons derived from GD iPSc lines. Five compounds were
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Figure 4. Comparison of macrophages derived from GD iPSc versus genetically rescued GD iPsc. (A) Scatter plots showing percentage of high-expressing

GBAL cells. (B) Histograms showing percentage of high-expressing GBA1
GBAI1 cells and mean fluorescence (n = 2).

chosen (Supplementary Material, Fig. S6) and initially tested
on wt versus GD fibroblasts (P.[LEU444PRO];[GLY202ARG]).
Acid-B-glucosidase activity was measured after treating the cells
with a range of concentrations from 0 to 100 M, as described in
Materials and Methods section. Three compounds (6S-NOI-GJ,
6S-NOI-NJ and 6N-NOI-NJ) increased acid-B-glucosidase ac-
tivity in GD fibroblasts 2- to 3-fold, depending on the compound
and the concentration, but also depressed acid-f-glucosidase ac-
tivity in wt fibroblasts to levels ranging from 40 to 90% of the
values found in untreated fibroblasts. In contrast, compounds
NOI-NJ and 6S-ADBI-NJ afforded 4- to 6-fold increases in
acid-B-glucosidase activity of GD fibroblasts, while having
little or no effect on enzyme activity in wt fibroblasts (Supple-
mentary Material, Fig. S7). Therefore, we decided to focus on
NOI-NJ and 6S-ADBI-NJ and test their ability to rescue
acid-p-glucosidase activity in neurons.

SNMs derived from iPSc lines (iPSc-wt-N22, iPSc-GD-C21
and GD L-GBA 3-15) were further differentiated into neuron
containing cultures using the Cho et al. protocol described
above. During the last 4 days of differentiation, cultures
were treated with 30 pm of either NOI-NJ or 6S-ADBI-NJ.
Both the compounds resulted in significantly increased levels
of both protein stability and enzyme activity (Fig. 6 and Sup-
plementary Material, Fig. S8), suggesting that the compounds

cells. (C) Bar chart showing quantification of percentage of high-expressing

were capable of stabilizing acid-B-glucosidase protein levels
and facilitating trafficking to the lysosome.

DISCUSSION

In this study, we describe the successful derivation of iPSc
from dermal fibroblasts from a patient with GD type 2, the
acute neuronopathic form of the disease. Our iPSc lines
meet the criteria of quality standard in the field: they show
ESc-like morphology, express a range of pluripotent markers
(AP, Oct4, Sox2, Nanog, Tral-60, Tral-81 and SSEA4),
clearly cluster with ESc by microarray analysis, are capable
of differentiation to the three germ layers both in vitro and
in vivo and have normal karyotype. We genotyped our GD
iPSc and confirmed the presence of the original fibroblast
P.[LEU444PRO];[GLY202ARG] genotype, a compound het-
erozygote mutation in exons 7 and 11 of the GBAI gene.
We differentiated the GD iPSc lines into the two main cell
types affected by the disease: macrophages and neurons. We
find that these differentiated cells reproduce the basic under-
lying acid-B-glucosidase expression deficiency both in
protein levels and in enzymatic activity. Furthermore, we
demonstrate that these differentiated cell types can be used
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Figure 5. (A) Differentiation of GD iPSc to dopaminergic neurons. Briefly, iPSc were differentiated to SNMs, differentiated to neurons and matured to the
dopaminergic fate. Rows from top to bottom: iPSc, SNM, differentiating SNM (20 x ) and mature dopaminergic neurons (40 x ). Markers indicated in each
panel. (B) Mature neurons derived from GD iPSc, 40 x. Markers indicated in each panel.

to evaluate candidate chaperone compounds capable of rescu-
ing enzyme activity, providing a novel human-based in vitro
preclinical model.

Recently, a number of publications have reported the devel-
opment of iPSc-based models of both monogenic and polygen-
ic diseases (reviewed in 31), establishing a convenient source
of human disease-specific cell types for dissecting mechan-
isms of pathogenesis and providing an intermediate level of

testing of pharmacological compounds between animal
models and clinical trials. The classic method of reprogram-
ming involves using retroviral vectors expressing a small
number of ESc-related transcription factors, most frequently
Oct4, Sox2, KlIf4 and c-Myc, either cloned individually or as
a polycistron (60). In this study, we utilized a two-step strat-
egy: reprogramming was achieved by nucleofection of a loxP-
flanked polycistronic reprogramming cassette consisting of
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Figure 6. Acid-B-glucosidase protein and enzymatic activity levels in differ-
entiated dopaminergic neuronal cultures derived from wt, GD and GBAI cor-
rected GD iPSc subjected to 30 um of 6S-ADBI-NJ and NOI-NJ.

Oct4, Sox2, KIf4 and c-Myc, and reprogramming cassette
elimination was achieved by transient expression of Cre re-
combinase. Thus, genomic insertions are minimized and if
the reprogramming cassette does not silence spontaneously,
it can be removed with Cre recombinase. Ninety percent of
the iPSc clones obtained had a single transgene insertion.
Three of the seven GD iPSc clones isolated reduced transgene
expression spontaneously after several passages. The rest did
not and required transgene excision. Therefore, these lines
have only one leftover genomic insertion (minimizing muta-
genic effects) and possible reactivation of the reprogramming
transgene during differentiation with its potential for biasing
the developmental outcome of the culture is ruled out.

In attempting to derive iPSc from fibroblasts obtained from
patients suffering from genetic disease, several publications
have reported difficulty in iPSc derivation due to the effect
of the gene mutations on the viability and physiology of the
fibroblasts to be reprogrammed (61,62), overcoming the
problem by expressing the wt gene constitutively or condition-
ally ahead of the reprogramming protocol. We observed a no-
ticeable delay in the appearance of GD iPSc colonies (5 to 6
weeks for GD fibroblasts versus 4 weeks for wt fibroblasts),
suggesting diminished reprogramming ability possibly due to
a slower rate of cell division observed in the original fibroblast
population. Nevertheless, genetic rescue was not an absolute
requirement for this particular GD genotype and we did not
test whether such a rescue would have resulted in a higher ef-
ficiency of reprogramming. Furthermore, once obtained, the
GD-iPSc lines were similar to wt iPSc by morphology,
growth rate and expression of pluripotency markers as estab-
lished by immunofluorescence for selected markers as well
as microarray profiling, suggesting that acid-fB-glucosidase
has no role in the maintenance of the pluripotent state.

Realization of the potential of iPSc for disease modelling
requires knowledge of which are the cell types affected and
adequate differentiation protocols to these cell fates. The
role of macrophages in GD type 1 and GD type 3 is firmly
established (4), and therefore, we sought to differentiate our
iPSc lines to this lineage. Differentiation to macrophages
was initially problematic. Attempts to differentiate fibroblast-
derived iPSc to macrophages using three different published
protocols did not succeed. The protocols of Kambal et al.
(34) and Karlsson et al. (36) were developed starting from
CD34+ cord blood progenitors and hESc, respectively. Fur-
thermore, we were unable to obtain macrophages using the
protocol of Senju et al. (35), which was developed starting
from fibroblast-derived iPSc. A fourth published protocol
(Choi et al. (37)), developed with hESc as the starting cell
type, (when modified as described in Materials and
Methods) resulted in differentiated populations with high pro-
portion (86%) of CD11b+ macrophages when differentiated
from iPSc that had been derived from CD133+ cord blood
progenitors, but did not yield macrophages when applied to
iPSc derived from either wt or GD fibroblasts. However,
extending culture times of the Choi et al. protocol allowed dif-
ferentiation to macrophages in both wt and GD fibroblasts.
Our procedure resulted in a population of differentiated cells
with significant numbers of macrophages of high quality as
judged by morphology, the presence of multiple monocyte—
macrophage lineage markers and the ability to internalize
fluorescent particles. The difficulty we encountered in achiev-
ing differentiation to the macrophage lineage suggests that the
epigenetic state (or epigenetic memory) of the starting popula-
tion could be playing a role in differentiation efficiency, as has
been indicated by several reports (63—67), and that variation
in subtle yet important parameters such as serum source and
stromal cell line characteristics on differentiation efficiency
should not be underestimated.

The matter of what neuronal subtypes are involved in neu-
rodegeneration and CNS involvement in GD type 2 and type 3
is still unclear. A recent mouse model in which GBA1 was
knocked in all tissues except skin presented severe neurode-
generation and apoptosis in the CNS (68). Interestingly, a con-
ditional knockout limited to neural and glial progenitors
presented a similar phenotype but with later onset, leading
to the interpretation that the phenotype is mainly due to dys-
function in neurons and/or glial cells rather than microglia
(68). The wide range of brain regions and structures affected
suggests that the probability of cell-type specificity being
restricted to a particular neuronal or glial type is low. One
neuronal cell type known to be affected are pyramidal
neurons of the hippocampus, where sensitivity to neurodegen-
eration correlates with functional regions: in the hippocampus,
pyramidal SC2-4 neurons are affected while pyramidal SCI
neurons are relatively spared (7). Given that differentiation
to pyramidal neurons is not well defined, we chose to focus
on differentiating our iPSc lines to dopaminergic neurons, as
this is one of the neuronal types with best characterized differ-
entiation protocols and furthermore of potential interest
because of a recently established pathogenic link between
GD and Parkinson (69). The protocol used to differentiate
iPSc to dopaminergic neurons resulted in heterogeneous cul-
tures with a high proportion of TUJ1+ neurons. A majority
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of neurons present in the culture were also Map2+, indicating
an intermediate level of maturity, with clusters of more mature
neurons positive for neurofilament, synapsin and NeuN. All
our lines gave rise to TH4+ dopaminergic neurons; however,
there was some variability from line to line and between
experiments. This variability is commonly experienced when
doing in vitro differentiation and has been reported for neuron-
al lineages (70), haematopoietic cells (71) and cardiomyocytes
(72). While variability did not correlate with the phenotype,
some of the acid-B-glucosidase protein and activity measure-
ments may reflect this heterogeneity.

While patients with GD type 1 and type 3 can treat the sys-
temic aspect of their condition with ERT or SRT, these treat-
ments result in no clinical benefit for GD type 2 patients. In
addition, ERT therapy requires regular infusions in a hospital
setting, carries the risk of side effects, immunological rejec-
tion to the recombinant enzyme and can impose a hard finan-
cial burden on patients, families and health care systems
(13,73). Pharmacological chaperones are a potential alterna-
tive. Given the high cost of developing pharmacological com-
pounds for disease, being able to test potential candidates early
during the process on the relevant type of human cell is of
great value. In this study, we have further characterized two
members of the recently developed bicyclic nojirimycin ana-
logue compounds with sp”-iminosugar structure (59). We
find that relatively low concentrations (30 M) of both com-
pounds can increase protein and enzymatic activities several
folds in differentiated neuronal cultures of GD type 2 patients;
furthermore, this effect is also observed for wt cells, indicating
that the rescue occurs over a wide range of concentrations of
substrate and is not specific to the mutated form of the
enzyme. Importantly, their small size and amphiphilic design
enhance their ability to cross the blood—brain barrier.
Recent studies have shown that the NOI-NJ has good proper-
ties regarding oral availability and ability to enhance
acid-B-glucosidase activity in mouse tissues, including brain,
as well as the lack of acute toxicity at high doses in normal
mice (59). Furthermore, the use of a fluorescently labelled
derivative recently demonstrated the ability to cross the
cell membrane by diffusion and increase the levels of
acid-B-glucosidase in mature and immature neuronal cells
(74). Given estimates that only small increases in
acid-B-glucosidase activity would be required to achieve a
clinical effect (75), these results support further development
of these compounds as therapeutic candidates.

To our knowledge, there have been two previous reports of
derivation of GD iPSc in the literature. Park ef al. (30) used
individual retroviral vectors expressing Oct4, Sox2, KlIf4 and
c-Myc to generate a number of iPSc lines from fibroblasts of
several monogenic diseases, including GD type 1. However,
the study did not go beyond the generation and characteriza-
tion of the pluripotency of the lines generated. In particular,
no attempt was made to differentiate the GD iPSc to disease-
specific cell types in vitro. A second publication (69) used the
same iPSc line and differentiated it into dopaminergic neurons
but not macrophages. Neither study attempted to use the
system to evaluate therapeutic compounds. The present
study is the first to report the development of iPSc from a
GD type 2 patient, differentiate the line to both macrophages
and dopaminergic neurons and test chaperone compound
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candidates on the differentiated cells. In differentiating our
iPSc to neurons and macrophages, we provide a platform
that fills this need for the particular case of the
P.JLEU444PRO]; [GLY202ARG] genotype. We envision
that a panel of iPSc covering the most common genotypes
of GD could be developed to pre-screen compounds for this
condition. We believe that iPSc models of GD can offer a
complementary approach to mouse modelling to advance our
understanding of the disease and develop novel therapeutics.

MATERIALS AND METHODS
Isolation of fibroblasts from GD patient fibroblasts

Dermal fibroblasts from a patient with diagnosed GD type 2
were obtained following the protocol approved by the Hospital
Clinic, Barcelona. The diagnosis was made based on the clin-
ical features and low acid-B-glucosidase activity. Mutational
analysis of the GBAIl gene confirmed the presence of a
P.[LEU444PROJ;[GLY202ARG] compound heterozygote
mutation.

Cell culture

Human GD fibroblasts, unaffected human fibroblasts, human
foreskin fibroblasts (HFF) and 293T cells were maintained
in Dulbecco’s minimal essential medium (DMEM) medium
supplemented with 10% fetal bovine serum (FBS) (Life tech-
nologies) and penicillin/streptomycin at 37°C with 5% CO,.
GD and wt iPSc lines were maintained on irradiated HFF
feeder layers in HES medium (KO-DMEM, 20% knockout
serum replacement, non-essential amino acids, L-glutamine,
[B-mercaptoethanol and basic fibroblast growth factor (bFGF)
(5 ng/ml) (Life Technologies) and passaged mechanically.
To obtain pure iPSc population for analysis, iPSc were cul-
tured on matrigel (BD Biosciences) coated dishes, fed with
HFFconditioned HES medium and passaged by trypsinization.
For seeding single iPSc for clone derivation, cultures were
incubated with a Rock inhibitor (Y27632) 10 um (Sigma)
for 1h, trypsinized and seeded on inactivated HFF in HES
media (previously conditioned by culture on hESc grown on
HFF) supplemented with 10 ng/ml neurotrophin 3 (NT-3)
(Peprotech).

IPSc derivation, reprogramming cassette elimination
and rescue with wt GBA1

The reprogramming DNA consisted of a linear 10 kb fragment
containing an upstream fragment, a loxP site, a CAG promoter
driving a polycistronic reprogramming construct and a second
loxP site. The reprogramming construct carried the ORFs of
mouse OCT4, SOX2, KLF4, c-MYC and EGFP linked by
2A self-cleaving peptides. Dermal fibroblasts were trypsinized
and 10° cells nucleofected with 2 wg of the DNA construct
using the NHDF kit (Amaxa) according to the manufacturer’s
instructions. The nucleofected fibroblasts were seeded on irra-
diated HFF feeder layers, and fed every other day with HES
medium. After 1 week, conditioned HES medium was used
and plates incubated until colonies were picked manually
for expansion under standard hESc culture conditions. To
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eliminate the reprogramming cassette, iPSc lines were trypsi-
nized and transduced in suspension with a non-integrative len-
tiviral vector expressing Cre recombinase and cherry
fluorescent protein. They were plated on matrigel-coated
dishes and 72 h later cherry+ cells were isolated by FACS
and plated for subclone isolation. Loss of the reprogramming
cassette was confirmed by southern blot using probes both in-
ternal and external to the loxP-flanked segment of the con-
struct. GD-iPSc  lines were genetically rescued by
transduction with a lentiviral vector constitutively expressing
GBAL. The cells were trypsinized, transduced at low multipli-
city of infection and sublclones screened for lentiviral integra-
tion by PCR, followed by an acid-3-glucosidase activity assay.

IPSc characterization

IPSc lines were selected based on their hESc-like morphology
and tested for alkaline phosphatase activity using the Blue
Membrane Substrate solution kit (Sigma) following the manu-
facturer’s guidelines. Lines were further tested for pluripo-
tency markers Oct4, Sox2, Nanog, Tral-60, Tral-81 and
SSEA4 by immunofluorescence. The capability of differentiat-
ing in vitro into the three germ layers was tested as previously
described (55). Briefly, embryoid bodies were induced to dif-
ferentiate into endoderm by culturing in a differentiation
medium containing FBS, to mesoderm by supplementing the
differentiation medium with ascorbic acid and ectoderm by
free floating culture of EBs in N2B27 medium (Life Technolo-
gies) supplemented with bFGF, SHH (R&D Systems) and
FGFS8 (Peprotech) followed by plating on PA-6 feeder cells
in the absence of FGF2. In vivo differentiation ability was
tested by teratoma formation as previously described (55).
Briefly, 10° iPSc were injected into the testis of SCID beige
mice and 8—10 weeks later tumors processed by standard
immunohistochemistry techniques and immunofluorescence.
All animal experiments were conducted following experimen-
tal protocols previously approved by the Institutional Ethics
Committee on Experimental Animals, in full compliance
with Spanish and European laws and regulations.

Differentiation of iPSc to macrophages

A four-step protocol was developed. Steps 1 and 2 were per-
formed as previously described (37) with some modifications.
Step 1: EBs from iPSc were prepared mechanically and cul-
tured in ultra-low attachment dishes in growth media supple-
mented with 100 ng/ml mWNT3a (Peprotech) for 2 days.
Step 2: EBs were transferred onto OP9 feeders in a 1:1 mix
of growth and haematopoietic differentiation media. Haemato-
poietic differentiation media consisted of Iscove’s modified
Dulbecco’s medium (IMDM) (Life Technologies) supplemen-
ted with 10% FBS (Hyclone), 100 U/ml penicillin, 100 pg/ml
streptomycin, 1x GlutaMAX (all from Life Technologies),
10ng/ml bFGF, 10 ng/ml FIt3l, 10 ng/ml VEGF, 10 ng/ml
BMP-4, 20 ng/ml TPO and 25 ng/ml SCF (all from Pepro-
tech). On the third day, cultures were transferred into differen-
tiation medium. The cells were maintained by changing half of
the medium volume every 3 days, and subsequently by re-
placing 25% of the medium volume every 3 to 4 days for a
total of 14—16 days. Step 3: modified from Choi et al. (37):

cultures were digested with 0.25% trypsin (Life Technolo-
gies), 0.1% collagenase type IV (Life Technologies) and
DNase (Roche), washed with phosphate buffered saline
(PBS) and cultured in ultra-low attachment dishes in
a-minimmum essential medium media (Life Technologies)
supplemented with 10% FBS, 100 U/ml penicillin, 100 g/
ml streptomycin, 100 pm monothioglycerol solution (Sigma)
and 200 ng/ml of granulocyte-macrophage colony-stimulating
factor (Peprotech) for 2 days. Step 4: cells were subsequently
washed in PBS and cultured in IMDM media, supplemented
with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin,
20 ng/ml macrophage colony-stimulating factor (both form
Peprotech), 10 ng/ml II-13 for an additional 10 days. At this
time, the cells were collected, filtered through a 70 pm cell
strainer and used for further experiments.

CD profile analysis

Cells were stained with monoclonal antibodies against human
CDl11b, CDI14, CD33 (BD Biosciences), CD163 (R&D
systems) conjugated with fluorescein, phycoerythrin or allo-
phycocyanin according to the manufacturer’s instructions
and analysed by using Moflo high-performance cell sorter
and flow cytometry analyzer Gallios (Beckman Coulter). Pro-
pidium iodide-stained dead cells were gated out. Human cell
population was identified upon staining with antibodies
against the pan-human marker TRA-1-85 (BD Biosciences).

Phagocytosis assay

For live cell imaging of phagocytosis, 50 000 cells were plated
onto the glass surface of glass bottom dishes (Maltek) in
400 ! of media and were allowed to attach over night. Next
day, the media was replaced with 200 wl of fresh media supple-
mented with opsonized fluorescein isothiocyanate (FITC)-
labelled Zymosan A particles (Life Technologies) (20 particles
per cell) for 100 min. Uninternalized particles were washed
away, after which cells were, stained with Hoechst vital dye
and analysed with a confocal Leica SPS AOBS microscope.
For FACS analysis of phagocytic macrophages, the cells were
cultured in 12-well cell culture dishes at a density of
200 000—-500 000 per well, treated with opsonized FITC-
labelled Zymosan A particles, trypsinized and in some experi-
ments stained with anti-CD14 antibody (BD Biosciences).

Differentiation to dopaminergic neurons

IPSc were differentiated to dopaminergic neurons using the
four-stage published protocol of Cho et al. (39,40). Briefly,
iPSc were detached and cultured as EBs for 7 days in HES
medium devoid of bFGF (step 1); EBs were plated on
matrigel-coated dishes and neural precursors selected and
expanded using 0.5% N, supplement and 20 ng/ml bFGF.
SNMs consisting of neural progenitors were dissected and
expanded as free floating spheres by mechanical passaging
(step 2); SNMs were transferred to matrigel-coated dishes
and cultured for 4 days with a neural induction medium con-
taining a 2% B27 supplement (Life Technologies) and a 1%
N, supplement (step 3). After 4 days, dopaminergic neuron
fate was induced by adding 200 ng/ml SHH and 100 ng/ml
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FGFS to the media and on day 8 of differentiation, 200 um as-
corbic acid was used for dopaminergic maturation (step 4).

Chaperone treatment

Compounds were synthesized and characterized by C. O. Mellet
and J. M. Garcia Fernandez as described in (59,76). The cells
were treated with chaperone compounds at 30 M final concen-
tration for 2 days, after which fresh medium and compound were
added for another 2 days (total of 4 days of chaperone treatment)
before assaying acid-B-glucosidase enzymatic activity.

Microarray processing and analysis

The RNA integrity was assessed using an Agilent 2100 bioa-
nalyzer (Agilent Technologies, Palo Alto, CA, USA). All
samples had high integrity (RNA integrity number (RIN)
>8.7) and were subsequently used in microarray experiments.

Amplification, labelling and hybridizations were performed
according to the protocols from Ambion and Affymetrix.
Briefly, 200 ng of total RNA were amplified using the
Ambion® wt expression kit (Ambion/Applied Biosystems,
Foster City, CA, USA), labelled using the wt Terminal label-
ling kit (Affymetrix Inc., Santa Clara, CA, USA), and then
hybridized to Human Gene 1.0 ST Array (Affymetrix, GEO
Accession number GSE41243) in a GeneChip® Hybridization
Oven 640. Washing and scanning were performed using the
hybridization wash and stain kit and the GeneChip® system
of Affymetrix (GeneChip® Fluidics Station 450 and Gene-
Chip® Scanner 3000 7G).

Microarray data analysis was performed as follows: after
quality control of raw data, it was background corrected,
quantile-normalized and summarized to a gene level using
the robust multi-chip average obtaining a total of 28 832 tran-
script clusters, excluding controls, which roughly correspond
to genes. NetAffx annotations (version 32, human genome
19) were used to annotate analysed data.

Hierarchical cluster analysis was performed to see how data
aggregate and a heat map was generated with pluripotency
genes. All data analysis was performed in R (version 2.15)
with packages aroma.affymetrix, Biobase, Affy, biomaRt
and gplots. Ingenuity Pathway Analysis v 9.0, (Ingenuity™
Systems, www.ingenuity.com) was used to perform functional
analysis of the results.

Acid-3-glucosidase enzymatic activity assay

Acid-B-glucosidase activity in cell pellets was determined
as previously described (77) with the fluorogenic substrate
4-methylumbelliferyl-3-p-glucopyranoside (Sigma). Activ-
ities were measured in triplicate. Protein concentration was
determined using the Lowry method. All measurements were
derived in triplicate. The results were presented as mean +
SD. Student’s #-test was used to examine the significance of dif-
ferences between-group means, and the differences in P-values
<0.05 were considered significant. Acid-B-glucosidase activity
in macrophages was measured by FACS as described in (78).
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Western blot analysis

Cells from differentiated and undifferentiated cultures were
incubated in the presence or the absence of compounds
6S-ADBI-NJ or NOI-NJ (59). After indicated times, the cells
were harvested and equal amounts of cell lysate (30 wg from
Bradford-determined RIPA homogenates) were separated by
10% sodium dodecyl sulphate-polyacrylamide gel electrophor-
esis and transferred onto Immobilon polyvinilidene difluoride
(Millipore). For immunochemical detection, blots were incu-
bated with the indicated primary antibodies (anti-GBA
(ABCAM ab55080), anti-actin (Sigma A2172)). Subsequently
incubated with secondary sheep anti-mouse IgG peroxidase-
conjugated antibody (Amerham) and developed with the che-
mioluminescence ECL plus detection system (Amersham).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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RESUMEN

Los antibidticos aminoglicdsidos, como por ejemplo la gentamicina, permiten la sobrelectura
de codones de terminacion prematura (PTC) y de esta forma eludir el mecanismo de control
de calidad del mRNA denominado nonsense-mediated mRNA decay (NMD). En las
enfermedades lisosomales se detecta con frecuencia mutaciones PTCs. Por ello, los
compuestos que inducen la sobrelectura de PTCs podrian ser Utiles como terapia para estos

pacientes.

El objetivo de nuestro estudio consistié en identificar pacientes que pudieran responder a un
posible tratamiento con compuestos que promovieran la sobrelectura de PTCs, para
posteriormente poder ser utilizados como controles positivos en futuros cribados de

compuestos con esta capacidad.

Se trataron con gentamicina los fibroblastos derivados de once pacientes afectos de seis
enfermedades lisosomales diferentes y portadores de mutaciones que daban lugar a la
aparicidon de un PTC. La respuesta al tratamiento se evalué midiendo la actividad enzimatica
residual, los niveles de sustrato acumulado, la expresion del mRNA, la localizacidn proteica y
la viabilidad celular. El efecto potencial de este tipo de tratamiento también se analizd

mediante predicciones in silico.
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Resultados

Los resultados mostraron que cinco de los once pacientes tratados con gentamicina
presentaban un incremento de la actividad enzimatica residual de hasta tres veces. Ademas
se observo un incremento de los niveles de proteina asi como una correcta localizacién
subcelular, y/o un incremento de los niveles de expresion del mRNA, y/o una disminucién
significativa de los niveles del sustrato acumulado. Paralelamente, observamos un
incremento de la actividad enzimatica residual en estos mismos cinco pacientes al tratarlos

con otro compuesto descrito que promueve la sobrelectura de PTCs: PTC214.

En conclusion, nuestros resultados aportan la prueba de concepto sobre el hecho de que los
PTCs pueden ser suprimidos de forma eficaz mediante compuestos que promuevan su
sobrelectura, pero hemos observado que la eficiencia de la misma varia en funcion del
contexto genético de cada paciente. El cribado de nuevos compuestos, mas eficaces, seria
una buena estrategia para el desarrollo de terapias en enfermedades genéticas causadas por

PTCs.
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Abstract Aminoglycoside antibiotics, such as gentamicin,
may induce premature termination codon (PTC) readthrough
and elude the nonsense-mediated mRNA decay mechanism.
Because PTCs are frequently involved in lysosomal diseases,
readthrough compounds may be useful as potential therapeu-
tic agents. The aim of our study was to identify patients re-
sponsive to gentamicin treatment in order to be used as posi-
tive controls to further screen for other PTC readthrough com-
pounds. With this aim, fibroblasts from 11 patients affected by
6 different lysosomal diseases carrying PTCs were treated
with gentamicin. Treatment response was evaluated by mea-
suring enzymatic activity, abnormal metabolite accumulation,
mRNA expression, protein localization, and cell viability. The
potential effect of readthrough was also analyzed by in silico
predictions. Results showed that fibroblasts from 5/11 patients
exhibited an up to 3-fold increase of enzymatic activity after
gentamicin treatment. Accordingly, cell lines tested showed
enhanced well-localized protein and/or increased mRNA ex-
pression levels and/or reduced metabolite accumulation. Inter-
estingly, these cell lines also showed increased enzymatic ac-
tivity after PTC124 treatment, which is a PTC readthrough-
promoting compound. In conclusion, our results provide a
proof-of-concept that PTCs can be effectively suppressed by
readthrough drugs, with different efficiencies depending on
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the genetic context. The screening of new compounds with
readthrough activity is a strategy that can be used to develop
efficient therapies for diseases caused by PTC mutations.

