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|. Glasario de abreviaturas

APP: Afasia Progresiva Primaria

APPnf: Afasia Progresiva Primaria no fluente

APPvs: Afasia Progresiva Primaria variante semdntica

APPvI: Afasia Progresiva primaria variante logopénica

aDLFT-U: DLFT atipica con inclusiones de ubiquiting,

BIBD: Enfermedad por cuerpos de inclusién basofilicos

CHMP2B: Charged multivesicular body protein

C90rf72: Chromosome 9 open reading frame 72

DLFT: Degeneracién Lobar Frontotemporal

DFT: Demencia Frontotemporal

DFTvc: Demencia Frontotemporal variante de conducta

DFTP-17: Demencia Frontotemporal con Parkinsonismo asociada al cromosoma 17
DFT-ELA: Demencia Frontotemporal con Esclerosis Lateral Amiotréfica

DFLT-U: Degeneracion Lobar Frontotemporal por depdsitos que se tinen con Ubiquitina
DLFT-TAU: Degeneracién Lobar Frontotemporal por depdsitos de proteina Tau
DFLT-TDP: Degeneracién Lobar Frontotemporal por depdsitos de proteina TDP-43
DLFT-FUS: Degeneracion Lobar Frontotemporal por depdsitos de proteina FUS
DLFT-UPS: Degeneracion Lobar Frontotemporal con inmuno-histoquimica contra proteinas del sistema
ubiquitina-proteasoma

DLFT-ni: Degeneracion Lobar Frontotemporal sin inclusiones

DGA: Demencia por Granos Argirdfilos

EA: Enfermedad de Alzheimer

EMN: Enfermedad de Motoneurona

ELA: Esclerosis Lateral Amiotrofica

FUS: (gen) Fused in sarcoma

FUS: Tumor associated protein fused in sarcoma

GRN: (gen) Progranulina

MAPT: Microtubule associated protein Tau gen

NIFID: Enfermedad por inclusién de filamentos neuronales intermedios

PSP: Pardlisis Supranuclear Progresiva

P62: Proteina de unidn a ubiquitina

SCB: Sindrome Cortico Basal

SQSTM1: (gen) sequestrosoma

TARDBP: (gen) TAR DNA Binding Protein

Tau: Proteina Tau asociada a microtdbulos

TDP-43: Transactive response DNA binding protein of 43 kD

TMEM106B: Transmembrane protein 1068

TREM2: (gen) Triggering receptor expressed on myeloid cells 2

UBQLN2: (gen) Ubicuitin 2

VCP: (gen) Valosin-containing protein
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ABSTRACT

La Degeneraciéon Lobar Frontotemporal es un grupo heterogéneo de enfer-
medades, la segunda causa mds frecuente de demencia en edad presenil y la que
presenta el mayor nUmero de casos hereditarios. Se caracteriza por una gran varia-
bilidad clinica, genética e histopatoldgica. Las personas afectas pueden presentar
sinfomas que abarcan desde los trastornos de conducta hasta las diferentes altera-
ciones del lenguaje, con o sin enfermedad de motoneurona o parkinsonismo aso-
ciado. La atrofia en los I6bulos frontales y temporales es el hallazgo radioldgico mas
relevante. En los Ultimos 10 anos el conocimiento de esta entidad clinica ha presen-
tado remarcables cambios a nivel genético e histopatoldgico, que han servido para
establecer criterios clinicos mds consistentes. Hasta el momento han sido descritos
diez genes asociados a DLFT y cuatro diferentes proteinas de agregacién han sido
detectadas en los cerebros afectados. Este trabajo aporta la experiencia clinica de
mds de 15 anos en pacientes con DLFT y el trabajo de colaboracion con diferentes
grupos de investigacion en genética de enfermedades neurodegenerativas.

Frontotemporal Lobar Degeneration is a heterogeneous group of disorders, the
second most frequent cause of early dementia and the one with the highest number
of inherited cases. It is characterized by considerable variability in clinical, genetic
and histopathology features. Patients may present symptoms ranging from behavioral
disturbances to different language disorders, with or without motor neuron disorders
or associated Parkinsonism. Afrophy in frontal and temporal lobes is the most relevant
radiological finding. In the last 10 years, the knowledge of this clinical entity has un-
dergone remarkable changes both genetically and histopathologically, which have
served fo establish more consistent clinical criteria. Until now 10 genes causative of
dementia have been described and up to four different proteins causative of atro-
phy have been detected in aggregates. This work provides the clinical experience of
more than 15 years with DLFT patients and the collaborative work with different Gene-
fic Research Groups in Neurogenerative Disorders.
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lll. Infroduccion. Revision y puesta al dia

La Degeneracion Lobar Frontotemporal (DLFT) se caracteriza por una pérdida
selectiva, especifica y progresiva de neuronas localizadas preferentemente en las
regiones frontales y femporales del cerebro humano. Una misma poblacién neuronal
puede ser objeto diana de diferentes patologias (proteotipo), por lo que la sintoma-
tologia de presentacion clinica (fenotipo) va a variar dependiendo del drea afecta-
da.