Key Words Gentamicin - aminoglycoside - lysosomal
disease - premature stop codon - PTC124 - readthrough
treatment

Introduction

Nonsense-mediated mRNA decay (NMD) is a quality-control
mechanism that selectively degrades mRNAs harboring pre-
mature termination codons (PTC). During mRNA processing,
exon splice junctions are marked with exon junction com-
plexes (EJC). As protein translation occurs, the ribosome dis-
places all EJC except in those transcripts harboring a PTC.
Thus, when an EJC remains because of the presence of a PTC,
NMD machinery is activated to ensure aberrant mRNA deg-
radation, except in those transcripts harboring a PTC greater
than around 50 nucleotides upstream of an EJC or in the last
exon [1, 2]. This process protects the organism from truncated
proteins in recessive inherited disorders and from potential
dominant-negative or gain-of-function activities from domi-
nantly inherited disorders that could arise if these proteins
were expressed. Therefore, NMD plays a key protective role
in a long list of human diseases [3].

Lysosomal storage diseases (LSD) comprise>50 different
genetic disorders involving the accumulation of nondegraded
macromolecules into lysosomes and are mainly inherited in an
autosomal recessive manner or, in few cases, are X-linked. The
global incidence of LSD is approximately 1 in 5000 live births.
Most of them are caused by the deficiency of a particular lyso-
somal enzyme involved in the degradation of a specific sub-
strate, preventing its accumulation [4, 5]. Around two-thirds of
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patients with LSD will develop brain pathology together with
multiorgan involvement. To some extent, enzymatic activity
depends on the mutation, and in most cases the severity of the
disease correlates with the degree of the enzymatic deficiency.
However, residual enzymatic activity of around 10-20 % of the
activity detected in healthy individuals may be enough for func-
tional recovery resulting in the wild-type phenotype [6]. Treat-
ment strategies for LSD include bone marrow transplantation,
substrate reduction, and enzyme replacement therapies [7].
However, the usefulness of some of these therapies is limited
as these compounds are not always able to cross the blood—
brain barrier. Therefore, alternative treatment strategies are re-
quired to address both the neuropathology and other somatic
abnormalities. Although major progress has been made in gene
therapy, it is still far from achieving real clinical application. In
the last few years, other potential strategies such as pharmaco-
logical chaperones [8], or the suppression of pathogenic non-
sense mutations through the induction of translational
readthrough have emerged [2, 9-18]. To this effect, aminogly-
coside antibiotics such as gentamicin [16, 17], and small mol-
ecules such as PTC124 [18] and NB84 [19], have been de-
scribed to induce PTC readthrough, eluding the NMD mecha-
nism and allowing the formation of stable mRNAs encoding for
full-length mutant, but probably still quite active, proteins [20,
21]. These products reduce proofreading of codon—anticodon
recognition in the ribosome, allowing the suppression of PTCs
and, as a general rule, the insertion of glutamine or tryptophan
at premature UAG/UAA or UGA codons, respectively, occurs
[17]. However, there is increasing evidence that only a small
subset of stop codon generating-mutations would benefit from
gentamicin or PTC124 treatment depending on their nucleotide
context [22, 23]. Floquet et al. [24] described that nucleotides at
position —1, -5, +4, and +8 around the premature stop codon are
important to determine PTC readthrough efficiency upon gen-
tamicin treatment. However, the strong side effects of gentami-
cin, the most commonly used aminoglycoside antibiotic, pre-
cludes its utilization as a potential therapeutic agent for these
diseases because long-term treatment is required [25, 26].

Here, we present the analysis of the effect of treatment with
PTC readthrough-inducer drugs on fibroblasts from 11 pa-
tients with different LSD, with the aim of identifying respon-
sive mutated cell lines to be used for the development of future
therapeutic approaches. Moreover, this work provides addi-
tional clues in the knowledge on diseases and mutations able
to respond to PTC readthrough treatment.

Patients and Methods
Patients

Primary skin fibroblasts from 11 patients with 6 different LSD
(Fabry disease, gangliosidosis type I , Hunter, Hurler,

Sanfilippo B and Niemann Pick A/B; see Table 1) were grown
in Dulbecco’s Modified Eagle medium with 10 % fetal bovine
serum and antibiotics (penicillin and streptomycin) at 37 °C in
5 % CO; (all PAA Laboratories, Velizy-Villacoublay, France).
Patients were selected on the basis of availability of fibroblasts,
measurable enzymatic activity, presence of a nonsense or
frameshift mutation leading to PTC (preferably in hemi- or
homozygosis), and being representative of the most frequent
lysosomal diseases. The disease affecting each patient, as well
as the genetic characteristics and enzymatic activities, are sum-
marized in Table 1. The use of human samples was approved
by the ethical committee of the Hospital Clinic of Barcelona.

Readthrough Drug Treatment in Patients’ Fibroblasts

Early passage primary skin fibroblasts were plated in 25-cm?
flasks and grown to 80 % confluence. Cells were treated with
gentamicin (Sigma-Aldrich, St. Louis, MO, USA) and PTC124
(Exclusive Chemistry Ltd, Obninsk, Russia) at a concentration
previously described to promote a remarkable PTC readthrough
(300 uM for gentamicin and 5 uM for PTC124) [27]. However,
to ensure the use of the most effective conditions, drug concen-
tration, incubation time, and cell viability were tested in fibro-
blasts from patients 1, 5, and 6 upon gentamicin treatment, and
from patients 5 and 6 upon PTC124 treatment (Figure S1; see
Supplementary Material). Nevertheless, cell viability was con-
trolled in all the cell lines (data not shown). Cells were har-
vested at 72 h. In order to reduce variability, cell passage
number in all experiments was also monitored.

Enzymatic Activities

Fibroblasts were harvested and rinsed twice with physiologi-
cal serum and lysed by 3 freeze—thaw cycles. Protein concen-
tration was measured using the DC Protein Assay (Bio-Rad
Laboratories, S.A, Madrid, Spain). Equal amounts of protein
lysates were seeded in white 96-well plates, and the corre-
sponding enzymatic activities were determined using a fluo-
rimetric assay with 4-methylumbelliferyl substrates [28]:
6-hexadecanoylamino-4-metylumbeliferyl-P-coline and
4-methylumbelliferyl--L-iduronide-2-sulfate (Moscerdam,
Oegstgeest, theNetherlands) for Niemann Pick A/B and
Hunter disease, respectively; 4-methylumbelliferyl-«-
galactopiranoside and 4-methylumbelliferyl-f3-
galactopiranoside (Sigma-Aldrich) for Fabry disease and
gangliosidosis type I, respectively; 4-methylumbelliferyl-
«-L-iduronide (Glycosynth, Cheshire, UK) for Hurler disease;
and 4-methylumbelliferyl-2-acetamido-2-deoxy-x-D-
glucopyranoside (Calbiochem, Whitehouse Station, NJ,
USA) for Sanfilippo B. Fluorescence was measured at
365 nm emission and 465 nm excitation with a microplate
reader (POLARstar Omega; BMG LABTECH, Offenburg,
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Table 1  Skin-cultured fibroblasts used in this study
Patient Disease Gene Genotype Effect on protein Passage Analysis performed
number
1 Niemman-Pick A/B SMPD1 c.[503G>A]+ p-[Trpl68*]; 4/6 Enzymatic activity, in silico analysis,
[503G>A] [Trp168*] immunofluorescent microscopy,
mRNA expression analysis
2 Niemman-Pick A/B SMPD1 c.[939A>C]+ p-[Tyr313*]; 5 Enzymatic activity, in silico analysis
[939C>A] [Tyr313%*]
3 Niemman-Pick A/B SMPD1 c.[1159delC]+ p-[Arg387V1{sXT7]; 4 Enzymatic activity, in silico analysis
[1128G>A] [Arg376His]
4 Gangliosidosis type I GLBI1 c.[1370C>T]+ p-[Argd57*]; 6/7 Enzymatic activity, in silico analysis
[791 T>C] [Leu264Ser]
5 Mucopolysaccharidosis NAGLU c.[503G>A]+ p.[Trp168*]; 57 Enzymatic activity, glycosaminoglycan
type IIIB (Sanfilippo [700C>T] [Arg234Cys] quantification, in silico analysis,
B disease ) mRNA expression analysis
6 Mucopolysaccharidosis NAGLU c.[503G>A]+ p.[Trp168*]; 517 Enzymatic activity, in silico analysis,
type IIIB (Sanfilippo [1696C>T] [Q566%] immunofluorescent microscopy,
B disease) glycosaminoglycan quantification
and mRNA expression analysis
Fabry GLA c.[679C>T] p-[Arg227%] 5 Enzymatic activity, in silico analysis
Mucopolysaccharidosis IDUA c.[1205A>G]+ p-[Trp402*]; 4 Enzymatic activity, in silico analysis.
type I (Hurler disease) [1205G>A] [Trp402*]
9 Mucopolysaccharidosis IDUA c.[1205A>G]+ p.[Trp402*]; 4 Enzymatic activity, in silico analysis
type I (Hurler disease) [1205G>A] [Trp402*]
10 Mucopolysaccharidosis IDUA c.[1205A>G]+ p-[Trp402*]; 4 Enzymatic activity, in silico analysis
type I (Hurler disease) [1205G>A] [Trp402%*]
11 Mucopolysaccharidosis IDS c.[1327C>T] p.[R443%] 4/7 Enzymatic activity, in silico analysis,

type II (Hunter disease)

glycosaminoglycan quantification,
and mRNA expression analysis

Germany). Cells were cultured in triplicate, and determination
of the enzymatic activity was also performed in triplicate.

Cell Viability

Cell viability was evaluated using 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenil tetrazolium bromide assay (Sigma-Aldrich)
as described by Sumantran [29]. Briefly, medium from treated
and untreated fibroblasts grown in 96-well plates was replaced
by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenil tetrazolium bro-
mide solution and incubated for 3 h at 37 °C. Supernatant was
removed and crystals were dissolved with dimethyl sulfoxide
(Sigma-Aldrich). After 20 min, absorbance was measured at
595 nm with a spectrophotometer (POLARstar Omega; BMG
LABTECH).

Immunofluorescence

Immunofluorescence was performed in fibroblasts de-
rived from patient 1 (Niemann Pick A/B) and patient
6 (Sanfilippo B). Fibroblasts were grown on glass cov-
erslips in the presence or absence of 300 uM gentami-
cin for 72 h. Lysosomes were stained using LysoTracker
Red (Life Technologies, Paisley, UK) supplemented in
medium for 1 h at 37 °C. Samples were then fixed with

@ Springer

acetone and cells were permeabilized with 1 % bovine
serum albumin—0.1 % triton solution for 15 min, follow-
ed by 1-h incubation with primary anti-«-N-
acetylglucosaminidase (NAGLU) antibody (Novus Bio-
logical, Littleton, CO, USA) or anti-acid
sphingomyelinase (ASM) antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) at room temperature.
Incubation with fluorescein isothiocyanate-conjugated
secondary antibody for 45 min was performed. Cover-
slips were mounted with UltraCruz Mounting Medium
(Santa Cruz Biotechnology) containing 4',6-diamidino-2-
phenylindole staining, and visualized with a fluores-
cence microscope (Eclipse 50i; Nikon Instruments, Mel-
ville, NY, USA).

Glycosaminoglycans Determination

Quantification of glycosaminoglycans (GAGs) was per-
formed using the 1,9-dimethylmethylene blue assay adapted
from Barbosa et al. [30]. Cells were cultured in triplicate in 6-
well plates and harvested 72 h after treatment with 300 uM
gentamicin. 1,9-Dimethylmethylene blue absorbance was
measured in duplicate at 656 nm with a microplate reader
(POLARstar Omega; BMG LABTECH).
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mRNA Expression Analysis

This assay was performed in skin fibroblasts derived from
patient 1 (Niemann Pick A/B), patient 5 and patient 6
(Sanfilippo B), and patient 11 (Hunter). mRNA expression
was determined by reverse transcriptase polymerase chain re-
action (RT-PCR). Patient and control fibroblasts were treated
with gentamicin at 300 uM for 72 h or cycloheximide at
500 pg/ml for Sh[31,32]. Cycloheximide is a potent inhibitor
of protein synthesis that acts in the NMD pathway allowing
for the nondegradation of mutated mRNAs carrying PTCs.
Total RNA was extracted, followed by DNase I treatment
using QIAshredder and RNeasy kits (both from Qiagen,
Hilden, Germany). Single-stranded cDNA was obtained using
oligo-dT primers and M-MLV Reverse Transcriptase RNase
H Minus Point Mutant (Promega, Madison, WI, USA) ac-
cording to the manufacturer’s protocol. Analysis of cDNA
was performed by RT-PCR using SYBR green reagent (Life
Technologies) in a Step One plus real-time PCR system (Ap-
plied Biosystems, Foster City, CA, USA). IDS, NAGLU, and
SMPD1 cDNA was amplified using specific oligonucleotides
(available from the authors upon request). Glyceraldehyde 3-
phosphate dehydrogenase was used as an endogenous control.
PCR reactions were carried out in triplicate using 100 ng
cDNA from both patient and control samples. Levels of

mRNA were relatively quantified by evaluating Ct values
using the comparative Ct (ACt) method [33].

In silico Analysis of the Predicted Mutations

We conducted an in silico analysis of the predicted missense
mutations generated by gentamicin-mediated PTC
readthrough using Polyphen-2 (Polymorphism Phenotyping
v2; http://genetics.bwh.harvard.edu/pph2/) and SIFT [34].
Polyphen-2 predicts the possible impact of amino acid substi-
tutions on the stability and function of human proteins consid-
ering structural and comparative evolutionary data [35]. SIFT
prediction is based on the degree of conservation of amino
acid residues in sequence alignments derived from closely
related sequences [34]. Both predictors allow measuring of
the potential pathogenicity of a particular mutation.

Analysis of the Nucleotide Background Surrounding
PTCs

Nucleotides besides the stop codon reported to be deter-
minant for gentamicin readthrough response were com-
pared and annotated for each patient (Table 2) [24].

Table 2 Nucleotide positions beside the stop codon reported by Floquet et al. [24] to be determinant for gentamicin readthrough response treatment,
andnNucleotide context of the different premature termination codon mutations and response to gentamicin treatment

A
Stop codon
NXN NNX@ )‘(NN NXN NNN
Determinant _ I
nucleotide position -2 -1 +4 +8
B
Nonsense or Premature
Patient frameshift Nucleotide -5 Nucleotide -1 Nucleotide +4 Nucleotide +8
. Stop Codon
mutation
A U C G A U C G UAG UGA UAA A [V} C G A [V} C G
P1 p.[Trp168*] X X X X X
P2 p.[Tyr313%*] X X X X X
P3 p.[Arg387VfsX7] X X X X X
P4 p.[Argd57%] X X X X X
P5 p.[Trp168*] X X X X X
P6 p.[Trp168*] X X X X X
p.[GIn566%] X X X X X
P7 p.[Arg227%] X X X X X
P8 p.[Trp402*] X X X X X
P9 p.[Trp402*] X X X X X
P10 p.[Trp402*] X X X X X
P11 p.[Arg443*] X X X X X
Total 6 2 3 1 101 6 4 7 4 1 4 2 1 5 5 3 1 3
Positive Response 2 2 1 1 0 1 3 2 4 2 0 3 1 1 1 1 1 1 3

Nucleotide positions described as determinant to gentamicin response are indicated with an X

Patients who responded positively to gentamicin treatment are highlighted in gray
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Statistical Analysis

The statistical significance of the data was assessed using the
Student’s t test. All data are presented as mean+SD, with the
level of significance set at p<0.05.

Results

In this study we analyzed the potential effect of gentamicin
readthrough in nonsense or frameshift mutations leading to
PTCs in 11 patients affected by 6 different lysosomal disor-
ders. In addition, the effect of PTC124 treatment was also
evaluated.

Rescue of the Enzymatic Activity After Gentamicin
Treatment in Fibroblasts

The fibroblasts of 5/11 patients showed an up to 3-fold in-
crease in residual enzymatic activity after gentamicin treat-
ment (Fig. 1A). Patient 1 and patient 6, affected by
Niemann—Pick A/B and Sanfilippo B, respectively, showed
a slight but statistically significant increase of 2.5-3.0-fold
compared with untreated fibroblasts, while patient 4
(gangliosidosis type I), patient 5 (Sanfilippo B), and patient
11 (Hurler) showed a smaller increase of 1.2-fold (Fig. 1A).
Cell lines of the remaining 6 patients did not show any in-
crease in enzymatic activity after gentamicin treatment. Cell
viability was not altered after treatment in any of the cell lines
used in this study (data not shown). Similar results represented
as the percentage of residual enzymatic activity relative to
controls are shown in Fig. 1B.

Rescue of the Enzymatic Activity After PTC124
Treatment in Fibroblasts

As gentamicin treatment rescued the enzymatic activity in the
fibroblasts of some patients, we wondered if PTC124 was also
able to restore activity. We treated the gentamicin-responsive
fibroblasts with this compound. We first tested which concen-
tration led to the highest readthrough effect without causing
any effect on cell viability. This concentration was found to be
5 uM (Fig. S1; see Supplementary Material). Treatment with
PTC124 caused a similar pattern of readthrough response in
the same cell lines that were already gentamicin responsive,
with the exception of those from patient 4 (Fig. 2A). Patients
1, 5, 6, and 11 showed a slight but statistically significant
increase of up to 3-fold their residual enzymatic activity
(Fig. 2B). Cell viability was not altered after treatment in
any of the cell lines used in this study (Fig. S1; see Supple-
mentary Material). Similar results represented as the percent-
age of residual enzymatic activity relative to controls are
shown in Fig. 2B.
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Immunostaining Analysis After Gentamicin Treatment
in Patients’ Fibroblasts

To determine if the rescue of enzymatic activity was
due to an increase of protein biosynthesis, we studied
the presence of the protein involved in the disease in
the fibroblasts that increased their residual enzymatic
activity more effectively upon gentamicin treatment (2
patients). We stained acid-sphingomyelinase (the enzyme
deficient in Niemann-Pick A/B disease) in patient 1,
and «-acetylglucosaminidase (the enzyme deficient in
Sanfilippo B disease) in patient 6. Before treatment,
almost no protein was observed in patients’ cells
(Figs. 3 and 4). However, after treatment about 30—
40 % of the cells showed an increase in protein, and
properly localized acid-sphingomyelinase and -
acetylglucosaminidase protein into lysosomes (Figs. 3
and 4). It is important to note that the extent of protein
expression recovery was not the same in all cells.

GAG Accumulation Into Lysosomes in Response
to Gentamicin Treatment

We assessed the ability of gentamicin to decrease the accumu-
lation of GAGs in fibroblasts from patients 5, 6, and 11, which
were responsive to gentamincin by increasing their residual
enzymatic activity. Fibroblasts from patient 6 showed a sig-
nificant decrease of GAG accumulation—16 % compared
with untreated fibroblasts after 48 h of gentamicin incubation.
In contrast, fibroblasts from patients 5 and 11 did not show
any significant reduction in cellular GAG accumulation

(Fig. 5).

mRNA Expression Analysis in Gentamicin-responsive
Fibroblasts

To determine the correlation between the recovery of
residual enzymatic activity and mRNA expression in
response to gentamicin treatment, we performed RT-
PCR analysis of SMPD1 and IDS in fibroblasts from
patients 1 and 11, respectively, and of NAGLU in pa-
tients 5 and 6. All patients except patient 11 showed
levels of mRNA expression of about 20-40 % that of
controls. Expression in patient 11, both before and after
gentamicin treatment, was similar to that of controls. It
is interesting to note that, after treatment, mRNA levels
in P6 increased significantly relative to basal levels and
almost reached the levels obtained after the addition of
cycloheximide addition. The fibroblasts of the remaining
patients did not show any increase of mRNA expression
after gentamicin treatment (Fig. 6).
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Fig.1 Residual enzymatic activity in patient fibroblasts upon gentamicin
treatment. (A) Equal amounts of protein lysates from cells treated with or
without of gentamicin (300 uM) for 72 h were seeded, and the
corresponding deficient enzymatic activities for each patient were
determined [acid sphingomyelinase for patients 1-3 (P1-3); 3-
galactosidase for patient 4 (P4); «-N-acetylglucosaminidase for patients

Nucleotide Background Around PTC

Floquet et al. [24] reported different gentamicin-induced
readthrough responses depending on the nucleotide context
(nucleotide positions —5, —1, +4, and +8) around the PTC
(Table 2). We also analyzed this in our patients (Tables 2
and 3), suggesting a UAG>UGA>UAA hierarchy of stop
codon readthrough and a positive gentamicin readthrough in
sequences comprising a uracil or a guanidine at nucleotide
position —5, or a uracil at position —1, or an adenosine or a
cytosine at position +4, and a guanidine or a cytosine at posi-
tion +8.

In Silico Analysis of the Predicted Substitutions Induced
by Gentamicin Treatment

It has been described that glutamine and tryptophan are the 2
most common amino acid insertions when a premature stop

*x

mUntreated
300uM gentamicin

% of control

P1 P2

P3 P4 P5 P6 P7 P8 P9 P10 P11

5 and 6 (P5 and P6, respectively); c-galactosidase A for patient 7 (P7); -
L-iduronidase for patients 8—10 (P8-10, respectively), and iduronate-2-
sulfatase for patient 11 (P11)]. (B) Residual enzymatic activity in patient
fibroblasts upon gentamicin treatment shown as a percentage relative to
controls for each disease (*p<0.05, **p<0.025, ***p<0.005)

codon readthrough occurs. Glutamine is preferably inserted at
nonsense UAG or UAA codons, whereas UGA miscode to
tryptophan [36-38]. Taking into account these rules, the pre-
dicted amino acid changes were analyzed, using an in silico
approach, for each patient (Polyphen-2 and SIFT analyses).
Then, the possible effect of the “new missense” mutations
created by gentamicin readthrough was assessed (Table 4).

Discussion

LSD comprise>50 different genetic disorders involving the
storage of nondegraded macromolecules in lysosomes and
are mainly inherited in an autosomal recessive manner or, in
a few cases, X-linked. In most cases, the severity of the dis-
ease correlates with the levels of the affected enzymatic activ-
ity. To some extent, the level of enzyme deficiency depends on
the disease-causing mutation and the degree of effect on the
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Fig. 2 Residual enzymatic activity in patient fibroblasts upon treatment
with PTC124 treatment. (A) Patients responsive to gentamicin treatment
were treated with or without PTC124 (5 uM) for 72 h. Equal amounts of
protein lysates, with or without 5 uM PTC124, were seeded and the
corresponding enzymatic activities were determined using a fluorimetric
assay with 4-methylumbelliferyl substrates [acid sphingomyelinase for

protein. Furthermore, a recovery of residual enzymatic activ-
ity of only 10-20 % of the activity detected in healthy indi-
viduals may be enough for functional relief resulting in the
wild-type phenotype [6]. In our study, we focused on non-
sense or frameshift mutations leading to PTC resulting in an
almost complete absence of particular key proteins involved in
lysosomal function and cell homeostasis maintenance.
Preclinical studies with gentamicin or PTC124 had
succeeded by enhancing stop codon readthrough and were
able to be used as therapeutic agents for genetic diseases
[9-18, 3642]. PTC124 has been successfully extended into
clinical trials [18, 43], although preliminary results are not
clear for Duchenne muscular dystrophy [44]. In the present
work, in order to develop future therapeutic approaches we
studied the potential drug-mediated readthrough to restore the
activity of several lysosomal enzymes in 11 patients affected
by 6 different LSDs. We found that gentamicin treatment was
able to slightly restore (up to 3-fold) the enzymatic activity in
fibroblasts of several patients carrying nonsense mutations
[Table 1 (patients 1, 4, 5, 6, and 11); Fig. 1]. Interestingly,
fibroblasts from patients 1 and 6, which increased their resid-
ual enzymatic activity more efficiently, also increased the pro-
tein levels as well as their localization into the lysosomes
(Figs. 3 and 4). Thus, both enzymatic and immunolocalization
criteria suggest that readthrough treatment can partially restore
the biochemical alterations of these patients in cultured
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patient 1 (P1); 3-galactosidase for patient 4 (P4); «-N-
acetylglucosaminidase for patients 5 and 6 (P5 and P6), and iduronate-
2-sulfatase for patient 11 (P11)]. (B) Residual enzymatic activity in
patient fibroblasts upon PTC124 treatment shown as a percentage
relative to controls for each disease (*p<0.05, **p<0.025, ***p<0.005)

fibroblasts. However, the fact that protein expression recovery
is not equal in all the cells could provide a potential explana-
tion for the slight increase in enzymatic activity (see Figs. 3
and 4). To this effect, although a clear recovery of well-
localized protein is detected after gentamicin treatment, differ-
ences from cell to cell within patients’ fibroblasts are ob-
served, probably owing to the reduced rates of protein synthe-
sis in potentially low proliferating primary cell lines [45].

It is important to note that, upon gentamicin treatment, only
fibroblasts from patient 4 were able to increase residual enzy-
matic activity up to 10 % of control cells (Fig. 1B), which was
described to be sufficient for functional recovery [6]. In LSDs,
a correlation among residual enzymatic activity, severity of
the clinical presentation, and the biochemical phenotype has
been observed [46]. For that reason, we cannot exclude the
possibility that the modest increase of residual enzymatic ac-
tivity detected in fibroblasts from patients 1, 5, 6, and 11 might
have a positive impact and improve the clinical and biochem-
ical phenotype of these patients (Fig. 1B). The fact that anoth-
er readthrough compound, PTC124 [18], also succeeded by
slightly enhancing the enzymatic activity of fibroblasts from
patients 1, 5, 6, and 11 supports the idea that although not all
patients with PTCs are treatable with readthrough therapy,
those that are responsive to gentamicin may also be responsive
to other readthrough compounds (see Fig. 2). Therefore, it
seems worthwhile to perform preliminary approaches with
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Fig. 3 Immunostaining of fibroblasts from patient 1 and a healthy
individual before and after gentamicin treatment. Representative images
of patient 1’s cells after gentamicin treatment. Differences among cells are
due to the extent of protein expression recovery in each cell. Co-
localization of acid-sphingomyelinase with LysoTracker Red (Life
Technologies, Paisley, UK) in skin-derived fibroblasts from patient 1

already proven readthrough compounds, such as gentamcin or
PTC124, to select responsive mutations before starting a
readthrough screening with selected libraries or with other
compounds. Surprisingly, and similarly to previous observa-
tions with other LSD [14, 15, 23], we found a significant and
unexplained reduction of residual enzymatic activity upon
gentamicin treatment in fibroblasts from patient 7 (Fabry dis-
ease). This reduction cannot be due to cell toxicity as cell
viability was normal. Therefore, further experiments are need-
ed to elucidate if gentamicin treatment could directly or indi-
rectly inhibit x-galactosidase A activity, under certain
conditions.

By mRNA expression analysis and immunolocalization
studies (Figs. 3, 4 and 6), we demonstrated that aminoglyco-
side therapy may enhance the endogenous synthesis of

CONTROL

and a healthy control. Photographs of fluorescent microscopy of cells
before and after treatment with 300 UM gentamicin are shown (original
magnification 100x). Lysosomes were stained with 75 nM LysoTracker
Red for 1 h at 37 °C, and a fluorescein isothiocyanate-conjugated
secondary antibody was used to stain acid-sphingomyelinase and «-N-
acetylglucosaminidase. DAPI=4',6-diamidino-2-phenylindole

proteins, as well as their correct localization into the lyso-
somes. Nevertheless, the percentage of rescue varies among
patients. This fact may be due to the different amino acid
insertion upon readthough treatment. It has been described
that gentamicin induces the insertion of the amino acids glu-
tamine or tryptophan at premature UAG/UAA or UGA termi-
nation codons, respectively [47, 48], resulting in a newly syn-
thesized protein with glutamine or tryptophan at the position
where the stop mutation occurred (Table 4). This new protein,
carrying a missense mutation, if active, may have a reduced
half-life due to post-translational surveillance systems, but the
recovered enzymatic activity might allow improvement of the
biochemical phenotype. To elucidate if a stop codon mutation
might be responsive to readthrough treatment we analyzed
each mutation with in silico predictors (Polyphen-2 and
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Fig. 4 Immunostaining of fibroblasts from patients 1 and 6, as well as a
healthy individual before and after gentamicin treatment. Representative
images of patient 6’s cells after gentamicin treatment. Differences among
cells are due to the extent of protein expression recovery in each cell. Co-
localization of «-N-acetylglucosaminidase with LysoTracker Red (Life
Technologies, Paisley, UK) in skin-derived fibroblasts from patient 6 and

SIFT) and correlated them with the enzymatic activity data
(Table 4). After readthrough treatment, the predicted “new”
missense mutations for patients 1 and 6—those that increased
more efficiently their residual enzymatic activity—were be-
nign or reversed to the original amino acid, respectively
(Table 4). To this effect, patients’ fibroblasts presented an
increase of well localized protein after treatment with the sub-
sequent increase in enzymatic activity (Figs. 1, 3 and 4). In
addition, patient 6 had a 16 % reduction in glycosaminogly-
cans in fibroblasts (Fig. 5). However, the other clearly respon-
sive patients (patients 5 and 11) were predicted to produce
proteins carrying mutations potentially affecting their func-
tion, while patients 8, 9, and 10, who did not show any rescue
of enzymatic activity, have a benign mutation prediction
(Table 4). Both in silico databases were concordant except
for the predicted change in patient 1. The mutation in this
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CONTROL

a healthy control. Photographs of fluorescent microscopy of cells before
and after treatment with 300 uM gentamicin are shown (original
magnification 100x). Lysosomes were stained with 75 nM LysoTracker
Red for 1 h at 37 °C, and a fluorescein isothiocyanate-conjugated
secondary antibody was used to stain acid-sphingomyelinase and «-N-
acetylglucosaminidase. DAPI=4',6-diamidino-2-phenylindole

patient was predicted to be damaging by Polyphen and toler-
able by SIFT analysis, and in this case SIFT prediction was in
agreement with the biochemical results (Table 4). Therefore,
in silico predictions, although useful, should be interpreted
cautiously and cannot be taken as a definitive approach.
Concerning mRNA expression, all responsive patients, ex-
cept patient 11, experienced an increase in mRNA levels
slightly after gentamicin treatment, although these levels did
not reach those obtained after cycloheximide treatment, sug-
gesting that gentamicin readthrough was not totally efficient
and some mRNA was still being degraded (Fig. 6). Interest-
ingly, patient 11, a male affected by an X-linked disease
(Hunter disease), presents mRNA expression levels similar
to controls (Fig. 6). He carries a nonsense mutation located
in the last exon of IDS (c.1327C>T), so that the resulting
mRNA might elude the NMD surveillance mechanism
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Fig. 5 Glycosaminoglycan (GAG) levels in skin-cultured fibroblasts

from patients 5, 6, and 11 (P5, P6, and P11, respectively), and a healthy

individual upon gentamicin treatment. Patient fibroblasts affected by a

mucopolysaccharidosis and responsive to gentamicin treatment were

treated for 72 h with or without 300 uM gentamicin. Total GAG

content was assessed and results are shown as pg GAGs per mg of

protein (¥*p<0.05) and compared with fibroblasts from a healthy
individual

l Control

resulting in normal mRNA levels [3]. The same occurs in one
of'the alleles of patient 6 (c.1696C>T), but in this case mRNA
expression in fibroblasts was low (20 % of control values),
which might be owing to the fact that this patient carries an-
other nonsense mutation that did not elude the NMD surveil-
lance (Table 1 and Fig. 6). It is also remarkable that in healthy
individuals NAGLU mRNA expression increased significant-
ly after cycloheximide treatment (Fig. 6B). This observation
could be explained by the fact that 1-10 % of cellular tran-
scripts are upregulated by NMD inactivation as NMD not only
controls the expression of aberrant transcripts, but also that of
many apparently wild-type mRNAs [49].

Another aspect that might explain the differences among
patients is the nucleotide context around the PTC. It has been

Table 3 Nucleotide context of positive gentamicin readthrough
obtained in comparison with that previously described by Floquet et al.
[24]

Floquet et al. [24] This report
Stop codon UGA>UAG>UAA UAG>UGA>UAA
Nucleotide —5 A, C U,G
Nucleotide —1 U U>C, G
Nucleotide +4 C C, A
Nucleotide +8 G G,C

reported that this context might play a crucial role in deter-
mining the efficiency of readthrough treatment [24, 34].
Therefore, we analyzed the nucleotide context of the respon-
sive patients and found that fibroblasts that were responsive to
treatment carried PTC mutations in a slightly different nucle-
otide background than previously reported (Table 3). Despite
the small sample size of our study, the results presented herein
suggest a hierarchy of stop codon readthrough treatment effi-
cacy similar to that reported [20]: UAG=UGA>UAA. Also,
in agreement with Floquet et al. [24] we found the same re-
sponse pattern in nucleotides —1 and +4. Cytosine at the +4
position has been described as determinant for gentamicin-
induced readthrough and the relevant parameter for clinical
application. In agreement with the study by Floquet et al.
[24], patient 6, the only patient presenting a cytosine in this
position, was responsive to treatment. In fact, this patient
showed a slight increase of residual enzymatic activity and
of mRNA expression together with an increase of the correctly
localized protein. Nevertheless, in our hands, gentamicin treat-
ment was also effective and sometimes more efficient when
uracil/guanidine and adenosine where located at nucleotide
positions —5 and +8, respectively, instead of adenosine/
cytosine and guanine, as was previously reported (Table 3).

A SMPD1 B NAGLU C IDS
2 - |Untreated 25 ®Untreated . mUntreated
BGentamicin 18 4 OGentamicin 184 D Gentamicin
BACycloheximide 1,6 | aCycloheximide 1’6 | ACycloheximide

mRNA expression (RU)
mRNA expression (RU)

WT P1 WT

Fig. 6 mRNA expression analyses in patient fibroblasts treated with
gentamicin or cycloheximide. Results are shown as relative units
compared with the basal values obtained for an untreated control
individual (*p<0.05, **p<0.025, ***p<0.005). Cells were treated with
gentamicin (300 uM) for 72 h or cycloheximide (500 pg/ml) for 5 h.
Cycloheximide allows the observation of the degraded mRNA carrying

mRNA expression (RU)

E%
P5 P6 WT P11

PTCs. (A) Expression of SMPD1 (Niemann—Pick A/B disease) in patient
1 (P1). (B) Expression of IDUA (Sanfilippo B disease) in patients 5 and 6
(PS5 and P6, respectively). (C) Expression of IDS (Hunter disease) in
patient 11 (P11). GAPDH expression was used as endogenous control.
RU-=relative units to control fibroblasts; WT=wild type
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Table 4 In silico analysis of the functional effect of the predicted changes resulting from PTC readthrough. The PTCs: UAG and UAA have been
described to miscode to Glutamine (GIn) when readthrough occurs although UGA has been described to miscode to Tryptophan [23]
Residual
enzymatic
a:t;t\;l;cy Predicted
. - Nonsense Premature change Polyphen SIFT
Patient gentamicin . . L -
mutation stop codon  according to prediction? prediction?
treatment
. [30,23]
relative to
untreated
levels.
3 p.Trpl68* UAG p.Trpl68GIn  Probably Tolerated
P1 damaging (0.5)
(0.995)
0.75 p.Tyr313* UAA p.Tyr313GIn  Probably Damaging
P2 ;
damaging (1) (0)
P3 0.8 p.Arg387VfsX7 UGA - - -
1.26 p.Argd57* UGA p.Argd57Trp  Probably Damaging
P4 .
damaging (1) (0)
1.2 p.Trpl168* UAG p.Trpl168GIn  Probably Damaging
P5 damaging (0)
(0.985)
2.5 p.Trp168* UAG p.Trpl68GIn  Probably Damaging
damaging (0)
P6 (0.985)
2.5 p.GIn566* UAG p.GIn566GIn  Original Original
amino acid amino acid
0.37 p.Arg227* UGA p.Arg227Trp  Probably Damaging
P7 ;
damaging (1) (0)
pg Not p.Trp402* UAG p.Trp402GIn  Benign Tolerated
detectable (0.0075) (0.5)
P9 0.5 p.Trp402* UAG p.Trp402GIn  Benign Tolerated
(0.0075) (0.5)
P10 Not p.Trp402* UAG p.Trp402GIn  Benign Tolerated
detectable (0.0075) (0.5)
1.15 p.Arg443* UGA p.Argd43Trp  Probably Damaging
P11 damaging (0)
(0.982)

In silico predictions were performed using Polyphen-2 and SIFT. Patients responsive to gentamicin treatment are indicated in gray

ND=nondetectable

*Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/) predicts the possible impact of amino acid substitutions on the stability and function of human
proteins using structural and comparative evolutionary considerations. Score ranges from 0 (benign) to 1 (damaging)

TSIFT (http://sift.jcvi.org/) prediction is based on the degree of conservation of amino acid residues in sequence alignments derived from closely related
sequences. Score ranges from 0 (damaging) to 1 (tolerated)

In agreement with our findings, several other authors also
found that other nucleotide positions were able to induce
PTC readthrough [24, 27, 50-54]. However, to confirm this
hypothesis analysis of an extended series of patients is
required.

To our knowledge, only one knock-in mouse model has
been reported for the diseases studied herein [55]. Interesting-
ly, in this particular model (mutation p.Trp392* of IDUA,;
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Hurler disease) no biochemical improvement was observed
after gentamicin administration [19]. Accordingly, we ob-
served a similar effect in cultured fibroblasts derived from 3
patients carrying the analogous human mutation (mutation
p.Trp402* of IDUA; Hurler disease), as no increase in enzy-
matic activity was detected.

In conclusion, our results provide a proof of concept that
PTCs can be effectively suppressed by readthrough drugs, but
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with different efficiencies depending on the genetic context.
We demonstrated that gentamicin readthrough treatment par-
tially restores some of the biochemical hallmarks of the lyso-
somal diseases tested here. To this effect, the screening of new
compounds with higher readthrough activity is a strategy to
develop efficient therapies for diseases caused by PTC muta-
tions. Recently, Taguchi et al. [56] have developed synthetic
analogues of natural (+)-negamycin that display potent
readthrough activities against nonsense mutations in eukary-
otes without exhibiting antimicrobial activities. Thus, these
compounds should be analyzed in gentamicin-responsive cell
lines.

Finally, all these studies were performed in fibroblasts,
which resulted in a useful model to test this therapeutic ap-
proach. Therefore, we recommend testing patient fibroblast
cell lines prior to attempting other assays.
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RESUMEN

Las enfermedades lisosomales (LSDs) son trastornos genéticos que conllevan la acumulacion
de macromoléculas en el lisosoma. Esta acumulacién desencadena una cascada patogénica
gue conduce, en la mayor parte de casos, al bloqueo del flujo autofagico previniendo la
exocitosis lisosomal y por consiguiente, el vaciado, al medio extracelular, del material
acumulado. A raiz de un cribado de librerias para la busqueda de compuestos que
promovieran la sobrelectura de codones de terminacion prematura, nuestro grupo identifico
azarosamente un compuesto anti-androgénico implicado en la induccidn de la autofagia en
células humanas de cancer de prdstata, Bicalutamide. El uso de este compuesto como
tratamiento en pacientes afectos de LSDs podria resultar beneficioso ya que desencadenaria
el vaciado del contenido del lisosoma al medio extracelular y frenaria la cascada patogénica

asociada.

El objetivo de este trabajo consistio en evaluar el posible uso terapéutico de Bicalutamide en

fibroblastos derivados de pacientes afectos de siete LSDs diferentes.

Monitorizamos la exocitosis lisosomal, el sustrato acumulado asi como la viabilidad celular, y
observamos que el enantiémero (S)-Bicalutamide era capaz de rescatar de forma mas eficaz
gue la muestra racémica o que su otro enantidmero (R)-Bicalutamide, los parametros
bioquimicos alterados. Ademas estudiamos el mecanismo molecular de accion de Ia

Bicalutamide mediante el estudio de la expresién de diferentes genes involucrados en la
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autofagia y en la biogénesis lisosomal, y también monitorizamos la formacién de
autofagosomas (estructuras implicadas en la via de la autofagia) mediante el analisis por
western blot de la proteina LC3. Estos resultados se compararon con el tratamiento con otro
compuesto previamente descrito como inductor de la autofagia: Ciclodextrina. Los
resultados obtenidos (incremento de la expresiéon génica y de la formaciéon de
autofagosomas) demostraron que Bicalutamide actua via induccién del factor de

transcripcion TFEB, involucrado en el incremento de la autofagia y de la exocitosis lisosomal.

Este mecanismo permitiria circunvalar el problema de la deficiencia enzimatica explorando
la habilidad de los lisosomas para expulsar su contenido al medio extracelular, permitiendo

el vaciado del material acumulado.
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ABSTRACT

Lysosomal storage disorders (LSDs) are genetic diseases caused by the abnormal
accumulation of non-degraded macromolecules into the lysosomes leading, in most cases, to
a biochemical cascade that results in the impairment of the autophagy flux and the
prevention of lysosomal clearance. Recent studies have demonstrated that the induction of
autophagy in LSDs could decrease the abnormally stored material by enhancing lysosomal
exocytosis. Bicalutamide is a synthetic non-steroidal anti-androgen molecule reported to be
involved in the induction of autophagy in human prostate cancer cells.

The aim of our work was to evaluate the potential benefits of Bicalutamide treatment, and
its enantiomers (R and S), in skin fibroblasts derived from patients affected by seven
different LSDs.

Treatment response was evaluated in cultured fibroblasts by monitoring lysosomal
exocytosis, substrate accumulation and cell viability. Treatment with (S)-Bicalutamide
enantiomer was able to ameliorate significantly the altered biochemical parameters in all
the cell lines, while the response to (R)-Bicalutamide, the racemic Bicalutamide or
Cyclodextrin (a previously described autophagy inductor in LSDs) was less effective.
Moreover, we have studied the molecular mechanism underlying Bicalutamide’s action and
we found that Bicalutamide acts through the activation of the transcription factor TFEB. This
transcription factor enhances the transcription of genes involved in autophagy and
lysosomal biogenesis, leading to the subsequent increase of the autophagic flux and the
lysosomal exocytosis.

The results are encouraging as this approach circumvents the primary enzyme deficiency
responsible for these diseases by exploiting the ability of lysosomes to expel their content

into the extracellular space, resulting in the clearance of the pathogenic stored material.
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INTRODUCTION

Lysosomal storage disorders (LSDs) are a heterogeneous group of diseases that comprise
more than 50 different genetic disorders involving the accumulation of non-degraded
macromolecules into lysosomes and are mainly inherited in an autosomal recessive manner
or, in few cases, are X-linked. The global incidence of LSDs is approximately 1 in 5000 live
births. Most of them are caused by the deficiency of particular lysosomal enzymes involved
in the degradation of specific substrates, entailing their accumulation [1, 2]. Around two-
thirds of patients with LSDs develop neurological affectation together with multiorgan
involvement. To some extent, enzymatic activity depends on the mutation and, in most
cases, the severity of the disease correlates with the degree of the enzymatic deficiency.
However, a residual enzymatic activity of around 10-20% of the activity detected in healthy
individuals may be enough for functional recovery leading to a disease-free phenotype [3,4].
Treatment strategies for LSDs include bone marrow transplantation, substrate reduction,
and enzyme replacement therapies [5]. However, the usefulness of some of these therapies
is limited as these approaches are not always able to treat the neurological affectation.
Therefore, alternative treatment strategies are desirable to address both the neurologic
affectation and other somatic abnormalities. Although a major progress has been made in
gene therapy, it is still far from achieving real clinical application. To this effect, other
potential strategies using small molecules with different functions, including in some cases
the ability to cross the blood-brain barrier (BBB), have been recently identified:
pharmacological chaperones [6], suppressors of pathogenic nonsense mutations through the
induction of translational readthrough [7-9] or autophagy inducers [10].

To validate possible readthrough hits resulting from a future high throughput screening
(HTS) our group has identified cell lines derived from different LSDs responsive to
readthrough treatments [11]. In the present study, we have screened a repository small
compound library and identified Bicalutamide, which reverted some of the biochemical
abnormalities of human skin fibroblasts derived from LSD patients. Bicalutamide is a
synthetic non-steroidal anti-androgen used in the treatment of prostate cancer, hirsutism
and other androgen-dependent conditions [12-14]. Its implication in the induction of the

autophagy has recently been reported in human prostate cancer cells [15, 16]. In parallel,
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several studies demonstrated the link between LSDs and autophagy, which is impaired and
prevent lysosomal clearance in most types of LSDs [17].

Recently, the implication of TFEB protein, a transcription factor acting downstream of the
MTOR signaling, in the autophagic pathway has been described. TFEB is retained in the
cytoplasm but under lysosomal stress is translocated to the nucleus and transcriptionally
induces the expression of genes encoding for lysosomal proteins [18]. These genes present a
coordinated expression regulated by a palindromic 10-base pair motif (GTCACGTGAC) highly
enriched in their promoter set, named Coordinated Lysosomal Expression and Regulation
(CLEAR) element. It has been demonstrated that TFEB regulates the expression of lysosomal
genes containing the CLEAR element and also of genes involved in the autophagic pathway
[18]. Moreover, TFEB modulates lysosomal exocytosis by triggering intracellular ca*
elevation through the cation-channel MCOLN1 [19]. This discovery suggests novel
approaches to modulate cellular clearance that could be used to treat LSDs. These strategies
would circumvent the primary enzyme deficiency responsible of LSDs by exploiting the
ability of lysosomes to expel their content into the extracellular space, resulting in the
clearance of the pathogenic stored material [20]. In fact, it has been reported that lysosomal
exocytosis may be a whole process involving autophagy and secretion of autolysosomes in
TFEB transfected Pompe cells, rather than an exclusive lysosomal event [21]. These
observations suggest that the activation of TFEB regulated pathway could ameliorate the
pathological biochemical phenotype of Pompe disease and subsequently of other LSDs [21].
In this work we assess the effect of Bicalutamide and the TFEB regulated pathway in
fibroblasts derived from patients affected by different lysosomal diseases. We describe for
the first time the potential benefits of the use of Bicalutamide and its enantiomers for the

treatment of LSDs.

MATERIALS AND METHODS

High throughput screening (HTS) using bioluminiscence resonance energy transfer (BRET)

The readthrough efficacy of small molecules was assessed using a construct containing
Renilla luciferase (rLuc) linked to the Yellow fluorescent protein (YFP). A stop codon (TGA)
was introduced in the rLuc sequence. Normally, rLUC is only partially translated and no

fluorescence emission is detected. In the presence of a readthrough compound, the
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construct is fully translated and rLuc fluorescence emission (480nm) excite the YFP which in
turn emit fluorescence at 530nm (BRET transfer)(Figure 1A). The construct was stably
transfected into COS7 cells. Fluorescent emission (530nm) was monitored using a microplate

reader (POLARstar Omega, BMG LABTECH, Offenburg, Germany).

Compounds tested for readthrough potential induction

Different peptide libraries from BCN-PEPTIDES S.A. (comprising more than 62.000 individual
peptides) together with other commercially available small compound libraries: the NIH
clinical collection (727 individual compounds), the Prestwick library (880 individual
compounds) and the Green Pharma library (240 individual compounds) were analyzed by

HTS.

Patients’ cell culture and treatment

Primary skin cultured fibroblasts derived from fourteen patients affected by seven different
LSDs (Table 1) were grown in Dulbecco’s modified Eagles medium (DMEM) with 10 % fetal
bovine serum and antibiotics (1% penicillin-streptomycin), at 37 °C with 5 % CO2. All
reagents were purchased from PAA Laboratories (Velizy-Villacoublay, France). Fibroblast cell
lines were treated with different concentrations, ranging from 10nM to 100uM, of positive
compound obtained by the HTS in 6-well or 24-well plates. The use of human samples was

approved by the Ethical Committee of the Hospital Clinic of Barcelona.

Cell viability

Cell viability was evaluated for each treatment and at all the studied concentrations by 3-
[4,5- dimethylthiazol-2-yl]-2,5-diphenil tetrazolium bromide (MTT) assay (Sigma-aldrich,
St.Louis, USA) as described by [22].

Enzymatic activities

Fibroblasts were harvested and rinsed twice with physiological serum and lysed by 3 freeze—
thaw cycles. Protein concentration was measured using the DC Protein Assay (Bio-Rad
Laboratories, S.A, Madrid, Spain). Equal amounts of protein lysates were seeded in white 96-
well plates, and the corresponding enzymatic activities were determined using a fluorimetric

assay  with  4-methylumbelliferyl  substrates  [23-25]:  6-hexadecanoylamino-4-
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metylumbeliferyl-P-coline  and  4-Methylumbelliferyl-a- N-  sulphoglucosaminide
(Moscerdam, Oegstgeest, the Netherlands) for Niemann Pick A/B and Sanfilippo A,
respectively;  4-methylumbelliferyl-a-  galactopiranoside,  4-methylumbelliferyl-B-D-
galactopyranoside, 4-Methylumbelliferyl a-D-glucopyranoside and 4-methylumbelliferyl-b-D-
glucopyranoside (Sigma-Aldrich, St Louis, MO, USA) for Fabry disease, Tay-Sachs disease,
Pompe disease and Gaucher disease, respectively; 4-methylumbelliferyl- a-L-iduronide
(Glycosynth,Cheshire,UK) for Hurler disease; and 4-methylumbelliferyl-2-acetamido-2-deoxy-
o-D- glucopyranoside (Calbiochem, Whitehouse Station, NJ, USA) for Sanfilippo B.
Fluorescence was measured at 365 nm emission and 465 nm excitation with a microplate
reader (POLARstar Omega; BMG LABTECH, Offenburg Germany). Cells were cultured in

triplicate, and determination of the enzymatic activity was also performed in triplicate.

Lysosomal exocytosis

Lysosomal exocytosis was assayed in patient’s fibroblasts by measuring the pB-
hexosaminidase activity in the culture media, as previously described [26]. Briefly, skin
fibroblasts derived from patients and a healthy individual were cultured in triplicate in 24-
well plates at 30,000 cells/well in 0.4 mL medium for one day at 37 °C. Cells were washed
twice with phosphate buffered saline pH 7,4 and incubated with 0.3 mL/well of treatment
containing medium at the indicated concentrations of racemic, (S)- and (R)-Bicalutamide. An
aliquot of 30uL of medium was taken at different time points (0, 24h, 48h, and 72 h) and

used for B-hexosaminidase activity analysis.

Glycosaminoglycans

GAGs quantification was performed using the 1,9- dimethylmethylene blue (DMB) assay
adapted from [27]. Cells were cultured in triplicate in 6-wells plates and harvested after the
corresponding treatment. DMB absorbance was measured in duplicates at 656 nm with a

microplate reader (POLARstar Omega, BMG LABTECH, Offenburg, Germany).

mRNA expression analysis
MRNA expression was performed in skin fibroblasts derived from Sanfilippo patients (P6-
P12) by reverse transcriptase polymerase chain reaction (RT-PCR). Patient and control

fibroblasts were treated with 50 uM racemic, (S) or (R)-Bicalutamide as well as 1mM of B-
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Cyclodextrin for 48 h. Total RNA was extracted, followed by DNase | treatment using
QlAshredder and RNeasy kits (Qiagen, Hilden,Germany). Single-stranded cDNA was obtained
using oligo-dT primers and M-MLV Reverse Transcriptase RNase H Minus Point Mutant
(Promega, Madison, WI, USA) according to the manufacturer’s protocol. Analysis of cDNA
was performed by RT-PCR using SYBR green reagent (Life Technologies) in a Step One plus
real-time PCR system (Applied Biosystems, Foster City, CA, USA). MAP1LC3B, SQSTM1,
BECN1, GBA, LAMP1 and HEXA cDNA was amplified using specific oligonucleotides
(sequences available in Song et al.,, 2014). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an endogenous control. PCR reactions were carried out in triplicate
using 100 ng of cDNA as template. mMRNA expression levels were relatively quantified by

evaluating Ct values using the comparative Ct (AACt) method [28].

Western Blot

Skin derived fibroblasts were grown in 6-well plates and treated with 50 uM of racemic, (S)
or (R)-Bicalutamide as well as 1ImM of B-Cyclodextrin for 48h. Cells were homogenized in
SETH buffer (10 mM Tris—HCI pH 7.4, 0.25 M sucrose, 2 mM EDTA, 5x10%U/ | heparin) and 1x
Complete Mini, EDTA-free Protease Inhibitor Cocktail (Roche Applied Sciences, Indianapolis,
USA). Cleared lysates were subjected to SDS-PAGE, electroblotted and proteins were
subjected to immunostaining with LC3 (Sigma-Aldrich, St Louis, MO, USA) and GAPDH (Santa
Cruz Biotechnology, Heidelberg, Germany) specific antibodies followed by colorimetric
detection (Opti-4CNTM Substrate Kit,Bio-Rad, U.S). IMAGEJ software was used for

densitometry analysis of protein expression levels [29].

RESULTS

High throughput screening

To identify molecules with the ability to promote premature termination codon (PTC)
readthrough, we have performed a HTS of more than 62.000 compounds (Figure 1A). Using
this strategy, thirty compounds that could potentially cause this effect were identified (data

not shown) and tested in patients’ fibroblasts using different methodologies (Figure 1B).
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Biochemical probes were performed in fibroblasts from seven patients affected by different
LSDs (Table 1 and Table 2). The results identified Bicalutamide as the only compound tested
able to ameliorate the pathological biochemical phenotype in some patients (Figure 2). In
fact, treatment with Bicalutamide significantly increased lysosomal exocytosis in fibroblasts
from all the patients tested (Table 2A). The residual enzymatic activity increased, although
slightly, after Bicalutamide treatment in all patients (Table 2B). In the three patients affected
by mucopolysaccharidosis (MPS) (P3, P6 and P10), GAGs accumulation was significantly
reduced up to 18% (Table 2C). Cell viability was analyzed and was found to be decreased in

most of the cell lines when treated at the highest dose (Table 2D).

Analysis of the biochemical phenotype of fibroblasts derived from LSD patients after
treatment with Bicalutamide’s enantiomers

The fact that cell viability was reduced when cells were treated with high doses of
Bicalutamide raised the question whether the (S)- and (R)-Bicalutamide enantiomers had
similar effects and toxicity. Therefore we tested the effect of (S)- and (R)-Bicalutamide
enantiomers at different doses (10,50 and 100uM) (Table 1 and Table 3) and results showed
that (S)-Bicalutamide was able to increase significantly the lysosomal exocytosis (at 10 and
50uM) in all the tested patients’ fibroblasts in a dose dependent manner (Table 3A).
Treatment with (S)-Bicalutamide (100uM) was also able to increase lysosomal exocytosis in
some patients (P1-P3, P5-P7, P10, P11, P13 and P14) but more efficiently in P2, P5 and P10.
Interestingly, cell viability was not affected with the exception of P4 (Table 3C). In contrast
treatment with (R)-Bicalutamide only showed a slight increase of lysosomal exocytosis at
10uM (Table 3A). Cell death was also monitored and results showed a decrease up to 52% of
cell viability in some of the cell lines (P1-P5 and P9-P10). Treatment with both (S)- and (R)-
Bicalutamide enantiomers showed a decrease of intracellular GAGs in MPS patients.
However, (S)-Bicalutamide showed a more significant and more consistent decrease of

intracellular GAGs (up to 39%) compared to (R)-Bicalutamide(Table 3B).

Analysis of the mRNA expression of genes involved in the autophagy and in lysosomal
biogenesis after Bicalutamide treatment
To understand the bases of the positive effect of Bicalutamide treatment, we analyzed the

expression of TFEB regulated genes in response to treatment with the racemic of
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Bicalutamide as well as the two (S)- and (R)- enantiomers. Treatment with Cyclodextrin, a
previously described compound that enhances autophagy via TFEB was used as a positive
control [10] (Figure 3). Results showed a significant increase in the expression of the genes
involved in the autophagy pathway (1,2 to 6,9 fold) and in lysosomal biogenesis (1,9 to 4
fold) after treatment (Figure 3A and 3B) that were even higher than those observed with
Cyclodextrin treatment (Figure 3). Surprisingly, no significant differences among the racemic

of Bicalutamide and the (S)- and (R)- enantiomers were observed (Figure 3).

Activation of the autophagy after Bicalutamide treatment

To investigate whether the relief of the abnormal biochemical phenotype observed in
patients’ fibroblasts was due to the activation of autophagy, we analyzed the expression of
LC3-1l in MPS patients (P6, P10 and P11). LC3:1l is an autophagosome marker commonly used
as an indicator of the autophagic flux. Results showed that treatment with the racemic of
Bicalutamide as well as treatment with both, (S)- and (R)- enantiomers increased the amount
of LC3-Il in LSD fibroblasts, indicating autophagy induction (Figure 4). To demonstrate that
Bicalutamide treatment results in an increase of the autophagic flux cells were treated with
the autophagy inhibitor Bafilomycin. Results showed an increase of LC3-Il in Bafilomycin and
racemic, (S)- and (R)-Bicalutamide treated cells (Figure 4). Treatment with Cyclodextrin also
enhanced LC3-Il protein expression but only half of the amount observed with Bicalutamide.

Representative results of P6 are shown in Figure 4.

DISCUSSION

Most LSDs are caused by the deficiency of particular lysosomal enzymes involved in the
degradation of specific substrates, entailing their accumulation [1, 2]. Around two-third of
patients with LSDs will develop neurological affectation together with multiorgan
involvement. Currently there are no efficient treatments able to address both the neurologic
and systemic pathologies, mainly due to the fact that these approaches have a limited
capacity to cross the BBB [5]. To some extent, the residual enzymatic activity depends on the
mutation, and in most cases the severity of the disease correlates with the degree of the
enzymatic deficiency. However, it has been described that a residual enzymatic activity of

around 10-20% of the activity detected in healthy individuals may be enough for functional
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recovery of the defective enzyme activities leading to a disease-free phenotype [3, 4]. Thus,
different therapeutic approaches have been developed in order to increase the residual
enzymatic activity up to these values, such as the suppressors of pathogenic nonsense
mutations through the induction of translational readthrough [7-9]. To validate potential
readthrough hits that could result from future HTS, our group has identified cell lines derived
from different LSDs that were responsive to stop codon readthrough treatments [11]. In the
present study, we have screened different compound libraries and identified a molecule,
Bicalutamide, which reverted some of the common biochemical abnormalities observed in
human skin fibroblasts derived from patients with LSDs. Bicalutamide is a synthetic non-
steroidal anti-androgen used for the treatment of prostate cancer, hirsutism and other
androgen-dependent conditions [12-14]. In human prostate cancer cells it has been recently
reported that Bicalutamide induces autophagy through the mTOR pathway [15, 16].
Moreover, different studies which demonstrated the benefits of autophagy induction in
lysosomal diseases [17] made the rationale for the potential benefits of Bicalutamide
treatment in LSDs.

It has been reported that mTOR also regulates transcription factors involved in the pioneer
round of translation and the NMD surveillance mechanism. These observations provide an
explanation for the positive Bicalutamide readthrough activity identified in our HTS [30].
However, Bicalutamide readthrough induction was not confirmed in LSD patient fibroblasts
as the increase observed in the residual enzymatic activities after treatment were extremely
low and mainly not significant. Nevertheless, the biochemical parameters used to test a
possible increase of the autophagic flux in LSD patients’ fibroblasts, showed a significant
increase in the lysosomal exocytosis respect to basal values together with a decrease of the
intracellular GAGs accumulated in MPS patients’ cells. Therefore, by chance, we found a
compound with potential benefits for the treatment of LSDs other than readtrough
induction. The fact that cell viability was reduced when cells were treated with high doses of
Bicalutamide raised the question whether Bicalutamide enantiomers had similar effects and
toxicity. Since Bicalutamide treatment showed significant effect at 10 and 100uM, we tested
the effect of (S)- and (R)-Bicalutamide in fourteen different patient cell lines from seven
different LSDs at 10, 50 and 100uM. Treatment response was more effective after (S)-
Bicalutamide supplementation compared with both, the racemic and (R)-Bicalutamide, for

all the biochemical parameters and in all the cell lines tested. Moreover, although the
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increase observed at 100uM was lower in most of the patients, cell viability was not altered
at this concentration compared to the racemic and (R)-Bicalutamide treatments. In
summary, (S)-Bicalutamide was more effective than (R)-Bicalutamide in both, increasing
lysosomal exocytosis and decreasing GAGs accumulation, being the optimal treatment
concentration of 50uM. The fact that (S)-Bicalutamide (in contrast to racemic and (R)-
Bicalutamide) did not revealed cell toxicity is of special interest and suggests that this
enantiomer could be a good candidate to be used as a therapeutic approach for LSDs.
Recently, the implication of TFEB protein, a transcription factor acting downstream of the
mTOR signaling, in the autophagic pathway has been described. TFEB is retained in the
cytoplasm but under lysosomal stress is translocated to the nucleus and transcriptionally
induces the expression of genes encoding for lysosomal proteins [18]. Moreover, it has been
demonstrated that TFEB also modulates lysosomal exocytosis by triggering intracellular ca®
elevation through the cation-channel MCOLN1 [19]. Thus, we have analyzed the expression
of TFEB targeted genes after Bicalutamide treatment (racemic and enantiomers) as well as
with Cyclodextrin, a previously described compound that enhances autophagy via TFEB [10].
We observed a significant increase in the expression of both autophagic and lysosomal
biogenesis genes after racemic, (S)- and (R)- Bicalutamide treatment. These observations
suggest that these compounds enhance the lysosomal exocytosis through the activation of
the TFEB regulated pathway. The monitoring of LC3:1l expression, an autophagosome marker
commonly used as an indicator of the autophagic flux , allowed us to demonstrate a
significant increase in autophagosome formation after treatment with Bicalutamide and its
enantiomers, even more than with Cyclodextrin.

Altogether our results indicate that the use of Bicalutamide and more specifically (S)-
Bicalutamide, could be of benefit for LSD patients’ treatment as it increases the autophagic
flux and the exocytosis, resulting in a decrease in the lysosomal storage material in patients’
fibroblasts. These results are encouraging, as this approach circumvents the primary enzyme
deficiency responsible for these diseases -by exploiting the ability of lysosomes to expel their
content to the extracellular space-, resulting in the clearance of the pathogenic stored
material. Our discovery reinforces previous results, suggesting that the activation of TFEB
regulated pathway could improve the pathological biochemical phenotype of Pompe cells

and potentially of other LSDs [21]. Last but not least, since Bicalutamide was identified from
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a repository library and, therefore already tested and approved for humans, further studies

in animal models or even in patients will be feasible in a short period of time.
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Table 1.- Patients skin-cultured fibroblasts used in this study

Patient Disease Gene Genotype Effect on protein
P1 Fabry GLA c.[679C>T] p.[Arg227*]
P2 Gaucher GBA c.[1110C>G];[1110C>G] p.[Asn370Ser];[Leudd44Pro]
P3 Hurler IDUA ¢.[208C>T];[1205G>A] p.[GIn70*];[Trp402*]
P4 Niemann-Pick SMPD1  c.[945C>A];[945C>A] p.[Tyr315*];[Tyr315%*]
P5 ﬁgmpe GAA c.[-32-13T>G];[1933G>T] leaky splicing; p.[Asp645Tyr]
P6 Sanfilippo A SGSH c.[1339G>A];[1339G>A] p.[Glu447Lys];[Gludd7Lys]
P7 Sanfilippo A SGSH c.[221G>A];[221G>A] p.[Arg74Cys];[Arg74Cys]
P8 Sanfilippo A SGSH c.[1297C>T];[1297C>T] p.[Arg433Trp];[Argd43Trp]
P9 Sanfilippo B NAGLU  c.[1973A>T];[1973A>T] p.[Tyr658Phe];[Tyr658Phe]
P10 Sanfilippo B NAGLU  c.[112C>T];[112C>T) p.[Arg38Trpl;[Arg38Trp]
P11 Sanfilippo B NAGLU  c.[503G>A];[1693C>T] p.[Trp168*];[Arg565Trp]
P12 Sanfilippo B NAGLU  c.[503G>A];[1696C>T] p.[Trp168*];[GIn566*]
P13 Tay-Sachs HEXA c.[536A>G];[1305C>T] p.[His179Arg];[Tyrd35Tyr]
P14 Tay-Sachs HEXA c.[536A>G];[1305C>T] p.[His179Arg];[Tyrd435Tyr]
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Table 2.- Measurement of some biochemical parameters after Bicalutamide treatment in patients’ fibroblasts. A) Lysosomal exocytosis, B)
Residual enzymatic activity, C) Intracellular GAGs decrease and D) Cell viability.

A) )
Lysosomal exocytosis increase (%)
[Bicalutamide]
Patient Disease Mock 10nM 100nM 1uM 10uM 100pM
P1 Fabry 0 0 0 0 62+12 78%11
P2 Gaucher 0 0 0 0 81+06 6814
P3 Hurler 0 46+1,7 4305 309 38+l16 26+0,8 -
) . Intracellular glycosaminoglycans decrease (%)
P4 Niemann-Pick AB 0 0 0 61,7 12+26 91,1 - X
[Bicalutamide]
PS5 Pompe 0 0 0 0 11+18 15%19 Patient Disease Mock 10nM  100nM  1uM  10uM  100uM
P6  Sanfilippo A 0 0 0 3208 59#19 73%23 P3  Hurler 0 5608 83t11 56%07 7,311 18+17
P10 Sanfilippo B 0 10,3+1,2 7,6+2,8 16,6 £3,1 15%2,7 23,3%5,6 P6 Sanfilippo A 0 0 0 53+0,5 5,611 6,611
Control - 0 0 43415 48+19 51+22 6%2]1 P10  Sanfilippo B 0 0 0 43+0,7 11+23 1121
Median 0 0 0 31 7,15 7,55 Median 0 0 0 53 73 11
p-value - 0,2 0,1 0,07 0,0005 0,004 p-value - 0,4 0,4 0,006 0,04 0,1
B) Residual enzymatic activity (% relative to control values) D)
[Bicalutamide]
Patient Disease Mock 10nM 100nM 1uM 10uM 100uM
P1 Fa bry 4,2+0,3 4,3%0,2 4,6%0,2 4,3%0,3 410,1 4,540,1 Cell viability (% of decrease)
P2 Gaucher 3,6:0,2 3,802  3,8:0,1 42103 41103  4,240,1 [Bicalutamide]
P3 Hurler 1,20,1 1,140,1 1,10,2 1,240,1 1,7+0,3 1,940,2 Patient Disease Mock 10nM 100nM 1uM 10uM 100pM
Niemann- P1 Fabry 0 0 0 0 0 1242
P4 K 2,5%0,3 2,6%0,3 2,310,1 2,3+0,2 2,8+0,2 2,940,1 P2 Gaucher 0 0 0 0 0 2144
Pick AB
P3 Hurler 0 0 0 0 0 1543,2
P5 Pompe 57#0,3 53#0,3  52:02 53:04 56100 57102 P4 Niemann-Pick AB| o 0 0 0 0 6112
P6 Sanfilippo A | 6,3+0,1  6,140,3 6,3t0,2  6,510,3  6,840,1 7,210,2 P5 Pompe 0 0 0 0 0 1542,1
P10  Sanfilippo B | 4,110,3 4,2:0,1  4,1:0,1 46103 4,8:02 51104 P6  Sanfilippo A 0 0 0 0 0 21437
Median a1 4, a1 43 a1 45 P10 Sanfilippo B 0 0 0 0 0 1842,8
Control - 0 0 0 0 0 1441,9
p-value - 0,7 08 04 0,05 0,006 Median o 0 0 0 o s
Control - 100 100 100 100 100 100 p-value - - 0,0002




Table 3.- Comparison of the measurement of different biochemical parameters after treatment with (S)-Bicalutamide or (R)-Bicalutamide. A)
Lysosomal exocytosis, B) Intracellular GAGs contain and C) Cell viability.

A) Q)
Lysosomal exocytosis increase (%) Cell viability (% of decrease)
[(S)-Bicalutamide] [(R)-Bicalutamide] [(S)-Bicalutamide] [(R)-Bicalutamide]
Patient Disease 10uM 50uM 100puM 10uM 50uM 100puM Patient  Disease 10yM _ 50uM_100pM | 10pM  50uM _100uM
P1 Fabry 5,310,6 15,641,3 0,4+0,04 0 0 0 P1 Fabry 0 0 0 0 2012,6 37147
P2 Gaucher 40,8 5,6+1,1 13,612,8 0,210,004 5,5+1,1 6,5:0,9 P2 Gaucher 0 0 0 0 1012 2612,7
P3 Hurler 13,4+3,4 25712,8 3,610,6 13,111,9 0 0 P3 Hurler 0 0 0 0 40169 52125
Niemann- Niemann-
P4 Pick AB 3,2:0,4 31:0,5 0 0,410,001 0 0 P4 Pick AB 0 0 90,2 0 0 25459
P5 Pompe 1,410,08 139:1,1 26,112,3 0,8:0,1 0 0 P5 Pompe 0 0 0 0 8115 12:1,4
P6 Sanfilippo A 5,2+1,04 8,2:0,8 1,310,06 2,210,8 0 0 P6 Sanfilippo A 0 0 0 0 0 0
P7 Sanfilippo A 5,5+1,1 15,4;3,2 7,3;1,5 3,4;0,7 0 0 P7 Sanfilippo A 0 0 0 0 0 0
P8 Sanfilippo A 5,610,8 11,241,5 0 5,7:0,7 0 0 P8 Sanfilippo A 0 0 0 0 0 0
P9 Sanfilippo B 0,740,07 6,3+1,04 0 1,210,2 1,5:0,5 0 P9 Sanfilippo B 0 0 0 0 0 3743,9
P10 Sanfilippo B 8,7:0,9 204+2,3 24,3435 35411 3,810,8 0 P10 Sanfilippo B 0 0 0 0 0 24434
P11 Sanfilippo B 41,1 5,3:0,9 1,810,06 0 3,2:0,7 0 P11 Sanfilippo B 0 0 0 0 0 0
P12 Sanfilippo B 6,1:0,5 44+0,7 0 34411 2,9+0,8 0 P12 Sanfilippo B 0 0 0 0 0 0
P13 Tay-Sachs 6,3:0,7 91411 59:0,8 0,180,008 0 0 P13 Tay-Sachs 0 0 0 0 0 0
P14 Tay-Sachs 610,7 7110,9 55+1,3 0,5:0,004 0 0 P14 Tay-Sachs 0 0 0 0 0 0
Median 5,41 8,7 2,7 1 0 0 Median 0 0 0 0 0 6
p-value 0,00002 0,00004 0,01 0,02 - - p-value - - - - - 0,008
Intracellular glycosaminoglycans decrease (%)
B) [(S)-Bicalutamide] [(R)-Bicalutamide]
Patient Disease 10uM 50uM 100puM 10uM 50uM 100puM
P3 Hurler 0 39,2423 152418 7,3+0,8 0 16,641,5
P6 Sanfilippo A 310,2 9,5+¢1,7 12,3+2,3 0 0 0
P7 Sanfilippo A 0 4+0,9 8,5+1,3 0 3,5+1,1 5,1+0,9
P8 Sanfilippo A 0 5,8+1,1 10,8+2,1 0 1,540,5 1,8+0,4
P9 Sanfilippo B 0 98+1,7 22113,2 0,9:0,3 9+1,6 254437
P10 Sanfilippo B 0 18,4+2,4 39,1141 0 8,8+1,1 6,1+1,3
P11 Sanfilippo B 0 147:1,6 20,3125 0 0 33,313,9
Median 0 9,8 15,2 0 1,5 6,1
p-value - 0,02 0,003 0,3 0,08 0,04
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Figure 1.- High throughput screening and biochemical analyses performed in this study to
identify positive readthrough compounds. A) BRET assay in the presence (1) or absence (2)
of a readthrough compound. B) Biochemical analyses performed in skin fibroblasts from LSD

patients with HTS positive compounds.
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Figure 2.- Bicalutamide’s enantiomers.
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Figure 3.- mRNA expression of the genes involved in the autophagy and in the lysosomal

biogenesis after Bicalutamide treatment. A) mRNA expression of the genes involved in the

autophagy. B) mRNA expression of the genes involved in lysosomal biogenesis. *p<0.05.
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Figure 4.- Activation of the autophagy after Bicalutamide treatment. Western blot and
guantification of LC3Il levels before and after treatment with the racemic of Bicalutamide as
well as the two (S)- and (R)- enantiomers or Cyclodextrin in the presence or absence of

Bafilomycin, an autophagy inhibitor.
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Resumen y discusion general

Las EMH objeto de este estudio son enfermedades monogénicas, autosdmicas recesivas,
que tienen en comun la deficiencia de una enzima y la consecuente acumulacién de
sustrato que resulta téxico para la célula. En general, presentan afectacion neuroldgica
y debutan en los primeros afios de vida. Son enfermedades devastadoras, tanto para el
paciente como para su entorno familiar y en la actualidad, la mayoria de tratamientos
disponibles son paliativos o bien no tienen un efecto significativo sobre la afectacion
neuroldgica. Por lo tanto, urge el desarrollo de nuevas aproximaciones terapéuticas que
puedan actuar a nivel del sistema nervioso central para poder prevenir, aliviar o incluso

curar, la sintomatologia neuroldgica de estos pacientes.

En este trabajo nos hemos propuesto desarrollar y aplicar diferentes estrategias
terapéuticas, bajo diferentes enfoques moleculares, para poder aportar nuevas
herramientas en el tratamiento de estas enfermedades. Para ello se han cribado y
utilizado mayoritariamente compuestos de bajo peso molecular, algunos de ellos

capaces de atravesar la barrera hematoencefilica.

Las diferentes aproximaciones terapéuticas presentadas en este estudio se pueden
dividir en dos bloques: las terapias mutacion-dependientes y las que no dependen del
tipo de mutacion. En el primer caso, estariamos hablando de medicina personalizada,
dénde el conocimiento del genotipo exacto del paciente es una premisa fundamental
para la correcta administracién del tratamiento. En el segundo caso, las aproximaciones
terapéuticas podrian ser utiles al conjunto de los pacientes afectos por una misma
enfermedad o grupo de enfermedades que compartan la misma cascada patogénica

derivada de la deficiencia primaria.

En la siguiente figura (Figura 25) se muestran las diferentes aproximaciones terapéuticas
desarrolladas en este estudio: compuestos activadores de la sobrelectura de PTCs,
chaperonas farmacoldgicas, compuestos inductores de la autofagia/exocitosis vy

antioxidantes.
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Figura 25. Aproximaciones terapéuticas desarrolladas en este estudio. En amarillo las terapias
mutacién-dependientes y en verde las terapias que no dependen del tipo de mutacién. PTC:
cododn de terminacién prematuro, NMD: mecanismo de control de calidad del mRNA, del inglés

Nonsense Mediated mRNA Decay.
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1.- Valoracién del uso de CoQ,, v de terapias antioxidantes en el sindrome de

Sanfilippo

La enfermedad de Sanfilippo presenta un cuadro neuroldgico severo y una esperanza de vida
que no supera la segunda o la tercera década de vida (Neufeld y Muenzer, 2001). Se
caracteriza por la deficiencia de una hidrolasa lisosomal que conlleva a la acumulacién
anomala de glucosaminoglucanos (GAGs), que a su vez induce una cascada patogénica que
tiene un impacto significativo en multiples organulos y mecanismos celulares. En general, las
enfermedades lisosomales, incluida la enfermedad de Sanfilippo, presentan una cascada
patogénica comun que comprende: un incremento de las especies reactivas de oxigeno
(ROS), una disfuncion mitocondrial y una sefializacién pro-inflamatoria y apoptdtica
aberrante entre otras alteraciones bioquimicas (Platt et al., 2012). En la actualidad, no existe
ningun tratamiento eficaz para la afectacion neuroldgica de la enfermedad (Valstar et al.,

2008).

El coenzima Q0 (CoQyo) y otros antioxidantes juegan un papel esencial en el mantenimiento
de la estructura y funcion de la membrana lisosomal, incrementando su fluidez, protegiendo
el lisosoma de ROS, acidificando el medio intralisosomal y restaurando la homeostasis del
calcio (Fu et al., 2010; Pannuzzo et al., 2010; Delgadillo et al., 2011; Xu et al., 2012). Diversas
evidencias demuestran que el CoQio (Matthews et al., 1998; Artuch et al., 2004), el a-
tocoferol (Vatassery et al., 1998; Gabsi et al., 2001), el 4cido lipoico (Malinnska and Winiarska,
2005), y la N-acetilcisteina (Erickson et al., 2012), estos tres ultimos incluidos en el coctel de
antioxidantes utilizado en este estudio, son capaces de atravesar la barrera
hematoencefdlica. Por ello, decidimos investigar si los diferentes antioxidantes eran capaces
de aliviar las manifestaciones bioquimicas de la enfermedad en fibroblastos de pacientes

Sanfilippo Ay Sanfilippo B.

En esta parte del trabajo, recogida en el articulo 1, analizamos cinco lineas celulares
(fibroblastos) de pacientes afectos de la enfermedad de Sanfilippo A (P1, P2 y P3) y de
Sanfilippo B (P4 y P5) (articulo 1, Tabla 1). En primer lugar estudiamos los niveles basales de
CoQyp intracelular en cada uno de los pacientes. Observamos que los fibroblastos Sanfilippo

A mostraban una disminucion de los niveles intracelulares basales de CoQ;q, mientras que en
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los pacientes Sanfilippo B permanecian inalterados. Sin embargo, no observamos ninguna
deficiencia en la ruta de biosintesis del CoQ;o. Describimos, por primera vez, la existencia de
una deficiencia secundaria de CoQg en fibroblastos de pacientes Sanfilippo A (articulo 1,
Figura 1). Paralelamente se suplementaron las diferentes lineas celulares con CoQg y con un
céctel de antioxidantes (a-tocoferol, acido lipoico y N-acetilcisteina). Entre los pacientes
Sanfilippo A se observd que dos de ellos (P1 y P2) no mostraron ningun incremento de su
actividad enzimatica residual (heparan-N-sulfatasa) ni ninguna disminucidn intracelular de
GAGs (articulo 1, Figura 2A). Sorprendentemente, observamos que el tercer paciente
Sanfilippo A (P3), que tampoco mostraba ningun incremento de actividad enzimatica
residual, presentaba una disminucion drastica de los niveles de GAGs intracelulares (articulo
1, Figura 2B). En cuanto a los pacientes Sanfilippo B (P4 y P5) si observamos un incremento
de la actividad enzimatica residual (a-acetilglucosaminidasa) junto con una disminucién de
los niveles de GAGs intracelulares (articulo 1, Figura 2). La posibilidad de que las diferencias
obtenidas entre las dos enfermedades puedan deberse a una diferencia en los niveles
intracelulares de CoQg post suplementacidén se descartd, ya que ésta no diferia entre los
pacientes. Se ha descrito que la suplementacion con CoQo altera las propiedades
fisicoquimicas de la membrana lisosomal (Turunen et al., 2004; Crane, 2001) y que estos
cambios podrian afectar la estabilidad de las enzimas lisosomales que se encuentran en
contacto continuo con diferentes proteinas y lipidos de membrana. Asi pues, es posible que
la actividad a-N-acetilglucosaminidasa (Sanfilippo B) pueda verse afectada favorablemente
por la restauracidon de la fluidez y de las caracteristicas fisicoquimicas de la membrana
lisosomal en presencia de CoQyq, sin embargo para demostrarlo se requieren estudios de
interaccion fuera del objeto de este estudio.

La disminucién de los niveles de GAGs intracelulares observada en los diferentes pacientes
no puede explicarse Unicamente mediante el discreto incremento de la actividad enzimatica
residual. El paciente P3 (Sanfilippo A) es el que muestra una mayor disminucién de GAGs
intracelulares (articulo 1, Figura 2B). Sin embargo, su actividad heparan-N-sulfatasa
permanece inalterada (articulo 1, Figura 2A). Este hecho nos condujo a pensar que tanto el
CoQ; como los antioxidantes, podrian estar involucrados en la exocitosis lisosomal, tal y
como se habia descrito recientemente para el tocoferol (Xu et al., 2012). Un incremento de
la exocitosis lisosomal explicaria la disminucion de GAGs intracelulares, ya que se estaria

incrementando el flujo del vertido del lisosoma al medio extracelular. Para demostrarlo,
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medimos la actividad B-hexosaminidasa en el medio de cultivo y observamos que los
pacientes que presentaban una disminucién de los niveles de GAGs intracelulares, también
presentaban un aumento significativo de los niveles de actividad B-hexosaminidasa en el
medio de cultivo, indicando un vertido aumentado de este enzima al medio extracelular y en
consecuencia un aumento de la exocitosis lisosomal (articulo 1, Figura 3). Es interesante
destacar que el CoQiptambién juega un papel importante en la regulacién de la homeostasis
del calcio, siendo ésta determinante para que culmine el proceso de exocitosis (Crane,
2001), este hecho apoyaria nuestros resultados. En cuanto al tratamiento con el coctel de

antioxidantes, los resultados son muy similares a los obtenidos con el CoQjo.

Por lo tanto, el incremento de exocitosis lisosomal provocado por el tratamiento con CoQg 0
el coctel de antioxidantes explicaria la disminucién de GAGs en los pacientes, pero no
explicaria la diferencia de respuesta observada entre ellos. Xu y colaboradores (2012)
sugieren que los tratamientos que promueven la exocitosis lisosomal tendrian que ser
independientes tanto del enzima mutado como del tipo de material acumulado, sin embargo

no hemos podido verificar esta premisa en nuestros pacientes.

DEFICIENCIA PRIMARIA DEL ENZIMA Modificacion de las p.rop|edades f|5|co-qy!m|cas
de la membrana lisosomal que facilita la
LISOSOMAL - ) . .
¢ actividad de ciertas enzimas lisosomales.
ACUMULACION oIz Incremento de la exocitosis lisosomal que
bSO Lo LT L permite el vaciado del material acumulado en el
LISOJOMA medio extracelular
DISFUNCION LISOSOMAL

L

INCREMENTO DEL ESTRES OXIDATIVO Funcidn ant|OX|dant_e comp donaqor de
$ electrones a las especies reactivas de oxigeno.

CASCADA PATOGENICA

Figura 26. Posibles beneficios de la suplementacién con CoQ,oen fibroblastos de pacientes afectos de
la enfermedad de Sanfilippo.
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En resumen, el CoQgp actuaria a diferentes niveles para atenuar el fenotipo bioquimico de la
enfermedad, a nivel de la actividad enzimatica residual mediante la modulacion de las
caracteristicas fisicoquimicas de la membrana, a nivel de la acumulacién de GAGs en el
lisosoma mediante el incremento de la exocitosis y aliviando el estrés oxidativo mediante su

funcion como antioxidante (Figura 26).

En conjunto, nuestros resultados sefialan que algunas alteraciones bioquimicas pueden ser
parcialmente restauradas mediante la suplementacién con CoQi; 0 con un céctel de
antioxidantes en fibroblastos de pacientes Sanfilippo, aunque con diferentes eficiencias
dependiendo de las caracteristicas de cada paciente. Se deberian ensayar también otras
enfermedades ya que el incremento de la exocitosis podria resultar beneficioso para todas

las enfermedades lisosomales.

2.- Chaperonas farmacolégicas

2.1.- Desarrollo de un método de cribado de chaperonas farmacoldgicas para

la aciduria glutarica tipo |

La aciduria glutarica tipo | (AG-I) es una EMH que presenta una severa afectacion
neuroldgica. El Unico tratamiento disponible es la implementacién de una dieta especifica
que suele retrasar la aparicidon de las primeras crisis y permite, en algunos casos, que el
paciente permanezca asintomatico durante afos. Sin embargo, este tratamiento no es
totalmente eficaz (Kolker et al., 2006). Por ello, en este caso también urge el desarrollo de

nuevas aproximaciones terapéuticas que tengan como diana la patologia neuronal.

Las chaperonas farmacolégicas facilitan el plegamiento de proteinas que contengan
mutaciones conformacionales, es decir, mutaciones que afecten Unica y exclusivamente la
estabilidad y el plegamiento de la proteina. En este sentido, la AG-I es un buen modelo de
enfermedad para este tipo de terapia ya que de las 160 mutaciones descritas en el gen
GCDH, un 82% son mutaciones “missense”, siendo éstas las que afectarian con mayor
probabilidad el plegamiento de Ila proteina (Human genome database

http://www.hgmd.cf.ac.uk/ consultado el 07 de octubre 2015).
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El objetivo de esta parte del trabajo, recogido en el articulo 2, fue poner a punto un método
de cribado de chaperonas farmacoldgicas para la glutaril CoA deshidrogenasa (GCDH),

enzima deficiente en los pacientes que presentan esta enfermedad.

Antes de empezar el cribado de compuestos, estudiamos qué mutaciones serian capaces de
responder a un tratamiento con chaperonas farmacoldgicas. Escogimos analizar la mutacion
“missense” mas prevalente en poblacién caucasica: la p.Argd402Trp, asi como las dos
mutaciones “missense” mas prevalentes en poblacién espafiola: p.Ala293Thr y p.Val400Met

(Busquets et al., 2000b).

La proteina GCDH en su estado nativo forma un homotetramero. Estudios previos ya
demostraron que la mutacion p.Arg402Trp alteraba la formacién del homotetramero y, por
lo tanto, era una mutacion conformacional que interferia en la estabilidad y Ia
oligomerizacion de la proteina GCDH sin afectar el sitio activo del enzima (Keyser et al.,
2008). En nuestro estudio analizamos las otras dos mutaciones seleccionadas (p.Ala293Thr y
p.Val400Met) en comparacion con el otro mutante (p.Argd02Trp) y con la proteina wild-
type. Utilizando un modelo procariota, obtuvimos enzimas recombinantes con cada una de
las tres mutaciones y observamos que ninguna de las tres proteinas eran capaces de lograr
los niveles de homotetramero observado en la proteina wild-type (Figura 27A). Ademas,
observamos que las mutaciones p.Ala293Thr y p.Argd402Trp desestabilizaban la proteina

disminuyendo su tiempo de vida media.

A) B)
WT p.Ala293Thr p.Val400Met p.Arg402Trp
‘ Mutacion Energialibre
T Proteina cDNA (Kcal/mol)*
g . p.Val400Met  ¢.1234G>A 1,649
O Y p.Arg402Trp  ¢.1240C>T 18,494
O (D [|-—— p.Ala293Thr  ¢.913G>A 3,27
M pra— — - e

T: Tetramero; D: Dimero; M: Mondmero

Figura 27. Mapa conformacional de las mutaciones p.Ala293Thr, p.Val400Met y p.Arg.402Trp de la
proteina GCDH. A) Blue native y western blot de los enzimas recombinantes utilizando un anticuerpo
especifico para la proteina GCDH. B) Resultado del analisis computacional con FoldX del incremento
de la energia de Gibbs requerida para el correcto plegamiento de la proteina GCDH en funcién de las
diferentes mutaciones.
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Paralelamente, realizamos estudios computacionales utilizando el software FoldX vy
observamos que las tres mutaciones daban lugar a un incremento de la energia de Gibbs
necesaria para el correcto plegamiento de la proteina (Figura 27B). Este incremento varia
entre las diferentes mutaciones y se correlaciona de forma inversa con la actividad
enzimatica residual. Es decir, que cuanta mas desestabilizacidn, se requiere mas energia para
el correcto plegamiento de la proteina (p.Arg402Trp> p.Ala293Thr> p.Val4d00Met) y se
obtiene menor actividad enzimatica residual (p.Argd02Trp< p.Ala293Thr< p.Val400Met).
Estos resultados demuestran, por primera vez, que las mutaciones p.Ala293Thr vy
p.Val400Met son mutaciones que afectan a la conformacién y/o estabilidad de la proteina
(Figura 27). Por lo tanto, las tres mutaciones escogidas son mutaciones conformacionales

susceptibles de responder a un tratamiento con chaperonas farmacoldgicas.

A partir de aqui, procedimos a la puesta a punto del cribado de compuestos utilizando la
metodologia del differential scanning fluorimetry. Elegimos esta metodologia ya que
permite, a diferencia de otras, encontrar tanto compuestos inhibidores como activadores de
la enzima GCDH. Cribamos un total de 1200 compuestos que procedian de una libreria de
reposicionamiento de pequefias moléculas del NIH. Entre ellos, cuatro estabilizaron
térmicamente nuestra proteina de interés (compuestos I, Ill, IV y VII) y todos mostraron una
interaccidon energéticamente favorable con la proteina GCDH en estudios in silico de
molecular docking (www.swissdock.ch) (articulo 2, Figura 2). Sin embargo, descartamos dos
de ellos (compuestos Il y lll) ya que el sitio de unién descrito como mas favorable y por lo
tanto, preferente, era el mismo que el del FAD, el cofactor natural de nuestra enzima.
Proseguimos los experimentos con los otros dos compuestos (compuesto IV y VII) pero solo
uno de ellos (compuesto VIl) demostré incrementar la estabilidad de los mutantes
p.Ala293Thr y p.Arg402Trp. El mutante p.Val400Met no fue informativo ya que su tiempo de

vida media es similar al de la proteina wild-type (articulo 2, Figura 3A).

Por otro lado, los estudios conformacionales realizados demostraron que el compuesto VII
era capaz de incrementar la formacién del homotetramero de la proteina recombinante
p.Val400Met, siendo esta mutacion la que no disminuia el tiempo de vida media de la
proteina y la que presentaba menor afectacion energética. No fuimos capaces de detectar
ningun incremento en la formacion de homotetramero de los demdas mutantes,

seguramente debido a limitaciones en la sensibilidad de la técnica, o a que la cantidad de
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proteina de partida, al ser inestable, era mucho menor que en el caso de la proteina
mutante p.Val400Met (articulo 2, Figura 3B). El compuesto IV no demostrd tener ningun
efecto en el incremento de la formacién de homotetramero en ninguno de los mutantes

estudiados.

El compuesto VII era, pues, capaz de estabilizar las proteinas mutantes p.Ala293Thr y
p.Argd02Trp, asi como estabilizar y aumentar la formacién del homotetramero en el caso de

la mutacion p.Val400Met en un modelo procariota in vitro.

Para validar el uso del compuesto VIl como posible PC, el siguiente paso consistio en evaluar
su eficacia en un modelo celular humano y para ello utilizamos lineas primarias derivadas de
fibroblastos de pacientes afectos de AG-I y homocigotos para cada una de las tres
mutaciones de estudio. Observamos que los fibroblastos del paciente homocigoto para la
p.Vald00Met incrementaban su actividad enzimatica residual hasta un 35% respecto al valor
control. En las demas lineas celulares no observamos ningun incremento en la actividad

enzimatica residual (articulo 2, Figura 4).

Los resultados obtenidos con esta aproximacidn constituyen una prueba de concepto de que
las chaperonas farmacoldgicas pueden restablecer, en cierta medida, la inestabilidad y el
plegamiento de diferentes proteinas con mutaciones conformacionales. Ademas, hemos
identificado una posible chaperona farmacolégica para el tratamiento de los pacientes
homocigotos para la mutacion p.Val400Met en la AG-I. Estos resultados son prometedores,
pero se tienen que llevar a cabo estudios mas exhaustivos en modelos animales antes de
empezar posibles ensayos clinicos. Sin embargo, en la actualidad, no existen modelos de
ratén knock-in disponibles en la comunidad cientifica, por lo que el siguiente paso seria
proceder a la creacion de estos modelos. Este ultimo punto pone de manifiesto la

importancia de disponer de buenos modelos celulares y/o animales en EMH.

2.2.- Validaciéon de un modelo de células iPS para el estudio de chaperonas

farmacoldgicas en la enfermedad de Gaucher

Tal y como se ha comentado anteriormente, el mayor reto terapéutico en EMH es conseguir

tratar la afectacién neuroldgica. La forma neuronopatica aguda de la enfermedad de
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Gaucher (tipo Il) no es una excepcion, ya que permanece sin ningun tratamiento eficaz y
tiene un desenlace fatal. En esta parte del trabajo, recogida en el articulo 3, y en
colaboracién con el Dr. Gustavo Tiscornia, se ha desarrollado un modelo celular para la
forma neuronopatica de la enfermedad de Gaucher mediante el uso de células pluripotentes

inducidas (iPS) que se han validado mediante el uso de chaperonas farmacoldgicas.

En este estudio se describe la derivacién de fibroblastos de piel a células iPS de un paciente
afecto de la enfermedad de Gaucher tipo Il, que es la forma neuronopatica aguda de la
enfermedad. Para des-diferenciar los fibroblastos se siguid una estrategia basada en dos
etapas: (i) la reprogramacion celular mediante nucleofeccién de un casete policistrénico de
reprogramacion flanqueado por dianas LoxP que contenia los factores Oct4, Sox2, KIf4 y c-
Myc vy (ii) la eliminacidn del casete de reprogramacion mediante expresion transitoria de la
recombinasa Cre. Gracias a esta estrategia se pudieron minimizar las inserciones gendmicas
y el 90% de los clones obtenidos presentaban una Unica insercion del casete de

reprogramacion en el genoma.

Las células iPS obtenidas siguen el criterio cientifico de calidad estandar: muestran una
morfologia parecida a las células madre, expresan un amplio rango de marcadores de
pluripotencia (AP, Oct4, Sox2, Nanog, Tral-60, Tral-81 y SSEA4), presentan un cariotipo
normal y se pueden diferenciar en las tres lineas germinales tanto in vitro como in vivo. Se
confirmé la presencia del genotipo original del paciente: p.[Gly202Arg];[Leu444Pro](articulo

3, Figura 1).

Es importante destacar que en un mismo paciente cada tipo celular puede manifestar un
proteoma y/o fenotipo bioquimico variable por lo que es muy relevante disponer del modelo
celular que presente la patologia. Los fibroblastos primarios derivados de pacientes son
ciertamente un modelo util pero no completamente representativo de la enfermedad de
Gaucher, ya que no forman parte del tejido afecto. Esta premisa es valida tanto para la
enfermedad de Gaucher como para el conjunto de las EMH. Por ello se decidid diferenciar
las iPS obtenidas en los dos tipos celulares mas afectados en la enfermedad de Gaucher:

macrofagos (articulo 3, Figura 3) y neuronas (articulo 3, Figura 5) (Beutler, 2001).

En la actualidad se sigue desconociendo el tipo de neuronas involucradas en la
neurodegeneracion y la afectacion del sistema nervioso central de la enfermedad de
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Gaucher tipo Il y lll. Sin embargo, un estudio reciente apunta a que la neurodegeneracion
tendria su origen en la disfuncién neuronal y/o de la glia, mas que en la microglia (Enquist et
al., 2013). La diversidad de regiones cerebrales afectadas en los pacientes hace pensar que
no existe un Unico tipo de neurona o glia afectado. Las neuronas piramidales del hipocampo
son uno de los tipos neuronales afectados conocidos (Wong et al., 2004), sin embargo el
proceso de diferenciacion de iPS a este tipo neuronal es poco conocido por lo que se decidié
diferenciar las células iPS a neuronas dopaminérgicas. Se escogidé este segundo tipo celular
ya que existen protocolos bien definidos para su diferenciacion a partir de iPS y también
porque presentan un interés afiadido debido al reciente descubrimiento de la relacién entre

la enfermedad de Gaucher y la enfermedad de Parkinson (Mazzulli et al., 2011).

Los pacientes afectos de la enfermedad de Gaucher tipo | y tipo lll presentan clinica
sistémica que puede ser tratada mediante terapia de sustitucién enzimatica (ERT) o de
reduccion de sustrato (SRT), sin embargo esta aproximacién no resulta beneficiosa para el
tipo Il de la enfermedad que presenta una clinica neurodegenerativa aguda. Ademas, la ERT
requiere infusiones periddicas, comporta la aparicion de posibles efectos secundarios como
la reaccion inmunoldgica al enzima recombinante y supone un coste importante tanto para

las familias como para el sistema sanitario (Valenzano et al., 2011; Beutler, 2006).

El tratamiento con chaperonas farmacolégicas podria suponer una alternativa para el
tratamiento de esta enfermedad. Dado el elevado coste requerido para el desarrollo de
compuestos farmacolégicos, el hecho de disponer de un modelo celular relevante de la
enfermedad puede ser de gran ayuda para poder probar compuestos candidatos. En este
trabajo, hemos validado el uso de dos analogos de Nojirimicina (6S-AdBI y NOI-NJ),
recientemente descritos como posibles chaperonas farmacoldgicas para la enfermedad de
Gaucher (Luan et al., 2009). Observamos que concentraciones relativamente bajas de ambos
compuestos (30uM) eran capaces de incrementar la actividad enzimadtica residual en
neuronas diferenciadas a partir de los fibroblastos del paciente Gaucher tipo Il (Figura 28).
Este efecto también se observé en las células wild-type indicando que estos compuestos son
capaces de actuar a una concentracion de sustrato muy amplia y que no son especificos de la
forma mutada de la enzima. Ademds, su pequeiio tamafio asi como sus propiedades
anfifilicas permiten que estas moléculas puedan atravesar la barrera hematoencefalica.

Estudios en un modelo de ratdon demuestran que la Nojirimicina puede administrarse via oral
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y que incrementa la actividad B-glucocerebrosidasa en diferentes tejidos, incluido el cerebro,
y no provoca toxicidad a dosis elevadas (Luan et al., 2009; Aguilar-Moncayo et al., 2011).
Finalmente, otro estudio demuestra que la Nojirimicina es capaz de atravesar la membrana
plasmatica por difusiéon y de incrementar los niveles B-glucocerebrosidasa en células
neuronales maduras e inmaduras (Luan et al., 2010). Estos resultados y el hecho de que un
ligero incremento de actividad B-glucocerebrosidasa pueda revertir parcial o totalmente el
fenotipo de la enfermedad (Schueler et al., 2004), ponen de manifiesto el posible uso de

estos compuestos como terapia para la enfermedad de Gaucher.

Figura 28. Actividad y cuantificaciéon de la acido-B-
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En la literatura existen dos trabajos previos que describen la creacion de modelos iPS de la
enfermedad de Gaucher (Park et al., 2008; Mazzulli et al., 2009). En el primer estudio no se
realizé ninguna diferenciacion de las células iPS y en el segundo se diferenciaron a neuronas
dopaminérgicas pero no a macrofagos. En ninguno de estos trabajos se realizaron estudios

farmacoldgicos.

Este es el primer trabajo donde se describe un modelo iPS para el tipo Il de la enfermedad

de Gaucher, donde ademas se han diferenciado a dos tipos celulares: macréfagos y neuronas
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dopaminérgicas y en el que se han probado diferentes chaperonas farmacoldgicas. Este

modelo esta a disposicion de la comunidad cientifica.

Creemos que la existencia de un panel de iPS que cubriera las mutaciones mas prevalentes
de la enfermedad de Gaucher, podria ser de utilidad para validar posibles hits y desarrollar
nuevas terapias que actden a nivel del sistema nervioso. Este nuevo modelo iPS para la
enfermedad de Gaucher puede aportar una aproximacion complementaria a los modelos de
ratén para avanzar en el conocimiento tanto de la fisiopatologia de la enfermedad como en

la busqueda de nuevas aproximaciones terapéuticas.

3.- Compuestos activadores de la sobrelectura_de codones de terminacion

prematuros (PTCs)

3.1.- Efecto del tratamiento con compuestos que promueven la sobrelectura
de PTCs en fibroblastos de pacientes con diferentes enfermedades

lisosomales.

Tal y como hemos mencionado, durante estos ultimos afios ha emergido el concepto de
medicina personalizada: diferentes tratamientos en funcién de las caracteristicas genotipicas

del paciente.

En este sentido se han descrito diferentes compuestos capaces de promover la sobrelectura
de PTCs con una eficiencia variable. Los mas estudiados son los antibiéticos aminoglicésidos,
entre los cuales encontramos la gentamicina. Sin embargo, estos tratamientos presentan
severos efectos secundarios de oto- y nefrotoxicidad a largo plazo, por lo que se descarta su
uso en EMH doénde el tratamiento requerido es de por vida. Otro compuesto, PTC124,
descrito por Welch y colaboradores (2007), presenta las mismas caracteristicas pero sin
efectos secundarios severos, por lo que se ha extendido su estudio a ensayos clinicos, entre
otras enfermedades genéticas, a la distrofia muscular de Duchenne (DMD). Aunque los
primeros estudios no fueron convincentes (Sheridan et al., 2013), los ultimos resultados
presentados por la empresa PTC Therapeutics de la fase Ill parecen ser esperanzadores

(http://www.prnewswire.com/news-releases/ptc-announces-results-from-phase-3-act-dmd-
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clinical-trial-of-translarna-ataluren-in-patients-with-duchenne-muscular-dystrophy-

300160731.html). Este tipo de compuestos son capaces de permitir la entrada de un
aminodcido (generalmente triptéfano o glutamina) en el lugar del coddn stop, permitiendo
gue se traduzca una proteina completa, aunque con una mutacién missense, en la mayoria
de los casos. Estos compuestos actuan a nivel del mRNA, pero debido a la intervencion del
mecanismo de NMD, la célula dispone de un numero limitado de copias de mRNA. Sin
embargo, se ha descrito que en las enfermedades lisosomales (LSDs), un incremento de un
10-20% de la actividad enzimatica residual es suficiente para revertir el fenotipo de la
enfermedad, por lo que, en estos casos, el uso de estos compuestos podria generar un

beneficio para el paciente (Desnick et al., 1976).

Las LSDs comprenden mas de 50 enfermedades genéticas que involucran el almacenamiento
de macromoléculas no degradadas en el lisosoma. En primer lugar decidimos identificar qué
lineas celulares de fibroblastos derivados de pacientes serian capaces de responder a este
tipo de tratamiento, para en un futuro realizar un cribado con el fin de encontrar
compuestos con elevada actividad de sobrelectura de PTCs y que no presentaran toxicidad
celular. Por ello, en esta parte del trabajo, recogida en el articulo 4, estudiamos la
sobrelectura potencial de PTCs en fibroblastos derivados de once pacientes afectos de seis

enfermedades lisosomales diferentes (articulo 4, Tabla 1).

Hemos observado que el tratamiento con gentamicina, compuesto previamente descrito
como inductor de la sobrelectura de PTCs, era capaz de restaurar hasta tres veces la
actividad enzimatica residual en fibroblastos de diferentes pacientes con mutaciones
“nonsense” (P1, P4, P5, P6 y P11) (articulo 4, Figura 1). Los fibroblastos de los pacientes P1y
P6 fueron los que incrementaron de forma mas eficaz su actividad enzimatica residual asi
como sus niveles de expresion de proteina presentando una correcta sub-localizacién en los
lisosomas (articulo 4, Figuras 3 y 4). Estos resultados sugieren que el tratamiento con
compuestos capaces de promover la sobrelectura de PTCs puede restaurar parcialmente las

alteraciones bioquimicas de la enfermedad en fibroblastos de pacientes con LSDs.

Hemos observado que el incremento de la expresiéon de la proteina mediada por el
tratamiento con gentamicina solo era presente en un 30-40% de las células de un mismo

paciente y no era uniforme en todas y cada una de ellas. Estas diferencias podrian ser
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causadas por niveles bajos de sintesis proteica, debido a que los fibroblastos primarios
utilizados en este estudio son células de un bajo indice proliferativo, y a la variabilidad

intrinseca del propio cultivo derivado de una biopsia de piel (Cooper et al., 2000).

Es importante destacar que Unicamente uno de los pacientes (P4) incrementd su actividad
enzimatica residual en un 10%, porcentaje minimo descrito como suficiente para revertir el
fenotipo de la enfermedad (articulo 4, Figura 1) (Desnick et al., 1976). No podemos excluir la
posibilidad de que un incremento inferior de la actividad, como el que presentan los demas

pacientes pueda también resultar beneficioso.

Por otro lado, el hecho de que otro compuesto previamente descrito, PTC124 (Welch et al.,
2007), incrementara en la misma medida los niveles de actividad enzimatica residual de los
pacientes P1, P5, P6 y P11, apoya la idea de que aunque no todos los pacientes respondan a
este tipo de tratamiento, los que responden a gentamicina, responderian a cualquier
compuesto con actividad de sobrelectura (articulo 4, Figura 2). Por lo tanto, el hecho de
realizar un cribado de lineas celulares con compuestos previamente descritos como
promotores de la sobrelectura de PTCs, es una buena aproximacién, antes de empezar un

cribado con nuevas librerias.

Sorprendentemente, pero de forma similar a la descrita en otros trabajos (Hein et al., 2004;
Bartolomeo et al., 2013; Miller et al.,, 2015), después del tratamiento con gentamicina
observamos una disminucion de la actividad enzimatica residual en un paciente afecto de la
enfermedad de Fabry (P7). Esta disminucién no puede ser debida a la toxicidad del
compuesto ya que se monitorizd la viabilidad celular y ésta era correcta. Se tendrian que
llevar a cabo diferentes experimentos, fuera del propdsito de este trabajo, para dilucidar si la
gentamicina podria inhibir, directa o indirectamente, la actividad a-galactosidasa A, bajo

ciertas circunstancias.

Mediante el analisis de la expresion del mRNA y mediante estudios de inmunolocalizacién
demostramos que la terapia con antibioticos aminoglicésidos era capaz de inducir la sintesis
de la proteina defectuosa asi como su correcta localizacién en el lisosoma (articulo 4, Figuras
3, 4 y 6). Sin embargo, el tratamiento con gentamicina no es igual de eficaz en todos los

pacientes.
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Se ha descrito que la gentamicina induce la insercién de los aminoacidos glutamina o
triptofano en los PTCs UAG/UAA y UGA, respectivamente (Harrell et al., 2002; Boustany et
al., 2013). Las proteinas resultantes presentan uno de estos aminoacidos en el lugar dénde
existia el PTC dando lugar a una proteina con una nueva mutacion “missense”. Esta proteina,
si es activa, tendrd un tiempo de vida media limitado debido a los mecanismos de control de
calidad post-traduccionales pero el ligero incremento de actividad enzimatica puede ser

suficiente para revertir el fenotipo bioquimico de la enfermedad.

Mediante predictores in silico (Polyphen-2 y SIFT), analizamos el efecto de la sobrelectura de
PTCs sobre la proteina en cada uno de nuestros pacientes. Posteriormente realizamos la
correlacién con los niveles de actividad enzimdatica post-tratamiento con gentamicina
(articulo 4, Tabla 4). La prediccion para las nuevas mutaciones “missense” de los pacientes
que incrementaban mas eficazmente su actividad enzimatica (P1 y P6) es benigna o revierte
al aminodacido original. Estos resultados estan de acuerdo con el hecho de que observamos
un incremento de la expresidon de estas proteinas, asi como una correcta localizacién en el
lisosoma. Ademas el paciente P6 presentaba una disminucién de glucosaminoglucanos de un
16% (articulo 4, Figura 5). Sin embargo, los otros pacientes que respondian al tratamiento
(P5 y P11) obtuvieron una predicciéon de mutacion deletérea, que afectaria potencialmente
la funcionalidad de la proteina mientras que los pacientes P8, P9 y P10, que no mostraron
ningun incremento de su actividad enzimatica residual obtuvieron una prediccion de
mutacion benigna. Obtuvimos resultados concordantes entre ambos predictores excepto en
un paciente (P1) que respondia al tratamiento con gentamicina y tenia una prediccion de
mutacion benigna con el predictor SIFT y maligna con Polyphen-2. En este caso el predictor
SIFT fue el que estuvo en concordancia con los resultados bioquimicos obtenidos.
Considerando estos resultados, creemos que aunque los predictores in silico puedan resultar
utiles, hay que interpretar los resultados cautelosamente y en ningun caso utilizarlos como

una aproximacion definitiva por si sola.

En cuanto a los niveles de expresion del mRNA, todos los pacientes que responden al
tratamiento, excepto el paciente P11, experimentaron un leve incremento después del
tratamiento con gentamicina (articulo 4, Figura 6). Sin embargo estos niveles no fueron
superiores a los obtenidos con el tratamiento con Cicloheximida (un inhibidor del NMD),

sugiriendo que el tratamiento con gentamicina no es totalmente eficaz y que algunos mRNA
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se siguen degradando. Es interesante remarcar que el paciente P11, un vardén afecto por una
enfermedad ligada al cromosoma X (la enfermedad de Hunter) presenta unos niveles de
MRNA similares a los del individuo control. El paciente es portador de una mutacion
“nonsense” que se localiza en el ultimo exén del gen IDS (c.1327C>T) por ello, el mRNA
resultante elude el mecanismo de NMD (Ainsworth, 2005) y se obtienen niveles de mRNA en
el rango de la normalidad. Ocurre lo mismo en un alelo del paciente P6 (c.1696C>T), pero en
este caso los niveles de mRNA del paciente eran inferiores (20% de los valores control)
debido al hecho de que es heterocigoto y portador, en el otro alelo, de una mutacién que no
elude el mecanismo de NMD. También es remarcable que los niveles de mRNA en individuos
control para el gen NAGLU se encuentren incrementados después del tratamiento con
Cicloheximida. Esta observacién se podria explicar por el hecho de que un 1-10% de los
transcritos se regulan mediante el mecanismo de NMD, y éste no solo actia controlando la
expresion de los transcritos aberrantes sino también de mRNAs wild-type (Kervestin et al.,

2012).

Otro aspecto a tener en consideracion a la hora de valorar si una linea celular respondera al
tratamiento con un compuesto que promueva la sobrelectura de PTCs, es el contexto
nucleotidico que envuelve al PTC. Se ha descrito que éste es crucial para determinar la
respuesta de un paciente a este tipo de tratamiento (Adzhubei et al., 2012; Floquet et al.,
2012). Comparamos los datos nucleotidicos previamente descritos en el contexto génico de
nuestros pacientes (articulo 4, Tablas 2 y 3). Observamos que los pacientes que respondian
al tratamiento presentaban un contexto nucleotidico similar al descrito: la misma jerarquia
de eficiencia en funciéon del coddn de terminaciéon: UAG=UGA>UAA, y los mismos
nucledtidos en las posiciones -1 y +4, siendo la presencia de una citosina en la posicién +4, la
descrita como la mas determinante para una mayor eficiencia de sobrelectura (Floquet et
al., 2012). En este sentido, el Unico paciente (P6) de nuestra cohorte que presentaba una
citosina en esta posicion, respondié al tratamiento con gentamicina. Sin embargo obtuvimos
resultados discordantes en las dos posiciones nucleotidicas -5 y +8. Este hecho no es aislado
ya que diferentes autores también lo han reportado (Sanchez-Alcudia et al., 2012; Ho et al.,
2013; Loudon et al., 2013). Para confirmar esta discordancia seria deseable realizar estos
analisis en una cohorte de pacientes mas extensa. También hubiese sido interesante tener

acceso a un modelo murino de la enfermedad. Sin embargo, en la actualidad el Unico
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Analisis

Andlisis

modelo knock-in con una mutacion PTC existente entre las enfermedades estudiadas en este
trabajo, es el de la enfermedad de Hurler (mutacién p.Trp392* en el gen IDUA de ratones
que corresponde a la p.Trp402* humana) y en nuestras manos, no hemos obtenido ningun
resultado positivo después del tratamiento con gentamicina en los tres pacientes

estudiados, por lo que no tendria sentido extender nuestros experimentos en este modelo.

En resumen, la seleccidén de los pacientes susceptibles de responder a un tratamiento con
compuestos capaces de promover la sobrelectura de PTCs para validar otros compuestos
gue provengan de un cribado de librerias, es una buena aproximacion y se deberia hacer
analizando en primer lugar, el background genético que envuelve el PTC, asi como la
prediccién de la mutacidon una vez incorporado el aminoacido correspondiente en el lugar

del PTC (Figura 29).

Figura 29. Diagrama propuesto para

PACIENTES la seleccién de lineas celulares
© | susceptibles de responder a un
c \l/ \l/ .

-g tratamiento con compuestos capaces
©
5 Analisis in silico de la de promover la sobrelectura de PTCs.
Q s Andlisis delbackground
I prediccion delefecto del o
o S genético que envuelve al
O aminodcido incorporado PTC
enellugar delPTC
I \L |

OBTENCION DE LA MUESTRA
©
g J
£ Analisis bioquimico
o (actividad enzimdtica, cantidad de proteina,
L%‘ mRNA, localizacion subcelular)

J

Lineas celulares candidatas que respondena un
tratamiento con compuestos capaces de promover la
sobrelectura de PTCs

Los resultados obtenidos hacen pensar que el descubrimiento de compuestos no téxicos con
las mismas propiedades que la gentamicina seria una buena estrategia terapéutica en
enfermedades lisosomales. Finalmente, también remarcar que en este caso los fibroblastos
son un buen modelo para probar este tipo de compuestos y recomendamos su uso antes de

emprender ensayos a otros niveles.
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3.2.- Puesta a punto de un método de cribado para identificar compuestos

capaces de promover la sobrelectura de PTCs.

En colaboracion con el grupo del Dr. Antonio Ferrer (Universidad Miguel Hernandez,
Alicante) y de la empresa BCN-PEPTIDES S.A, pusimos a punto un método de cribado para
poder encontrar posibles compuestos que promuevan la sobrelectura de PTCs y validarlos en
las lineas celulares seleccionadas en el estudio anterior (3.1, articulo 4). Esta metodologia,
resumida en la Figura 30, consistia de dos partes, un primer cribado high-throughput
utilizando la tecnologia BRET, con el cual se analizaron mas de 62.000 compuestos
procedentes de diferentes librerias comerciales y propias de la empresa BCN-PEPTIDES S.A
(Figura 30A) llevado a cabo por el Dr. Antonio Ferrer, y una segunda parte de validacion de
los compuestos positivos en fibroblastos de pacientes afectos de enfermedades lisosomales,

llevada a cabo por nosotros (Figura 30B).

La metodologia para el cribado consistié en la expresion de una proteina quimera que
comprendiera dos partes: el gen que codifica para la Renilla luciferasa con un PTC
incorporado, unida mediante un linker a una proteina fluorescente amarilla (YFP). Esta

construccion se transfecto a células COS-7.

No emision de

Uue fluorescencia

PTC Pruebas bioquimicas

Actividad enzimatica
Compuestos . .
. Niveles de glucosaminoglucanos
positivos N
@ Exocitosis lisosomal

rlUC | =4 LINKER p=-= YFP

N

+ COMPUESTO Viabilidad celular
INDUCTOR

SOBRELECTURA

LINKER

Figura 30. Metodologia de cribado de compuestos capaces de promover la sobrelectura de PTCs. A)
Constructo transfectado que contiene un PTC en la secuencia que codifica para la luciferasa (rLUC).
La emision de fluorescencia por la YFP (yellow fluorescent protein) solo se podra realizar mediante el
efecto BRET/FRET en presencia de un compuesto inductor de la sobrelectura de PTCs. B) Segunda
parte del cribado, diferentes pruebas bioquimicas realizadas en fibroblastos de pacientes con
diferentes enfermedades lisosomales en presencia/ausencia de los compuestos positivos en la
primera parte del cribado. rLUC: Renilla luciferasa.
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En condiciones normales, el PTC presente en la secuencia de la luciferasa impide que se
traduzca la proteina, con lo que no se observa emisién de fluorescencia, pero en presencia
de un compuesto que promueva la sobrelectura de PTCs, se traduce la proteina completa y
la excitacion de la luciferasa permite, mediante efecto BRET, excitar la YFP que a su vez
emite  fluorescencia a una longitud de onda monitorizada (Figura 30A). Entre los
compuestos cribados, 32 fueron positivos en la primera parte del cribado y solo 1 fue
positivo en la segunda parte, revirtiendo significativamente el fenotipo bioquimico en
fibroblastos de pacientes afectos de diferentes enfermedades lisosomales (Figura 30B). Este
compuesto era Bicalutamide. Sorprendentemente, no observamos incrementos
significativos en la actividad enzimatica residual en los diferentes pacientes estudiados. Este
compuesto pertenecia a una libreria de reposicién de farmacos, por lo que se conoce su
funcion. Bicalutamide es un anti-androgénico no esteroideo que se utiliza en el tratamiento
del cancer de prostata, del hirsutismo y de otras condiciones androgeno-dependientes
(Schellhammer, 2002; Fradet, 2004; Erem, 2013). Recientemente se ha descrito su papel en
la induccion de la autofagia en células de cancer de préstata (Bennett et al., 2013; Boutin et
al., 2013). Este hallazgo, junto con el hecho de que no observamos un incremento
significativo de la actividad residual en los fibroblastos, nos hizo cambiar el enfoque de
estudio de este compuesto. A raiz de diversas publicaciones recientes sobre el beneficio del
incremento de la autofagia en enfermedades lisosomales (Lieberman et al., 2012), pensamos
que los beneficios observados en las lineas celulares estudiadas podrian deberse a la
induccion de este mecanismo por parte de Bicalutamide. La validacion de esta hipdtesis se

muestra en el siguiente apartado y se recoge en el articulo 5.

El hecho de que el compuesto Bicalutamide fuera positivo en la primera parte del cribado, si
no tiene capacidad de promover la sobrelectura de PTCs, quizas se podria explicar por su via
de actuacién. Se ha descrito que Bicalutamide induce la autofagia via el supercomplejo
MTOR y éste también regula la expresion de factores de transcripcidén involucrados en la
primera ronda de traduccién al mismo tiempo que en el mecanismo de control de calidad

NMD (Gao et al., 2005).
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4.- Compuestos inductores de la autofagia/exocitosis

4.1.-Validacion de la eficacia del uso de Bicalutamide en fibroblastos de

diferentes enfermedades lisosomales.

A raiz del cribado para identificar compuestos que promuevan la sobrelectura de PTCs
explicado en el apartado anterior, identificamos circunstancialmente un compuesto,
Bicalutamide, capaz de inducir la autofagia (Bennett et al., 2013; Boutin et al., 2013).
Estudios recientes han demostrado que la inducciéon del mecanismo de autofagia podria ser
una buena aproximacion terapéutica en enfermedades lisosomales (Lieberman et al., 2012),
lo que nos hizo pensar que el tratamiento con Bicalutamide podria resultar beneficioso en
estos pacientes. En esta parte del trabajo, recogida en el articulo 5 y en la patente WO
2015/097088 A1, nos propusimos averiguar si el tratamiento con Bicalutamide era capaz de
restaurar el fenotipo bioquimico de diferentes enfermedades lisosomales, asi como su ruta

molecular de actuacién.

Los resultados obtenidos mostraron que el tratamiento con Bicalutamide era capaz de
incrementar la exocitosis lisosomal entre un 3.8 y un 23% respecto a los valores basales, y de
disminuir los niveles de glucosaminoglucanos (GAGs) en los pacientes afectos de
mucopolisacaridosis entre un 5.6 y un 18% (articulo 5, Tabla 2). Estos primeros resultados
indicaban que, efectivamente, podia existir un incremento de la autofagia que culminaria en
un incremento de la exocitosis lisosomal, es decir, el vaciado del contenido del lisosoma al
medio extracelular, lo que explicaria la disminucién de GAGs intracelulares. También
observamos cierta disminucion de la viabilidad celular a concentraciones elevadas, por lo
que decidimos probar los dos enantiomeros del compuesto, para ver si alguno de ellos era
mas eficaz o menos toxico que el otro. Llevamos a cabo los diferentes experimentos en 14
lineas celulares de fibroblastos de pacientes afectos de 7 enfermedades lisosomales
diferentes (articulo 5, Tabla 1), y observamos un incremento significativo y dosis
dependiente entre 0.7 y 25.7% de la exocitosis lisosomal si utilizabamos el tratamiento con
el enantiomero S. En cambio con el otro enantiémero, (R)-Bicalutamide, el incremento
observado no era tan elevado, ni presente en todos los pacientes y solo era significativo a
una concentracion determinada (10 uM). Ademas, la viabilidad celular se vio alterada a
concentraciones elevadas en la mayoria de los pacientes tratados con (R)-Bicalutamide.
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Comparando los resultados obtenidos en la disminucion de los niveles de GAGs, observamos
gue el enantiomero (S)-Bicalutamide era mas eficaz que (R)-Bicalutamide. Ademas, la
disminucion de GAGs intracelulares observada a concentraciones elevadas de (R)-
Bicalutamide (100uM) podria estar relacionada con los datos obtenidos para la viabilidad
celular. Tenemos la duda de si la disminucion de GAGs observada podria tener su origen en
el incremento del vaciado del contenido intracelular en el medio de cultivo a causa de una

apoptosis celular (articulo 5, Tabla 3).

En resumen, el enantidmero (S)-Bicalutamide es mds eficaz que (R)-Bicalutamide
incrementando los niveles de exocitosis y disminuyendo el contenido de GAGs intracelulares
y a una concentracién o6ptima de 50uM. Ademads, a diferencia de (R)-Bicalutamide, el

enantidmero S no mostré toxicidad celular a las concentraciones probadas.

En segundo lugar, quisimos demostrar el mecanismo de accion del compuesto en
fibroblastos. Recientemente el grupo del Dr. Ballabio describid la existencia de un factor de
transcripcion downstream de la via de regulacion de la autofagia por mTOR denominado
TFEB (Sardiello et al., 2009). En una situacién fisiolégica normal, TFEB se encuentra
secuestrado e inactivo en el citoplasma y se activa en una situaciéon de estrés mediante su
traslocacion al nucleo. Una vez en el nucleo, TFEB induce la transcripcion de diferentes genes
implicados en el mecanismo de autofagia y la biogénesis lisosomal. Ademas se ha descrito
gue TFEB modula la exocitosis lisosomal incrementando los niveles de calcio intracelulares
mediante su actuacién en el canal cationico MCOLN1 (Settembre et al., 2011). Por ello,
decidimos analizar la expresién de los genes regulados por TFEB en las células tratadas con
Bicalutamide (mezcla racémica) y sus enantiomeros (articulo 5, Figura 3). Como control
positivo utilizamos la Ciclodextrina, molécula descrita como inductora de la autofagia y de la
biogénesis lisosomal via el factor de transcripcion TFEB (Song et al., 2014). Observamos un
incremento significativo de la expresion de los genes implicados tanto en la autofagia como
en la biogénesis lisosomal después del tratamiento con la mezcla racémica, (R)- y (S)-
Bicalutamide. Ademas, los resultados de la induccidén génica con estos compuestos, fueron
claramente superiores a la observada con el tratamiento con Ciclodextrina, por lo que
Bicalutamide actuaria de manera mads eficaz. Finalmente analizamos los niveles de LC3
después de cada tratamiento (articulo 5, Figura 3). LC3 es una proteina especifica de

autofagosomas y su incremento implica un incremento en el flujo autofagico. Observamos
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un incremento de los niveles de LC3 post tratamiento tanto con Bicalutamide como con sus
enantidmeros, superior al obtenido con Ciclodextrina; hecho que confirma que Bicalutamide

parece ser mas eficaz que la Ciclodextrina en inducir la autofagia.

Estos resultados sugieren que Bicalutamide activa la traslocacion de TFEB al nucleo
induciendo la expresidon de genes involucrados en la autofagia y la biogénesis lisosomal, que

a su vez permite incrementar el flujo autofagico y la exocitosis lisosomal (Figura 31).

Es interesante remarcar que en este caso no observamos diferencia entre los dos
enantiémeros, discordancia para la que en estos momentos y con los datos obtenidos en

este estudio, no podemos explicar de forma contrastada.
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Figura 31. Esquema resumen del mecanismo molecular de actuacién del compuesto Bicalutamide
para inducir la exocitosis. Bicalutamide inhibe el complejo mTORC1 impidiendo que siga fosforilando
TFEB. TFEB no fosforilado se trasloca al nucleo y activa la transcripcion de diferentes genes
involucrados en la autofagia y la biogénesis lisosomal. Esta induccion incrementa a su vez el flujo
autofagico que culmina en la exocitosis del contenido lisosomal en el medio extracelular.

En conjunto nuestros resultados sugieren que el tratamiento con Bicalutamide incrementa el

flujo autofagico y la exocitosis lisosomal y por consiguiente el vaciado del acimulo lisosomal
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en el medio de cultivo en fibroblastos de pacientes afectos por diferentes LSDs. Ademas,
observamos que el enantidmero S actuaria de forma mas eficaz y menos toxica para la célula

y que su uso podria ser beneficioso para los pacientes.

Esta aproximacion terapéutica es prometedora para el tratamiento de las enfermedades
lisosomales ya que permite solucionar indirectamente el déficit primario de una enzima
lisosomal, utilizando la habilidad de los lisosomas en arrojar su contenido en el espacio
extracelular. De esta manera se consigue vaciar el material acumulado en el lisosoma y

frenar la cascada patogénica asociada, que daria lugar al fenotipo clinico de la enfermedad.

Este hallazgo se encuentra en la misma linea que el publicado recientemente por
Spampanato y colaboradores (Spampanato et al., 2013). Estos autores sugieren que un
compuesto que promueva la sobreexpresién de TFEB y por consiguiente de la autofagia y la
exocitosis lisosomal, podria resultar beneficioso para los pacientes afectos de enfermedades

lisosomales.

Finalmente, como este compuesto proviene de una libreria de reposicionamiento, la fase |
de toxicidad ya ha sido realizada y podria ser testado directamente en humanos en un

periodo de tiempo relativamente corto.

Los resultados obtenidos nos han llevado a realizar una patente de uso para el tratamiento
con (S)-Bicalutamide de pacientes afectos de enfermedades lisosomales (WO 2015/097088

Al).
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Hemos demostrado que el uso de antioxidantes en fibroblastos derivados de pacientes
afectos del sindrome de Sanfilippo es capaz de rescatar ciertos parametros bioquimicos
caracteristicos de esta enfermedad, por lo que podria mejorar la sintomatologia de los

pacientes.

Hemos desarrollado un método de cribado de chaperonas farmacoldgicas para la
aciduria glutarica tipo |, habiendo identificado y validado la efectividad de un compuesto
mediante estudios in vitro (proteina recombinante purificada) y también en fibroblastos

de pacientes con aciduria glutarica tipo I.

Hemos colaborado en la validacién de un modelo neuronal derivado de células iPS de la
enfermedad de Gaucher. Ademdas hemos verificado la efectividad del tratamiento con
chaperonas farmacoldgicas en este tipo celular. La obtencién de estas células iPS
permitird a la comunidad cientifica tener acceso a un modelo celular neuronal de la

enfermedad de Gaucher.

Hemos identificado diferentes lineas celulares de pacientes con distintas enfermedades
lisosomales causadas por mutaciones “nonsense”, que responden positivamente al
tratamiento con compuestos que promueven la sobrelectura de PTCs. Este estudio nos
ha permitido evaluar los hits procedentes del cribado de compuestos que promuevan la

sobrelectura de PTCs.

Hemos desarrollado, en colaboracion otros grupos, un método de cribado de pequeiias
moléculas capaces de promover la sobrelectura de PTCs, asi como una metodologia para

su validacion en un modelo celular humano.

A raiz del cribado anterior, hemos identificado un compuesto (Bicalutamide) capaz de
inducir la autofagia y la exocitosis en diferentes enfermedades lisosomales. Hemos
validado la efectividad de este compuesto en fibroblastos de pacientes para poder
proceder, en un futuro, a ensayos en modelos animales o incluso a directamente a un

ensayo clinico al tratarse de un medicamento de reposicionamiento.
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» Hemos patentado el uso de la Bicalutamide como agente promotor de la autofagia y de

la exocitosis en enfermedades lisosomales (WO 2015/097088 A1l).
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ABSTRACT: Pompe disease is an autosomal recessive lysosomal storage disorder (LSD) O\\S,/O
caused by deficiency of the lysosomal enzyme acid a-glucosidase (GAA). Many disease- N mo
causing mutated GAA retain enzymatic activity but are not translocated from endoplasmic N\) cl N

reticulum (ER) to lysosomes. Enzyme replacement therapy (ERT) is the only treatment for o

Pompe disease but remains expensive, inconvenient, and does not reverse all disease

manifestations. It was postulated that small molecules which aid in protein folding and 22, GAA Chaperone
translocation to lysosomes could provide an alternate to ERT. Previously, several

iminosugars have been proposed as small-molecule chaperones for specific LSDs. Here we identified a novel series of
noniminosugar chaperones for GAA. These moderate GAA inhibitors are shown to bind and thermostabilize GAA and increase
GAA translocation to lysosomes in both wild-type and Pompe fibroblasts. AMDE and physical properties studies indicate that
this series is a promising lead for further pharmacokinetic evaluation and testing in Pompe disease models.

H INTRODUCTION children with this disease is ERT with recombinant human GAA

Lysosomal storage disorders (LSDs) represent over 50 different (Callqglucosfase alfa), a recolrln bsln;?th humhan GAJ?)‘produ}:ed n
rare diseases and result from mutations in lysosomal enzymes. inese amst.er ovary Cets. thoug recom inant uman
Phenotypically, cells affected by LSDs are characterized by GAA (algh‘JCOSIdase %ﬂfa) s proven to be cllnlcallyleﬂicac1ous,
lysosomal enlargement due to accumulation of disease-specific tre:?tme'nt is not optlmal.. Many patients test. P osmve' foréIgG
substrates.! Pompe disease, also known as glycogen storage antibodies to GAA, which reduces the clinical utility,” its
disease t};pe I or acid rn,altase deficiency, %s ang autosomgal intravenous administration is inconvenient, the cost can be over

) . 7 .
recessive LSD caused by mutations in the lysosomal enzyme $3’,00000/ year, and adverse s@e effects can occur. This
G AAzwithafrequency of approximately 1 in every 40000 births.> reinforces the need for developing alternative treatments for

Disease progression is variable, and clinical symptoms can PoIr)np € filsease.l on from ER to the site of action is a d )
: : rotein translocation from to the site of action is a dynamic
include progressive muscle weakness and loss of motor, vk

respiratory, and cardiac function. In most patients, premature process involving ‘distinct transporters that interact with. low
death occurs due to respiratory complications. GAA hydrolyzes energy conformatlon§ O,f the protein, a thermodynamlcall};
the terminal a-1,4-glucosidic linkages of glycogen in the driven process and klnetllcally accelerated by ER chaperones.
lysosome. Mutations in GAA result in lysosomal enlargement T.reat.ment with appropriate small-m91ecu1e chaperones could
due to §lycogen accumulation, especially in cardiac and skeletal kmetlcally.accelerate the protein foldgmg process and promote
muscle.” There are more than 100 different disease-causing GAA translo.catlon of mutant enzyme. For GAA, improving
mutations identified in Pompe patients affecting enzyme trafficking of the mutant protein between the ER and the

expression, conformation, and activity® As in other LSDs, lysosome by small-molecule chaper'onfotreat.ment might reduce
many of the mutant proteins retain residual enzyme activity in glycogen storage and llysc?sc.)me Size. Irgmosul%ars are well-
vitro but are unable to function because of impaired translocation known_ Sm'flll'm(’lec‘ﬂe mhlblt("rs. Of_ glyCOSIdase? ) that bind to
from the ER to the lysosome. Consequently, mutant enzyme the active site of the enzyme, mimicking the transition state of the
accumulates in the ER, is ubiquinated, and will eventually

undergo endoplasmic reticulum-associated protein degradation Received: April 18, 2012
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Figure 1. Known iminosugars as inhibitors of a-glucosidase.

glycolytic hydrolysis (Figure 1).'* This accelerates the folding
process, and therefore iminosugar inhibitors have been proposed
for the treatment of various LSDs."*> Although the chaperone
activity of iminosugars is established, their use has several pitfalls.
They exhibit poor selectivity among several glycosidases and
need to be actively transport, and therefore differences in
bioavailability and body distribution among patients must be
considered. Additionally, due to their inhibitory activity, the
therapeutic window between translocation and enzyme function
efficacy is small and pharmacokinetics must be taken into
consideration for modulation of the concentration at the site of
action. Currently all small-molecule GAA chaperones reported in
the literature are iminosugar inhibitors, with 1-deoxynojirimycin
(DNJ) being at the moment evaluated in a phase II clinical trial as
a therapy for Pompe disease by Amicus Therapeutics Inc."*
Other than DNJ and NB-DNJ, no other reported inhibitors have
been shown to have GAA chaperone capacity or utility in the
treatment of Pompe disease."

Our group has developed several new screening method-
ologies to identify novel noniminosugar series impacting
enzymatic activity in LSD assays. We have focused on testing
enzymes in a context as native as possible, including measuring
the hydrolytic capacity of GAA in tissue homogenate.'> Many
isolated glucosidases require allosteric activation to be func-
tional,'® so we attempted to avoid using purified enzyme
preparations which depend upon the use of detergents to induce
the active conformation and catalysis the activity of the enzyme.
While it is common to find compounds that can inhibit isolated
enzymes, these molecules are often inactive in cellular lysates.
This is likely due to conformational differences between
detergent-induced enzymatic systems and the physiological
enzyme in cells or problems with nonspecific protein binding.
Another limitation of reconstituted assays is the inability to
detect enzyme activators, presumably because the detergent used
in reconstituted assays overactivates the enzyme in a non-
physiological way. One way to overcome these problems is to
screen the enzyme directly from tissue homogenate using a probe
specific for GAA activity such as 4-methylumbelliferyl a-p-
glucopyranoside."® Upon hydrolysis, the blue fluorescent dye 4-
methylumbelliferone is liberated, producing a fluorescent
emission at 440 nm when excited at 370 nm. To control for
autofluorescence, we also used a second substrate, resorufin a-p-
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glucopyranoside, which liberates the red dye resorufin at an
emission wavelength of 590 nm when excited at 530 nm

(Figure 2).
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Figure 2. Hydrolytic reactions of the red and blue dyes.

In this study, we present the first noniminosugar inhibitor
chaperone series for GAA identified, screening a novel method
using tissue homogenate instead of purified enzyme prepara-
tions. This series inhibited GAA activity in both tissue
homogenate and purified enzyme assays and showed trans-
location capacity to the lysosomal compartment in wild-type and
Pompe fibroblasts in a cell-based immunostaining assay.'” This
promising series merits further evaluation as a potential new
therapy for Pompe disease.

B RESULTS AND DISCUSSION

Hit from qHTS. First, 244319 compounds from the NIH
Molecular Libraries—Small Molecule Repository (ML-SMR)
were screened.'® The Z' across the entire screen was 0.82 + 0.04.
Only one noniminosugar inhibitor series, represented by
compound 1, was identified based on selectivity against related
enzymes including a-galactosidase and glucocerebrosidase (data
in Supporting Information). In addition, compound 1 displayed
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similar activity in both purified GAA and tissue homogenate
assays, and it was not autofluorescent as determined by spectral
profiling (Figure 3). Then the inhibitory activity of compound 1
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Figure 3. (A) Chemical structure of compound 1 identified from qHTS.
(B) The GAA inhibitory activity of compound 1 as demonstrated by the
hydrolysis of red and blue substrates using isolated GAA enzyme or
tissue homogenates.

was further evaluated using purified enzyme with its native
substrate, glycogen. Glycogen from bovine liver was used as the
substrate and recombinant human GAA as the enzyme
preparation. Upon hydrolysis of the substrate, the glucose
product could be detected using the Amplex Red Glucose
Oxidase assay kit, and the product of this reaction was detected in
a fluorescence plate reader. Compound 1 had a potency of 330
nM in this assay (data not shown), consistent with its activity in
the primary screen using pro-fluorescent substrates.

In addition to the previously described secondary assays, we
tested the ability of compound 1 to protect GAA activity upon
exposure to thermal defunctionalization conditions (Figure 4).
Briefly, hydrolytic enzymes lose their catalytic activity over time
when exposed to elevated temperatures below their melting
point due to progressive denaturation and/or aggregation of the
protein from solution. Incubating GAA at 66 °C for 60 min
reduces the enzyme activity by about 75%. Small molecules with
the capacity to bind and stabilize the enzyme are expected to

1.6
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Figure 4. Thermostabilization of GAA functional activity. Time
indicates length of incubation at 66 °C. Ratio is the ratio of enzymatic
activity after incubation at 66 °C compared to room temperature
incubation. Black, DMSO (duplicated); red, DNJ (2.5 uM); green,
qHTS sample of compound 1 (50 4M); blue, resynthesized compound
1 (50 uM).
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prevent this loss of activity. Moreover, compounds able to
prevent thermal destabilization usually also promote proper
cellular folding and translocation and therefore can be good
chaperones. Figure 4 clearly demonstrates that compound 1 can
thermostabilize GAA.

Chemistry and SAR Studies. These data encouraged us to
embark on structural modifications to provide a better
understanding of SAR for this series. Schemes 1 and 2 showed
the general methodology used for the synthesis of analogues with
modifications in several regions of the molecule. Direct
chlorosulfonylation of 2-indolinone at the S-position,'” followed
by piperazine or substituted aniline displacements, yielded
analogues 1—185 and 34 with modifications on the aromatic ring
attached to the piperazine moiety. Analogue 15 with para-methyl
ester substituent was readily converted to the corresponding
carboxylic acid or methyl alcohol analogues 16 and 17 via acidic
hydrolysis or DIBAL reduction. Alternatively, reaction of 1-(4-
(piperazin-1-yl)phenyl)ethanone with a variety of sulfonyl
chlorides in the presence of a suitable base such as triethylamine
gave analogues with modifications at the indolinone ring
(analogues 18—31). Furthermore, reaction of 1-(4-(piperazin-
1-yl)phenyl)ethanone with carboxylic acid under EDC coupling
conditions resulted in analogues 32 and 33 with replacement of
sulfonamide moiety with a carbonamide (Scheme 2).

Each synthesized analogue was assayed for GAA inhibition
using the tissue homogenate with two different pro-fluorescent
substrates, a blue-shifted dye substrate that was used in the
primary screen and a red-shifted dye substrate. The inhibitory
activity of the analogues was consistent in assays with both the
blue- and red-shifted dye substrates. Tables 1—3 demonstrate the
SAR of synthesized analogues with modifications at three areas of
the hit compound 1. Table 1 shows that a broad range of
substituents were tolerated within the aromatic ring attached to
the piperazine portion of the molecule, including para-hydroxyl
(analogue S, ICy, = 1.88 uM), para-cyano (analogue 7, ICy, =
291 uM), para-nitro (analogue 8, IC5, = 3.66 uM), para-
formaldehyde (analogue 14, ICs, = 3.66 uM), and para-
carboxylic acid (analogue 16, IC, = 1.30 M) functional groups.
However, para-methoxy, para-methyl ester, and para-methyl
alcohol derivatives showed a 25—50-fold loss of activity
(analogue 4, ICy, = 23.69 uM; analogue 15, ICy, = 25.90 uM;
analogue 17, ICy, = 12.98 uM). Other functional groups, like
halo (analogues 9—11), methyl (analogue 6), and trifluor-
omethyl (analogues 12 and 13) were either inactive or had much
less activity. Surprisingly, elimination of the phenyl ring, while
keeping the methylketone moiety, resulted in derivative 3 with
decent activity (ICg, = 11.87 uM), while further elimination of
the methylketone group gave an inactive analogue 2. These data
indicate that the electronic nature of phenyl substituents has
minor effect on the inhibitory activity and that an oxygen or
nitrogen at the para-position of the phenyl group might be
involved in hydrogen bonding interactions enhancing activity.

The SAR for the indolinone group was found to be very
narrow (Table 2). Most modifications such as the introduction of
more heteroatoms (analogues 18—21, 24, 31), increasing the
size of the aliphatic portion of the indolin-2-one (analogues 25
and 26), or elimination of the aliphatic ring to obtain the
acetamide derivatives (analogues 27—30) all yielded inactive
compounds. The only modification on this part of the molecule
that did not have significant impact on activity was the
introduction of a chlorine substituent on the 6-position of the
indolinone ring (analogue 22, ICy, = 1.63 uM). The 3,3-dichloro
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Scheme 1. Synthesis of Analogues with Modifications of Phenylpiperazine Moiety of the Molecule
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substituted indolinone analogue (23, IC;, = 32.61 uM) was also
active, but much less potent.

Table 3 demonstrates the effect of replacing the sulfonamide
with a carbonamide (analogues 32 and 33) or a reversed phenyl
and piperazine ring analogue (34). All three analogues were
found to be inactive. Therefore, the sulfonamide moiety also
contributed significantly to the inhibitory activity of this chemical
scaffold.

Biological Evaluation. With the SAR assessment estab-
lished for this scaffold, we evaluated the ability of selected
analogues with reasonable potency to stabilize GAA against
thermal defunctionalization. As shown in Figure 5, in the
presence of tested GAA inhibitors, GAA was able to maintain its
function compared to DMSO control. The stabilization observed
correlated directly with the inhibitory activity of the compounds
in the inhibition assay. In other words, the best inhibitors were
the best stabilizers; importantly, analogue 22 showed a strong
ability to stabilize GAA against thermal denaturation, similar to
the hit compound 1. These data demonstrated that these
inhibitors could stabilize the preferred 3-dimensional conforma-
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tion of GAA, validating their potential value as small-molecule
chaperones.

Another way to test the capacity of a chemical series to stabilize
a protein is to measure the impact of the compounds on the
melting temperature (T},) of the protein. For some chemical
series, there is a direct correlation between the binding affinities
of the compounds toward a protein and their capacity to increase
the protein’s T,.”° Analogues 1 and 22 demonstrated a
concentration dependent ability to raise the T,, of GAA (Figure
6A). To further evaluate the binding interaction between these
two analogues and GAA, we also measured the corresponding
binding affinity (K;) by microscale thermophoresis (MST).*' A
direct interaction between small molecules and GAA was indeed
observed for both analogues 1 and 22 (Figure 6B). Because of
solubility limits, concentrations above 250 M could not be
tested (thus saturation binding could not be determined for
analogue 22). Nevertheless, an apparent dissociation constant
(Ky) for analogues 1 and 22 was observed to be in a range of 20—
60 uM, with analogue 1 showing a stronger binding than
analogue 22. These calculated Ky’s are 20—40 times higher than
their reported ICsgs, possibly due to differences in affinity as a
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Table 1. GAA Inhibitory Activity of Analogues with Modifications of the Aromatic Ring Attached to Piperazine Moiety
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consequence of labeling the enzyme and the impact in enzymatic
conformation and in compound solubility of isolated-tissue
homogenated conditions.

The encouraging results from the GAA thermostabilization
and direct binding experiments led us to explore whether this
chemical series had an impact on GAA translocation. Most LSDs
are biochemically diagnosed by measuring the specific activity of
the hydrolase on patient cell samples. However, Pompe-
associated glycogen accumulation primarily impacts cardiac
and skeletal muscle, and these tissues are often not available.
Therefore, in many LSDs, including Pompe disease, the enzyme
activity is analyzed on skin fibroblasts. Thus, we decided to
evaluate our inhibitors in fibroblasts. In contrast to other LSDs,
there is no common mutation in Pompe disease, therefore we
initially chose wild-type human fibroblasts to evaluate the
chaperone and translocation capacity of analogues 1 and 22.
First, we tested the specificity of the mouse monoclonal anti-
GAA antibody. On Western blot, the antibody recognized the
GAA protein (kDa) in protein lysate from human embryonic
kidney (HEK) cells electroporated with a pCMV6XL6 plasmid
containing the GAA cDNA (accession no. NM_000152.2); non-
electroporated HEK cells and wild-type fibroblast protein lysates
(Figure 7A) did not show a GAA specific signal. However, wild-
type fibroblasts express low levels of GAA. Next, we performed a
cell-based translocation assay for GAA. In DMSO-treated
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primary wild-type fibroblasts, GAA staining was observed in
about 15% of the cells, and the GAA stain (green) colocalized
with the lysosomal marker cathepsin D (red) (Figure 7B, a).
Wild-type fibroblasts stained with secondary antibodies Alexa-
488 and Alexa-555 showed no signal at the same laser settings
(Figure 7B, b), indicating that the green signal from the GAA
antibody was specific and not due Alexa-488 secondary antibody
background. It should also be noted that GAA staining and
translocation to lysosomes in fibroblasts significantly decreased
with increasing cell passage number; wild-type fibroblast with
passage number 7 showed GAA staining in lysosomes in about
15% of the cells, while passage 8 cells showed translocation in
10% of the cells (data not shown). It is known that inhibitory
chaperones have a small therapeutic window in which the
molecule displays translocation without complete elimination of
the enzymatic activity. For this reason, good chaperone
molecules should be weak inhibitors, allowing its displacement
in the lysosome by the natural substrate. In vivo, this is resolved
by titrating the optimal dose for maximal activity. In cell-based
assays, this is addressed by varying the compound concentration
and length of exposure.

Compound 1 was toxic for both wild-type and Pompe
fibroblasts (passage number 7) at 10, 15, and 20 yM after a 6-day
treatment, suggesting that this molecule has too much inhibitory
capacity, resulting in total suppression of enzyme activity.
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Table 2. GAA Inhibitory Activity of Analogues with Modifications of the Indolinone Ring
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Moreover, 6-day ablation of GAA activity in fibroblasts induces
cell death. After S days of treatment, both wild-type cells and
Pompe fibroblast were viable but did not show an increase of
GAA translocation upon exposure to 1 or S uM of compound 1,
indicating that this compound might have a poor therapeutic
window or that our GAA antibody is not sensitive enough to
detect minor changes in this enzyme. In contrast, a 6-day
treatment of wild-type fibroblasts (passage number 7) with 15
uM (Figure 7B, c) or S uM (Figure 7B, d) of compound 22
significantly up-regulated the translocation of GAA to the
lysosomes. About 40% of the cells showed translocation of GAA
with treatment at 15 yM concentration and 30% with 5 yM.
Pompe fibroblasts treated with DMSO showed no GAA signal
(green) in lysosomes (Figure 7C, a). Six days of treatment with
compound 22 in Pompe fibroblasts resulted in cell toxicity,
probably due to excessive inhibition of the enzyme. Reducing the
time of exposure provided better results. Thus, a 5-day treatment
with 5 yM of compound 22 showed translocation in all three
Pompe cell lines (Figure 7C, b; data only shown for the F2845
Pompe cell line), while treatment with 1 uM did not induce
translocation, indicating that analogue 22 is able to increase the
translocation of GAA in both wild-type and Pompe cell lines and
showing that this chemical series has potential as a GAA
chaperone for the treatment of Pompe disease. It should be
noted that the concentration necessary for reasonable trans-

7551

location in vivo could be considerably lower due to the high
expression of GAA in affected tissues.

Last, we also measured the elevation of GAA specific activity
upon treatment. Figure 8 discloses that upon five days of
treatment, inhibitors 1 and 22 are able to increase GAA activity of
wt and one of our mutant cell lines, confirming the results
observed in our translocation experiment. Importantly, incre-
ments in activity can be observed at lower concentrations of their
described ICyys, indicating a potentially good therapeutic
window.

In Vitro ADME Properties. Five selected analogues with
ICsy less than 3.0 uM in the GAA inhibitory assay using blue dye
were profiled for PBS aqueous solubility, mouse liver microsomal
stability, and cell permeability in Caco-2 cells (Table 4). The
aqueous solubility of the hit compound 1 in PBS buffer was 10-
fold above its ICs, value. The solubility was significantly
increased for analogues with polar functionalities such as
hydroxyl or carboxylic acid groups. Interestingly, the introduc-
tion of a chlorine atom at the 6-position of indolinone moiety
also enhanced its aqueous buffer solubility. The microsomal
stability tests disclosed that all five analogues showed excellent
metabolic stability in mouse liver microsomes. In addition, this
metabolic transformation was NADPH-dependent (data not
shown), indicating that the major metabolic process occurs
through cytochrome P450-dependent oxidation. Moreover, the
data in Table 4 indicates that hit compound 1 had very good cell
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Table 3. GAA Inhibitory Activity of Analogues with Modifications of Sulfonamide and Piperazine Moieties
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Figure S. Capacity of inhibitors at S0 #M to maintain the function of
GAA after incubation at 66 °C for 60 min.

permeability, with reasonable efflux (ratio = 1.9, [B—>A/A—B]).
The chloro analogue 22 has even better permeability, with a
reduced efflux ratio (0.57). As expected, the carboxylic acid
analogue 16 displayed very poor cell permeability. Overall,
analogue 22 demonstrated improved aqueous solubility,
excellent microsomal stability, and cell permeability in addition
to its capacity of increasing GAA translocation and activity in

both wild-type and Pompe cells. Therefore, analogue 22 is a
promising lead candidate for further development for the
treatment of Pompe disease.

B CONCLUSIONS

In summary, we present the first noniminosugar GAA chaperone
series identified from a qHTS campaign. This series of
compounds inhibit GAA activity in both tissue homogenate
and purified enzyme assays using native or artificial substrates. In
addition, these inhibitors are highly selective against the related
lysosomal hydrolases a-galactosidase and glucocerebrosidase.
SAR studies produced several optimized compounds that are
able to stabilize GAA in thermofunctional and thermal
denaturation assays. Furthermore, MST studies display that
these molecules are indeed binders of GAA, with their apparent
Kgs tracking well with their inhibitory activities. Improved
compounds display good physical and ADME properties while
maintaining GAA inhibitory activity. Importantly optimized
analogue 22 showed an appropriate balance between inhibitory
and translocation capacity in both wild-type and Pompe cells,
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Figure 6. (A) AT, versus concentrations for analogues 1 and 22. (B) Microscale thermophoresis study of analogues 1 and 22 with GAA.
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Figure 7. Evaluation of compound 22 in GAA translocation assays using wild-type and Pompe fibroblasts. (A) Western blot analysis of protein extracts
from HEK cells overexpressing GAA (lane 1), HEK cells (lane 2), and wild-type primary fibroblasts (lane 3). Tubulin was used as a loading control. (B,
a) DMSO-treated primary wild-type fibroblasts. (B, b) DMSO-treated primary wild-type fibroblasts stained with mouse Alexa-488 and goat Alexa-
555(red) as a negative staining control. (B, c,d) Primary wild-type fibroblasts treated with 15 yM (c) and S uM (d) of compound 22 for 6 days. (C, a)
DMSO-treated primary Pompe fibroblasts. (C, b) Pompe fibroblasts (F2845) treated with S M of compound 22 for 5 days. All stainings were
performed with the anti-GAA mouse monoclonal antibody (green) and the anti-Cathepsin D goat polyclonal antibody (red); a DAPI stain was
performed to visualize the nucleus (blue). Scale bar = 20 ym (B) and 50 um (C).
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Figure 8. Relative inhibition of GAA in WT (A) and Pompe F284S5 fibroblasts (B) in a whole cell assay with treatment of compound 22 and compound 1
at pH 4 with no wash-out and after 18 and 40 h wash-out. Data points have been normalized to GAA activity in vehicle treated cells (100%).

making it a promising lead for further pharmacological
development.

B EXPERIMENTAL SECTION

General Chemistry Methods. All air or moisture sensitive
reactions were performed under positive pressure of nitrogen with
oven-dried glassware. Anhydrous solvents such as dichloromethane,
N,N-dimethylformamide (DMF), acetonitrile, methanol, and triethyl-
amine were purchased from Sigma-Aldrich (St. Louis, MO). Preparative
purification was performed on a Waters semipreparative HPLC system
(Waters Corp., Milford, MA). The column used was a Phenomenex
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Luna C,4 (S pm, 30 mm X 75 mm; Phenomenex, Inc., Torrance, CA) at
a flow rate of 45.0 mL/min. The mobile phase consisted of acetonitrile
and water (each containing 0.1% trifluoroacetic acid). A gradient of 10—
50% acetonitrile over 8 min was used during the purification. Fraction
collection was triggered by UV detection at 220 nM. Analytical analysis
was performed on an Agilent LC/MS (Agilent Technologies, Santa
Clara, CA) using a method of a 7 min gradient of 4—100% acetonitrile
(containing 0.025% trifluoroacetic acid) in water (containing 0.05%
trifluoroacetic acid) with an 8 min run time at a flow rate of 1.0 mL/min.
A Phenomenex Luna C,g column (3 gm, 3 mm X 75 mm) was used at a
temperature of S0 °C. Purity determination was performed using an
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Table 4. ADME Profile of Five Selected Analogues with ICy, Less than 3.0 #M in the GAA Inhibitory Assay Using Blue Dye

ICso (uM) PBS aqueous Mouse liver  Caco-2 Permeability =~ Caco-2 Permeability
# Structure so (i solubility microsome meanP...A ™ B meanP...B—™ A
Blue Dye M T " app app
(uM) 172 (minute) (10€cms™) (10 cms™)
o
o}
1 o>_©7N, -2 AC;(H 075 7.9 >60 146 27.1
M s
o
o}
5 1o N NH 1.88 373 >60 17.8 19.5
\ / 1}
o}
o
o}
7 NCON/ \N_gAC;(H 2.91 14.9 57 N/A N/A
\ / 1
0
o) o} o
16 @N’ \N_gw 1.30 >150 >60 0.60 0.20
HO __/ 1
o}
o
R M\ NH
22 N N-S 1.63 208 >60 54.30 30.90
M /o

Q

Agilent diode array detector, and all of the analogues tested in the
biological assays have a purity of greater than 95%. Mass determination
was performed using an Agilent 6130 mass spectrometer with
electrospray ionization in the positive mode. 'H NMR spectra were
recorded on Varian 400 MHz spectrometers (Agilent Technologies,
Santa Clara, CA). Chemical shifts are reported in ppm with
undeuterated solvent (DMSO-d, at 2.49 ppm) as internal standard for
DMSO-d solutions. High resolution mass spectrometry was recorded
on Agilent 6210 time-of-flight (TOF) LC/MS system. Confirmation of
molecular formula was accomplished using electrospray ionization in the
positive mode with the Agilent Masshunter software (version B.02).

General Protocol A. A solution of 1-substituted piperazine (0.216
mmol) and triethylamine (0.120 mL, 0.863 mmol) in DMF (1.50 mL)
was treated at room temperature with 2-oxoindoline-5-sulfonyl chloride
(50.0 mg, 0.216 mmol). The reaction mixture was stirred overnight at
room temperature. The crude mixture was filtered and purified by
preparative HPLC to give the final product.

General Protocol B. A solution of 1-(4-(piperazin-1-yl)phenyl)-
ethanone (71.5 mg, 0.350 mmol) and triethylamine (0.098 mL, 0.700
mmol) in DMF (2.00 mL) was treated at room temperature with
sulfonyl chloride (0.350 mmol). The reaction mixture was stirred
overnight at room temperature. The crude mixture was filtered and
purified by preparative HPLC to give the final product.

General Protocol C. A solution of 1-(4-(piperazin-1-yl)phenyl)-
ethanone (71.5 mg, 0.350 mmol) and triethylamine (0.098 mL, 0.700
mmol) in DMF (2.00 mL) was treated at room temperature with
sulfonyl chloride (0.350 mmol). The reaction mixture was stirred
overnight at room temperature. The mixture was poured into water, and
the solid fraction was crushed out. The solid fraction was filtered and
dried to give the final product.

General Protocol D. A solution of 1-(4-(piperazin-1-yl)phenyl)-
ethanone (0.086 g, 0.420 mmol) and carboxylic acid (0.350 mmol) in
DMF (2.00 mL) was treated at room temperature with EDC (0.067 g,
0.350 mmol) and DMAP (0.043 g, 0.350 mmol). The reaction mixture
was stirred overnight at room temperature. The crude mixture was
filtered and purified by preparative HPLC to the final product.

2-Oxoindoline-5-sulfonyl Chloride. Indolin-2-one (5.00 g, 37.6
mmol) was added at 30 °C to hypochlorous sulfonic anhydride (10.2
mL, 153 mmol) in portions. The reaction mixture was stirred at room
temperature for 1.5 h and heated to 70 °C for 1 h. The reaction was
slowly quenched with water, and the light-pink solid precipitation was
filtered and dried to give 5.33 g (yield 61%) of product, which was used
in the next reaction without further purification. "H NMR (400 MHz,
DMSO-dg) § ppm 10.40 (s, 1 H), 7.3—7.46 (m, 2 H), 6.71 (dd, J = 7.8,
0.6 Hz, 1 H), 3.45 (s, 2 H).
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5-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)indolin-2-one
(1). A solution of 1-(4-(piperazin-1-yl)phenyl)ethanone (485 mg, 2.37
mmol) and triethylamine (0.602 mL, 4.32 mmol) in DMF (10.0 mL)
was treated at room temperature with 2-oxoindoline-5-sulfonyl chloride
(500 mg, 2.16 mmol). The reaction mixture was stirred overnight at
room temperature. The mixture was poured into water, and the solid
fraction was crushed out, filtered, and dried to give 658 mg (yield 76%)
of product as a white solid. '"H NMR (400 MHz, DMSO-dy) § ppm
10.83 (s, 1 H), 7.67—7.95 (m, 2 H), 7.47—7.71 (m,2 H), 7.01 (d,] = 8.2
Hz, 1 H), 6.88—6.97 (m, 2 H), 3.59 (s, 2 H), 3.38—3.50 (m, 4 H), 2.92—
3.05 (m, 4 H),2.43 (s,3H). LCMS RT = 4.46 min, m/z 400.1 [M + H*].
HRMS (ESI) m/z caled for C,0H,,N;0,S [M + H'] 400.1326, found
400.1330.

5-(Piperazin-1-ylsulfonyl)indolin-2-one (2). A solution of
piperazine (1.67 g 19.4 mmol) and triethylamine (2.71 mL, 19.4
mmol) in DMF (10.0 mL) was treated at 0 °C with 2-oxoindoline-S-
sulfonyl chloride (1.50 g, 6.48 mmol) in DMF (10.0 mL). The reaction
mixture was stirred overnight at room temperature. DMF was removed,
and dichloromethane was added to precipitate out the product. The
solid fraction was filtered and washed with dichloromethane to give the
final product as a brown solid. "H NMR (400 MHz, DMSO-d) & ppm
10.89 (s, 1 H), 8.47 (brs, 1 H), 7.51-7.74 (m, 2 H), 6.97—7.09 (m, 1
H), 3.62 (s,2H),3.11-3.25 (m,4 H), 2.99-3.11 (m,4 H). LCMSRT =
2.66 min, m/z 282.1 [M + H']. HRMS (ESI) m/z caled for
C1,H N,05S [M + H*] 282.0907, found 282.0912.

5-(4-Acetylpiperazin-1-ylsulfonyl)indolin-2-one (3). The title
compound was prepared according to general protocol A. '"H NMR
(400 MHz, DMSO-dg) 6 ppm 10.79 (s, 1 H), 7.35—7.60 (m, 2 H), 6.96
(d,J=82Hz, 1 H),3.55 (5,2 H),3.46 (q,] = 5.2 Hz, 4 H), 2.80 (ddd, ] =
19.8,5.2,4.9 Hz, 4 H), 1.89 (s, 3 H). LCMS RT = 3.36 min, m/z 346.1
[M + Na']. HRMS (ESI) m/z caled for C;;H;jN;O,S [M + H']
324.1013, found 324.1019.

5-(4-(4-Methoxyphenyl)piperazin-1-ylsulfonyl)indolin-2-one
(4). The title compound was prepared according to general protocol A.
'"H NMR (400 MHz, DMSO-dg) 6 ppm 10.84 (s, 1 H), 7.48—7.71 (m, 2
H),7.02 (d,]=8.2Hz, 1 H), 6.70—6.94 (m, 4 H), 3.66 (s, 3 H), 3.61 (5,2
H), 3.02—3.11 (m, 4 H), 2.91—-3.02 (m, 4 H). LCMS RT =4.45 min, m/
2388.1 [M + Na*]. HRMS (ESI) m/z calcd for C;gH,,N;0,S [M + H']
388.1326, found 388.1330.

5-(4-(4-Hydroxyphenyl)piperazin-1-ylsulfonyl)indolin-2-one
(5). The title compound was prepared according to general protocol A.
'H NMR (400 MHz, DMSO-d) 5 ppm 10.80 (s, 1 H), 8.88 (brs, 1 H),
7.42—7.68 (m,2 H), 6.98 (d, ] = 8.0 Hz, 1 H), 6.74 (d, ] = 7.6 Hz, 2 H),
6.45-6.67 (m, 2 H), 3.57 (s, 2 H), 2.82—3.09 (m, 8 H). LCMS RT =
3.49 min, m/z 3741 [M + H']. HRMS (ESI) m/z caled for
C,sH,0N;0,S [M + H*] 374.1169, found 374.1173.
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5-(4-p-Tolylpiperazin-1-ylsulfonyl)indolin-2-one (6). The title
compound was prepared according to general protocol A. 'H NMR
(400 MHz, DMSO-dy)  ppm 10.82 (s, 1 H), 7.45—7.66 (m, 2 H), 7.00
(dd, J=8.0,5.9 Hz, 3 H), 6.74—6.85 (m, 2 H), 3.59 (s, 2 H), 3.06—3.21
(m, 4 H),2.89—3.06 (m, 4 H),2.17 (s, 3 H). LCMS RT = 5.08 min, m/z
372.1 [M + H']. HRMS (ESI) m/z calcd for C;oH,,N;0,S [M + H']
372.1376, found 372.1380.
4-(4-(2-Oxoindolin-5-ylsulfonyl)piperazin-1-yl)benzonitrile
(7). The title compound was prepared according to general protocol A.
'H NMR (400 MHz, DMSO-dg) 6 ppm 10.79 (s, 1 H), 7.40—7.66 (m, 4
H), 6.82—7.13 (m, 3 H), 3.54 (s, 2 H), 3.36—3.43 (m, 4 H), 2.88—2.97
(m, 4 H). LCMS RT = 4.89 min, m/z 383.1 [M + H*]. HRMS (ESI) m/
z caled for C;oH;,N,O5S [M + H*] 383.1172, found 383.1173.
5-(4-(4-Nitrophenyl)piperazin-1-ylsulfonyl)indolin-2-one (8).
The title compound was prepared according to general protocol A. 'H
NMR (400 MHz, DMSO-d) 6 ppm 10.79 (s, 1 H), 8.00 (d, J= 9.6 Hz, 2
H), 7.47-7.64 (m, 2 H), 6.88—7.04 (m, 3 H), 3.45-3.68 (m, 6 H),
2.85-3.01 (m, 4 H). LCMS RT = 5.02 min, m/z 425.1 [M + Na*].
HRMS (ESI) m/z caled for C;gH;oN,OS [M + H'] 403.1071, found
403.1071.
5-(4-(4-Fluorophenyl)piperazin-1-ylsulfonyl)indolin-2-one
(9). The title compound was prepared according to general protocol A.
"H NMR (400 MHz, DMSO-d;) & ppm 10.80 (s, 1 H), 7.41—7.69 (m, 2
H), 6.93—7.08 (m, 3 H), 6.77—6.92 (m, 2 H), 3.56 (s, 2 H), 3.05-3.16
(m, 4 H), 2.87—3.00 (m, 4 H). ’F NMR (376 MHz, DMSO-d;) § ppm
—126.55—123.72 (m). LCMS RT = S5.15 min, m/z 376.1 [M + H].
HRMS (ESI) m/z calcd for CgH gFN;05S [M + H*] 376.1126, found
376.1138.
5-(4-(4-Chlorophenyl)piperazin-1-ylsulfonyl)indolin-2-one
(10). The title compound was prepared according to general protocol A.
'H NMR (400 MHz, DMSO-d,) 6 ppm 10.82 (s, 1 H), 7.49—7.74 (m, 2
H), 7.13-7.31 (m, 2 H), 7.01 (d, ] = 8.2 Hz, 1 H), 6.78—6.96 (m, 2 H),
3.59 (s, 2 H), 3.13—3.24 (m, 4 H), 2.87—3.03 (m, 4 H). LCMS RT =
5.57 min, m/z 392.1 [M + H*]. HRMS (ESI) m/z calcd for
Cy5H,oCIN;0,8 [M + H*] 392.0830, found 392.0842.
5-(4-(4-Bromophenyl)piperazin-1-ylsulfonyl)indolin-2-one
(11). The title compound was prepared according to general protocol A.
"H NMR (400 MHz, DMSO-d;) 6 ppm 10.80 (s, 1 H), 7.48—7.72 (m, 2
H), 7.19-7.37 (m, 2 H), 6.98 (d, ] = 8.2 Hz, 1 H), 6.77—6.87 (m, 2 H),
3.56 (s, 2 H), 3.10-3.21 (m, 4 H), 2.88—2.98 (m, 4 H). LCMS RT =
5.67 min, m/z 4360 [M + H']. HRMS (ESI) m/z calcd for
C,sH,BrN;0,S [M + H*] 436.0325, found 436.0338.
5-(4-(4-(Trifluoromethyl)phenyl)piperazin-1-ylsulfonyl)-
indolin-2-one (12). The title compound was prepared according to
general protocol A. "H NMR (400 MHz, DMSO-dg) 5 ppm 10.82 (s, 1
H), 7.52—7.68 (m, 2 H), 7.48 (d, ] = 8.6 Hz, 2 H), 6.76—7.13 (m, 3 H),
3.58 (s, 2 H), 3.33—3.42 (m, 4 H), 2.93—3.03 (m, 4 H). ’F NMR (376
MHz, DMSO-d) § ppm —59.64 (s). LCMS RT = 5.78 min, m/z 426.1
[M + H*]. HRMS (ESI) m/z caled for C,oHgF;N;0,8 [M + H']
426.1094, found 426.1101.
5-(4-(3-(Trifluoromethyl)phenyl)piperazin-1-ylsulfonyl)-
indolin-2-one (13). The title compound was prepared according to
general protocol A. "H NMR (400 MHz, DMSO-d;) § ppm 10.83 (s, 1
H), 7.50—7.73 (m, 2 H), 7.40 (t, ] = 7.9 Hz, 1 H), 7.11-7.22 (m, 2 H),
7.08 (d,] = 8.4 Hz, 1 H), 7.01 (d, ] = 8.0 Hz, 1 H), 3.59 (s, 2 H), 3.25—
3.31 (m, 4 H), 2.94—3.04 (m, 3 H). "’F NMR (376 MHz, DMSO-d;) &
ppm —61.14 (s). LCMS RT = 5.78 min, m/z 426.1 [M + H*]. HRMS
(ESI) m/z caled for C;oHgF3N;05S [M + H*] 426.1094, found
426.1104.
4-(4-(2-Oxoindolin-5-ylsulfonyl)piperazin-1-yl)-
benzaldehyde (14). A solution of 4-(piperazin-1-yl)benzaldehyde,
TFA salt (58.0 mg, 0.139 mmol), and triethylamine (0.039 mL, 0.277
mmol) in dichloromethane (2.00 mL) was treated at room temperature
with 2-oxoindoline-S-sulfonyl chloride (32.1 mg, 0.139 mmol). The
reaction mixture was stirred for 3 h at room temperature. The solid was
filtered and dried to a yellow solid product. 'H NMR (400 MHz,
DMSO-d,) 6 ppm 10.79 (s, 1 H), 9.67 (s, 1 H), 7.60—7.72 (m, 2 H),
7.49—7.61 (m, 2 H), 6.90—7.04 (m, 3 H), 3.55 (s, 2 H), 3.37—3.50 (m, 4
H), 2.85—2.98 (m, 4 H). LCMS RT = 4.55 min, m/z 386.1 [M + H'].
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HRMS (ESI) m/z caled for C;gH,,N;0,S [M + H*] 386.1169, found
386.1169.

Methyl 4-(4-(2-Oxoindolin-5-ylsulfonyl)piperazin-1-yl)-
benzoate (15). A solution of methyl 4-(piperazin-1-yl)benzoate
(0.687 g, 3.12 mmol) and triethylamine (0.870 mL, 6.24 mmol) in
dichloromethane (15.0 mL) was treated at room temperature with 2-
oxoindoline-S-sulfonyl chloride (0.723 g, 3.12 mmol). The reaction
mixture was stirred overnight at room temperature. The yellow solid was
filtered and dried to the final product. "H NMR (400 MHz, DMSO-d;) &
ppm 10.80 (s, 1 H), 7.66—7.82 (m, 2 H), 7.46—7.63 (m, 2 H), 6.79—7.09
(m, 3 H), 3.72 (s, 3 H), 3.55 (s, 2 H), 3.32—3.45 (m, 4 H), 2.85-3.05
(m, 4 H). LCMS RT = 5.14 min, m/z 416.1 [M + H*]. HRMS (ESI) m/
z caled for C,0H,,N;04S [M + H*] 416.1275, found 416.1282.

4-(4-(2-Oxoindolin-5-ylsulfonyl)piperazin-1-yl)benzoic Acid
(16). A suspension of methyl 4-(4-(2-oxoindolin-S-ylsulfonyl)-
piperazin-1-yl)benzoate (15) (240 mg, 0.578 mmol) in 6.0 N HCIl
(75.0 mL) was refluxed for 1 h. The reaction mixture was concentrated
and purified by preparative HPLC to the final product. 'H NMR (400
MHz, DMSO-dg) 6 ppm 12.25 (brs, 1 H), 10.80 (brs, 1 H), 7.63—7.79
(m, 2 H),7.38—7.63 (m, 2 H), 6.70—7.08 (m, 3 H), 3.56 (s,2 H), 3.32—
343 (m, 4 H), 2.84—3.05 (m, 4 H). LCMS RT = 4.46 min, m/z 402.1
[M + H]. HRMS (ESI) m/z caled for C;oH,N;OsS [M + H']
402.1118, found 402.1126.

5-(4-(4-(Hydroxymethyl)phenyl)piperazin-1-ylsulfonyl)-
indolin-2-one (17). DIBAL (0.325 mL, 1.0 M in THF, 0.325 mmol)
was added dropwise to a solution of methyl 4-(4-(2-oxoindolin-S-
ylsulfonyl)piperazin-1-yl)benzoate (15) (45.0 mg, 0.108 mmol) in THF
(5.00 mL) at 0 °C. The mixture was stirred at 0 °C for 30 min. The
reaction was quenched by addition of methanol, concentrated as a
yellow oil, which was purified by preparative HPLC to the final product.
'H NMR (400 MHz, DMSO-d,) § ppm 10.80 (s, 1 H), 7.48—7.72 (m, 2
H), 7.10 (d, J = 8.8 Hz,2 H), 6.98 (d, ] = 8.2 Hz, 1 H), 6.74—6.86 (m, 2
H), 4.32 (s, 2 H), 3.57 (s, 2 H), 3.05—3.22 (m, 4 H), 2.88—3.04 (m, 4
H).LCMS RT = 4.06 min, m/z 388.1 [M + H*]. HRMS (ESI) m/z calcd
for C,oH,,N;30,S [M + H*] 388.1326, found 388.1330.
5-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)-1H-benzo[d]-
imidazol-2(3H)-one (18). The title compound was prepared
according to general protocol B. '"H NMR (400 MHz, DMSO-dy) §
ppm 11.15 (d, J = 1.2 Hz, 1 H), 10.99 (s, 1 H), 7.59—7.87 (m, 2 H), 7.33
(dd, J = 8.2, 1.8 Hz, 1 H), 7.04—7.22 (m, 2 H), 6.79—6.97 (m, 2 H),
3.33-3.51 (m, 4 H), 2.84—3.03 (m, 4 H), 2.39 (s, 3 H). LCMS RT =
440 min, m/z 401.1 [M + H']. HRMS (ESI) m/z calcd for
CoH,N,0,S [M + H*] 401.1278, found 401.1286.
5-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)-1,3-dimethyl-
1H-benzoldlimidazol-2(3H)-one (19). The title compound was
prepared according to general protocol C. 'H NMR (400 MHz, DMSO-
dg) 5 ppm 7.65—7.78 (m, 2 H), 7.40—~7.54 (m, 2 H), 7.34 (d, ] = 8.6 Hz,
1 H), 6.79—6.96 (m, 2 H), 3.38—3.44 (m, 4 H), 3.36 (s, 3H), 3.33 (5, 3
H), 2.92—3.04 (m, 4 H), 2.39 (s, 3 H). LCMS RT = 5.07 min, m/z 429.1
[M + H']. HRMS (ESI) m/z caled for C,;H,sN,0,S [M + H']
429.1591, found 429.1592.
6-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)benzo[d]oxazol-
2(3H)-one (20). The title compound was prepared according to general
protocol C. 'H NMR (400 MHz, DMSO-d,) 6 ppm 12.14 (br s, 1 H),
7.70—7.78 (m, 2 H), 7.63 (d, ] = 1.4 Hz, 1 H), 7.53 (dd, ] = 8.2, 1.6 Hz, 1
H), 7.26 (d, ] = 8.2 Hz, 1 H), 6.85—6.94 (m, 2 H), 3.35—3.45 (m, 4 H),
2.92-3.03 (m, 4 H),2.39 (s, 3 H). LCMS RT = 5.07 min, m/z 402.1 [M
+ H*']. HRMS (ESI) m/z calcd for C,oH,oN,05S [M + H'] 402.1118,
found 402.1130.
6-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)-3-
methylbenzo[d]oxazol-2(3H)-one (21). The title compound was
prepared according to general protocol C. '"H NMR (400 MHz, DMSO-
dg) 6 ppm 7.71-7.76 (m, 2 H), 7.69 (d, ] = 1.4 Hz, 1 H), 7.62 (dd, ] =
8.3,1.7 Hz, 1 H), 7.45 (d, ] = 8.0 Hz, 1 H), 6.78—6.95 (m, 2 H), 3.36—
3.45 (m, 4 H), 3.33 (s, 3 H), 2.92—3.04 (m, 4 H), 2.39 (s, 3 H). LCMS
RT = 5.22 min, m/z 416.1 [M + H*"]. HRMS (ESI) m/z calcd for
CyoH,,N;0.S [M + H*] 416.1275, found 416.1284.
5-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)-6-chloroindo-
lin-2-one (22). The title compound was prepared according to general
protocol B. '"H NMR (400 MHz, DMSO-d;) 6 ppm 10.88 (s, 1 H),
7.67—7.89 (m, 3 H), 6.79—7.08 (m, 3 H), 3.57 (s, 2 H), 3.36—3.46 (m, 4
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H), 3.19-3.27 (m, 4 H), 2.43 (5,3 H). LCMS RT = 4.92 min, m/z 434.1
[M + H*]. HRMS (ESI) m/z caled for C,,H,,CIN;O,S [M + H*]
434.0936, found 434.0942.
5-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)-3,3-dichloroin-
dolin-2-one (23). The title compound was prepared according to
general protocol B. "H NMR (400 MHz, DMSO-d,) 5 ppm 11.86 (s, 1
H),7.95(d, J=18 Hz, 1 H), 7.83 (dd, ] = 8.4,2.0 Hz, 1 H), 7.73—7.80
(m,2H),7.20(d,J=8.4Hz,1H), 6.90—6.98 (m, 2 H), 3.38—3.48 (m, 4
H), 2.99—3.08 (m, 4 H), 2.42 (s, 3 H). LCMS RT = 5.57 min, m/z 468.0
[M + H']. HRMS (ESI) m/z caled for C,,H,,Cl,N;0,S [M + H']
468.0546, found 468.0547.
6-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)isobenzofuran-
1(3H)-one (24). The title compound was prepared according to general
protocol C. "H NMR (400 MHz, DMSO-dg) § ppm 8.11 (dd, = 8.0, 1.6
Hz,1H),8.05(d,J=1.0Hz, 1 H),7.94 (dd, J = 8.1,0.7 Hz, 1 H), 7.69—
7.77 (m, 2 H), 6.85—6.95 (m, 2 H), 5.48 (s, 2 H), 3.36—3.46 (m, 4 H),
2.99—3.10 (m, 4 H), 2.39 (s, 3 H). LCMS RT = 5.12 min, m/z 401.1 [M
+ H*]. HRMS (ESI) m/z calcd for C,0H,N,0,S [M + H'] 401.1166,
found 401.1177.
6-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)-3,4-dihydro-
quinolin-2(1H)-one (25). The title compound was prepared according
to general protocol C. "H NMR (400 MHz, DMSO-d,) & ppm 10.46 (s,
1H),7.67-7.79 (m,2 H), 7.54 (d, ] = 2.0 Hz, 1 H), 7.51 (dd, ] = 8.4,2.2
Hz, 1 H),7.00 (d,] = 8.4 Hz, 1 H), 6.86—6.95 (m, 2 H), 3.34—3.46 (m, 4
H), 2.89—-3.03 (m, 6 H), 2.40 (s, 3 H) (2 protons were hidden under
DMSO-dg peaks). LCMS RT = 4.91 min, m/z 414.1 [M + H"]. HRMS
(ESI) m/z caled for C,;H,,N;0,S [M + H*] 414.1482, found 414.1491.
7-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)-4,5-dihydro-
1H-benzo[b]azepin-2(3H)-one (26). The title compound was
prepared according to general protocol C. 'H NMR (400 MHz,
DMSO-dy) 6 ppm 9.88 (s, 1 H), 7.70—7.78 (m, 2 H), 7.63 (d, ] = 2.3 Hz,
1H),7.58 (dd, J=8.3,2.2Hz, 1 H),7.13 (d, J = 8.2 Hz, 1 H), 6.85—6.95
(m,2H), 3.33—3.46 (m, 4 H), 2.93—3.05 (m, 4 H), 2.75 (t, ] = 6.8 Hz, 2
H),2.40 (s,3H),2.03—2.22 (m, 4 H). LCMS RT = 4.93 min, m/z 428.2
[M + H]. HRMS (ESI) m/z caled for C,,H,sN;O,S [M + H']
428.1639, found 428.1644.
N-(4-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)phenyl)-
acetamide (27). The title compound was prepared according to
general protocol C. '"H NMR (400 MHz, DMSO-d,) 5 ppm 10.34 (s, 1
H), 7.76—7.82 (m, 2 H), 7.71-7.76 (m, 2 H), 7.61-7.69 (m, 2 H),
6.87—6.94 (m, 2 H), 3.35—3.43 (m, 4 H), 2.90—2.99 (m, 4 H), 2.40 (s, 3
H), 2.04 (s, 3 H). LCMS RT = 5.04 min, m/z 402.1 [M + H*]. HRMS
(ESI) m/z caled for CooH,,N30,S [M + H*] 402.1482, found 402.1485.
1-(4-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)phenyl)-
pyrrolidin-2-one (28). The title compound was prepared according to
general protocol C. '"H NMR (400 MHz, DMSO-d,) § ppm 7.87—7.97
(m, 2 H),7.67—7.77 (m, 4 H), 6.83—6.95 (m, 2 H), 3.84 (t,] = 7.0 Hz, 2
H), 3.36—3.46 (m, 4 H), 2.89—2.99 (m, 4 H), 2.50 (t, ] = 8.1 Hz, 2 H),
2.39 (s, 3 H), 2.03 (ddd, J = 15.1, 7.5, 7.3 Hz, 2 H). LCMS RT = 5.22
min, m/z 428.2 [M + H"]. HRMS (ESI) m/z calcd for C,,H,(N;0,S [M
+ H*] 428.1639, found 428.1644.
1-(4-(4-(1-Acetyl-2-methylindolin-5-ylsulfonyl)piperazin-1-
yl)phenyl)ethanone (29). The title compound was prepared
according to general protocol C. 'H NMR (400 MHz, DMSO-d,) &
ppm 8.11 (br s, 1 H), 7.67—7.78 (m, 2 H), 7.47—7.63 (m, 2 H), 6.78—
6.96 (m, 2 H), 4.51—4.76 (m, 1 H), 3.32—3.46 (m, 5 H), 2.88—3.03 (m,
4H),2.73(d,J=16.8 Hz, 1 H),2.40 (s, 3H),2.23 (s, 3H), 1.18 (d,] =
6.5Hz,3 H). LCMS RT = 5.38 min, m/z 442.2 [M + H"]. HRMS (ESI)
m/z caled for C,3H,gN;0,S [M + HY] 442.1795, found 442.1797.
1-(4-(4-(1-Acetyl-1,2,3,4-tetrahydroquinolin-6-ylsulfonyl)-
piperazin-1-yl)phenyl)ethanone (30). The title compound was
prepared according to general protocol C. '"H NMR (400 MHz, DMSO-
dg) 6 ppm 7.80—7.87 (m, 1 H), 7.70—7.77 (m, 2 H), 7.52 (d, ] = 2.0 Hz,
1H),7.48 (dd, J=8.6,2.3 Hz, 1 H), 6.86—6.95 (m, 2 H), 3.62—3.72 (m,
2H),3.36—3.44 (m, 4 H),2.92—3.01 (m, 4 H), 2.78 (t,] = 6.5 Hz,2 H),
240 (s,3H),2.18 (s, 3H), 1.85 (dq, ] = 6.6, 6.3 Hz, 2 H). LCMS RT =
527 min, m/z 4422 [M + H']. HRMS (ESI) m/z calcd for
Cp3HyeN;0,S [M + H*] 442.1795, found 442.1807.
7-(4-(4-Acetylphenyl)piperazin-1-ylsulfonyl)-2H-benzo[b]-
[1,4loxazin-3(4H)-one (31). The title compound was prepared
according to general protocol C. "H NMR (400 MHz, DMSO-d;) &
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ppm 10.88 (s, 1 H), 7.71-7.78 (m, 2 H), 7.25—7.30 (m, 1 H), 7.23-7.2S
(m, 1 H),7.13 (d, ] = 8.4 Hz, 1 H), 6.85—6.94 (m, 2 H), 4.67 (s, 2 H),
3.37-3.46 (m, 4 H), 2.91-3.00 (m, 4 H), 2.40 (s, 3 H). LCMS RT =
494 min, m/z 416.1 [M + H']. HRMS (ESI) m/z caled for
CyoH,oN;04S [M + H*] 416.1275, found 416.1281.

5-(4-(4-Acetylphenyl)piperazine-1-carbonyl)indolin-2-one
(32). The title compound was prepared according to general protocol D.
"H NMR (400 MHz, DMSO-dg) 6 ppm 10.55 (s, 1 H), 7.70—7.88 (m, 2
H), 7.23—7.40 (m, 2 H), 6.98 (d,J=9.2 Hz,2 H), 6.85 (d, ] = 8.0 Hz, 1
H), 3.63 (brs, 4 H), 3.51 (s, 2 H), 3.37—3.46 (m, 4 H), 2.45 (s, 3 H).
LCMS RT = 4.14 min, m/z 364.1 [M + H*]. HRMS (ESI) m/z calcd for
C,,Hy,N;0,58 [M + HY] 364.1656, found 364.1661.

6-(4-(4-Acetylphenyl)piperazine-1-carbonyl)-3,4-dihydro-
quinolin-2(1H)-one (33). The title compound was prepared according
to general protocol D. 'H NMR (400 MHz, DMSO-dg) & ppm 10.22 (s,
1H),7.69—7.88 (m, 2 H), 7.26 (d, ] = 1.8 Hz, 1 H), 7.22 (dd, ] = 8.0, 2.0
Hz, 1 H), 6.90—6.98 (m, 2 H), 6.86 (d, ] = 8.2 Hz, 1 H), 3.60 (brs, 4 H),
3.51 (brs, 4 H), 2.88 (t, ] = 7.5 Hz, 2 H), 2.44—2.45 (m, 1 H), 2.40—2.43
(m, 4 H). LCMS RT = 4.30 min, m/z 378.2 [M + H']. HRMS (ESI) m/
z caled for C,,H,,N;0,S [M + H*] 378.1812, found 378.181S.

N-(4-(4-Acetylpiperazin-1-yl)phenyl)-2-oxoindoline-5-sulfo-
namide (34). A solution of 1-(4-(4-aminophenyl)piperazin-1-yl)-
ethanone (76.0 mg, 0.345 mmol) and triethylamine (0.096 mL, 0.691
mmol) in DMF (3.00 mL) was treated at 0 °C with 2-oxoindoline-5-
sulfonyl chloride (80.0 mg, 0.345 mmol). The reaction mixture was
warmed to room temperature and stirred overnight. The crude mixture
was filtered and purified by preparative HPLC to give the final product.
"H NMR (400 MHz, DMSO-d,) 6 ppm 10.72 (s, 1 H), 9.70 (s, 1 H),
7.51 (dd, J=4.0,2.6 Hz, 2 H), 6.89—6.96 (m, 2 H), 6.84—6.89 (m, 1 H),
6.77—6.84 (m, 2 H), 3.53 (s, 6 H), 2.93—3.08 (m, 4 H), 2.00 (s, 3 H).
LCMS RT = 3.55 min, m/z 415.1 [M + H"]. HRMS (ESI) m/z calcd for
CyH,3N,0,S [M + H'] 415.1435, found 415.1448.

General Biological Experiments. The recombinant wild-type
enzyme Myozyme (alglucosidase alfa), clinically approved for ERT, was
obtained from Genzyme Corporation (Cambridge, MA). Patients’
spleens were obtained from splenectomies with informed consent under
an NIH-IRB approved clinical protocol no. 86HG0096. Control spleens
were obtained under the same NIH protocol number. 4-Methyl-
umbelliferyl-a-p-glucopyranoside (4MU-a-glc), resorufin a-p-glucopyr-
anoside (res-a-glc), sodium taurocholate, and the buffer components
were purchased from Sigma-Aldrich (St. Louis, MO). 1-Deoxynojir-
imycin (DNJ) was purchased from Tocris Bioscience (Minneapolis,
MN). The human spleen tissue was homogenized using a food blender
at the maximal speed for S min, followed by 10 passes in a motor-driven
50 mL glass—Teflon homogenizer. The homogenate was centrifuged at
1000g for 10 min. The supernatant was then filtered using a 40 ym filter,
and aliquots of resultant spleen homogenate were frozen at —80 °C until
use. The assay buffer was composed of 50 mM citric acid titrated with
K,PO, to make different pH solutions and 0.01% Tween-20. The spleen
homogenate assays used buffer at pH = 5, assays with recombinant wild-
type enzyme used buffer at pH = 5.9.

Enzyme Assay in 1536-Well Plate Format. In black 1536-well
plates, a BloRAPTR FRD Microfluidic workstation (Beckman Coulter,
Inc. Fullerton, CA) was used to dispense 2 uL of the enzyme solutions
into 1536-well plates, and an automated pin-tool station (Kalypsys, San
Diego, CA) was used to transfer 23 nL/well of compound to the assay
plate. After S min incubation at room temperature, the enzyme reaction
was initiated by the addition of 2 uL/well substrate. After 45 min
incubation at 37 °C, the reaction was terminated by the addition of 2
puL/well stop solution. The fluorescence was then measured in the
Viewlux, a CCD-based plate reader (Perkin-Elmer, Waltham, MA), with
a 365 nm excitation and 440 nm emission for the blue substrate and 573
nm excitation and 610 nm emission for the red substrate. Then 27 ug/
well of spleen homogenate was used as the enzyme solution. The final
concentrations of the blue substrate and red substrate were 1 and 15 uM,
respectively.

Thermodenaturation Experiment. This assay measures the effect
of compounds on the melting temperature (T,,) of the recombinant
wild-type GAA. The protocol was developed based on a previously
reported general guideline.”” A mixture of GAA and SYPRO Orange
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(5000x stock concentration, Invitrogen, Carlsbad, CA) was delivered to
a 384-well full-skirted white polypropylene plate (Roche Applied
Science, Indianapolis, IN) with a final concentration of 1 M and SX,
respectively. GAA and SYPRO Orange were diluted in 50 mM citrate
acid buffer at pH = 5.0 supplemented with 100 mM KCl, 10 mM NaCl,
and 1 mM MgCl,. A six-point DMSO dilution series was made
separately in a 384-well polypropylene plate (Thermo Fisher Scientific,
Hudson, NH) for all analogues whose final concentrations ranged from
0.82—200 M. Half a microliter of each dilution point of each
compound was transferred to the aforementioned GAA-SYPRO Orange
mixture, with a final DMSO concentration of 2%. DMSO alone was also
transferred to the assay plate for each dilution series as a control sample.
The plate was immediately centrifuged at 1000 rpm for 10 s and
subsequently sealed with sealing foils (Roche Applied Science). The
plate was then heated using a LightCycler 480 Instrument II (Roche
Applied Science) from 20 to 95 °C at a ramping rate of 4.8 °C/s. SYPRO
Orange fluorescence was monitored by a CCD camera using excitation
and emission wavelengths of 498 and 580 nm, respectively. T, was
calculated through the LightCycler 480 II Software.

Microscale Thermophoresis. GAA was labeled with a fluorescent
dye NT-495 (NanoTemper Technologies), and the final concentration
of the protein applied in equilibrium binding experiments was ~50 nM.
A 16-point titration series of selected compounds was prepared in
DMSO and was further transferred toprotein solutions in a buffer
containing S0 mM Tris-HCI, 150 mM NaCl, 10 mM MgCl,, pH = 7.5.
The final concentrations of the compounds ranged from 250 uM to 7.63
nM, with the DMSO final concentration controlled at 2.5%. Samples
were filled into Monolith NT standard treated capillaries (NanoTemper
Technologies) after a room temperature incubation of 15 min. Capillary
scan was performed on a NanoTemper Monolith NT.115 instrument,
and thermophoresis was successively measured in each capillary.
Measurement took place at room temperature with an 80% IR laser
power, and the blue LED power set at 100%. Specifically, a laser-on time
of 30 s and a laser-off time of S s were applied at the indicated IR-laser
power. Data normalization and curve fitting were performed using
GraphPad Prism S.

Cells, Plasmids, and Electroporation. Wild-type fibroblasts and
HEK cells were purchased from ATCC (Manassas, VA). Electro-
poration of the HEK cells with pCMV6XL6-GAA plasmid (Origene,
Rockville, MD) was performed in a Nucleofector electroporator
according to the manufacturer’s guidelines (Lonza, Walkersville, MD).
Briefly, a mixture of 100 4L of Nucleofector solution and 2 pg of plasmid
DNA was added to approximately 700000 HEK cells, and electro-
poration was performed with the Q_001 Nucleofector program. For our
translocation experiments besides wild-type, we used three Pompe
fibroblast cell lines isolated from patients and with low passage number
with the following mutations:

Cell line F3248 heterozygous for: p.Y455C/p.G638W

Cell line F0833 heterozygous for: p.L169P/p.D489N

Cell line F2845 has a splice site mutation in one allele: cIVSI—
13T > G and p.G638W on the other one.

Western Blot Analysis. Equivalent amounts of total protein, as
determined by BCA assay (Pierce Biotechnology, Rockford, IL) from
HEK cells or fibroblasts were loaded onto 4—12% Tris-Glycine gels.
After blotting (iBlot PVDF, Invitrogen, CA), the PVDF membrane was
blocked in phosphate-buffered saline (PBS) containing 0.1% Tween-20
(Sigma) and 5% fat-free milk for 1 h at room temperature. The blocked
membrane was probed with a mouse monoclonal antibody against
human GAA (Abnova, Walnut, CA), followed by incubation with HRP-
labeled secondary antimouse antibody (Amersham Biosciences, Piscat-
away, NJ). The antigen—antibody complexes were detected with an
Enhanced Chemiluminescence (ECL) kit (Amersham Biosciences).
Alpha-Tubulin was used as the internal control for normalization.

Immunocytochemistry and Laser Scanning Confocal Micros-
copy. Wild-type primary dermal human fibroblasts (ATCC) and
primary Pompe fibroblasts were seeded in Lab-Tek 4 chamber slides
(Fisher Scientific, Pittsburgh, PA). After chemical compound treatment
for five or six days, fibroblasts were fixed in 3% paraformaldehyde. The
cells were permeabilized with 0.1% Triton-X for 10 min and blocked in
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PBS containing 0.1% saponin, 100 uM glycine, 0.1% BSA, and 2%
donkey serum followed by incubation with mouse monoclonal anti-
GAA (Abnova, Walnut, CA) or goat anti-cathepsin D (R&D Systems,
Minneapolis, MN). The cells were washed and incubated with
secondary donkey anti-mouse or anti-goat antibodies conjugated to
ALEXA-488 or ALEXA-5SS, respectively (Invitrogen), washed again,
and mounted in VectaShield with DAPI (Vector Laboratories,
Burlingame, CA). Cells were imaged with a Zeiss $10 META confocal
laser-scanning microscope (Carl Zeiss, Microimaging Inc., Germany)
using an argon (458,477,488, 514 nm) 30 mW laser, a HeNe (543 nm)
1 mW laser, and a laser diode (405 nm). Images were acquired using a
Plan-Apochromat 63%X/1.4 Oil, a Plan NeoFluar 40%x/1.3 oil DIC
objective, or a Plan-Apochromat 20X/0.15. Images were taken at the
same laser settings.

Specific Activity Measurement. GAA activity in WT and Pompe
fibroblasts was measured similar to the method used by Flanagan et al."*
Briefly, for each cell line, cells were seeded in three black clear flat
bottom 96-well plates (Perkin-Elmer, Waltham, MA) at 5000 cells/well.
Inhibitors were added (S0 nM to 50 uM) to the cells and incubated for 5
days; the media and compounds were changed on day 3. One plate of
each cell line was assayed immediately, while for two plates of each cell
line, fibroblasts were washed with PBS and fresh medium without
compounds was added (18 and 40 h wash out). Then 30 uL of assay
buffer (30 mM sodium citrate, 40 mM sodium phosphate dibasic, 3 mM
4MUG (Sigma), 3 uM Acarbose (Sigma), pH 4.0) was added and plates
were incubated for 2 h at 37 °C and 30 uL of stop solution (1 M NaOH,
1 M glucine, pH 10) was added; a Victor plate reader (Perkin-Elmer)
was used to measure fluorescence signal. Fluorescence counts from
fibroblast assay buffer + stop solution (background counts) were
subtracted from the cell samples, and the relative GAA activity was
calculated. Measurements were done in triplicate for each sample, and
the average GAA activity + SD is reported.
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