Representan un grupo de enfermedades con unas bases clinicas, moleculares y ge-
néticas heterogéneas, donde convergen a menudo los mecanismos neurodege-
nerativos con el fenotipo clinico de presentacion. El espectro clinico varia desde la
sinfomatologia de conducta hasta los sindromes afdsicos progresivos, parkinsonismo
plus y/o enfermedad de motoneurona, asocidndose a menudo varios sindromes en
un mismo sujeto a lo largo de la evolucion clinica (Thelen et al. 2014). Se caracterizan
fundamentalmente por cambios progresivos de conducta, disfuncidn ejecutiva y di-
ficultades de lenguaje.

La historia natural de la DLFT va a depender de multiples factores, tanto intrinsecos
(bioldgicos, genéticos) como extrinsecos (ambientales y sociales). Los factores intrin-
secos, implicitamente impuestos, no son controlables por el clinico y van a definir el
fenotipo de presentacion. No es asi con los extrinsecos, que son los que marcardn la
variabilidad en la evolucién de un fenotipo determinado. Es por ello que estas enfer-
medades neurodegenerativas han de ser valoradas en su contexto global, clinico
y social, para poder ofrecer, tanto al paciente como a la familia, una orientacion
adecuada.

Hasta 1994, en que los grupos de investigacion de Lund y Manchester proponen los
criterios clinicos para el diagndstico de DLFT (Statement 1994), estos pacientes eran
comunmente diagnosticados de Enfermedad de Alzheimer (EA). Es en el ano 1998
(Neary et al. 1998) que son publicados los criterios diagndsticos para este tipo de en-
fermedad neurodegenerativa, que la diferencia clinicamente y de forma clara de la
EA. Por sus peculiares caracteristicas clinicas, es una patologia que en ocasiones ge-
nera dudas y orientaciones diagnodsticas equivocadas, dando lugar a fratamientos y
recursos sociales alejados de las necesidades del caso.

La DLFT es la segunda causa mds comun de demencia en individuos menores de 65
anos, representando el 5-15% de todas las demencias en este grupo de edad (Bird
et al. 2003) (después de EA), y la tercera causa en mayores de 65 después de la de-
mencia por cuerpos de Lewy (Arvanitakis 2010).
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La prevalencia de la DLFT varia segun las series analizadas: desde 2.7/100.000 y
9.4/100.000 en el grupo de 60-69 en la serie de Netherlands (Rosso et al. 2003) hasta
15.1/100.000 en la serie de Cambridge (Ratnavalli et al. 2002). La prevalencia mas
baja se informa en la serie de Japdn, con un 2.0/100.000 (lkejima et al. 2009) y la mds
alta en Italia, con un 31/100.000 (Gilberti et al. 2012). Estd considerada una demencia
presenil y supone el 20-25 % de los todos los casos de demencias que se presentan
alrededor de los 65 anos, aunque en la serie de Sweden (Gislason et al. 2003) se en-
contré una prevalencia del 3% en el grupo de edad de 85 anos. En una serie ana-
tomopatologica de Newcastle General Hospital (Baborie et al. 2012), el 3.4 % de los
pacientes seniles autopsiados presentaban criterios de DLFT, con una edad media de
73.5 [65-92] circunstancia que hace pensar que posiblemente esta infradiagnostico-
da en este grupo de edad.

En los Ultimos 15 anos, el espectro de la DLFT ha cambiado notablemente, tanto a
nivel clinico como en el conocimiento de la genética asociada y las proteinas de
depdsito implicadas. No es asi en el drea de tratamiento, huérfanas ain de posibles
terapias.

Para mejor comprension de los términos, DLFT hace referencia a la enfermedad y su
diagndstico anatomopatoldgico en todas sus variantes y DFT al sindrome clinico de
cualquier presentacion fenofipica.
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1. FENOTIPOS DFT. CLASIFICACION Y CARACTERISTICAS CLINICAS.

Las DFT se clasifican, de acuerdo a la caracteristica clinica principal observada en el
paciente, como: demencia frontal variante de conducta (DFTvc), afasia progresiva
primaria (APP): variante semdntica o demencia semdntica (DS), afasia progresiva no
fluente (APNF), sindrome cortico basal (SCB), sindrome de pardlisis supranuclear pro-
gresiva (SPSP) y DFT con enfermedad de motoneurona (DFT-EMN).

a. Demencia Frontotemporal variante de conducta (DFTvc)

La DFTvce comprende mds de la mitad de los casos de DLFT y es su fenotipo heredi-
tario mds comun. Su debut suele presentarse antes de los 65 anos, con una media
a los 58 anos (K. A. Josephs et al. 2011). Se caracteriza por cambios precoces en la
personalidad y la conducta, tales como la desinhibicidon, a menudo coexistiendo a
lo largo de la evolucion con apatia, impulsividad, falta de empatia, conductas es-
tereotipadas y pérdida de competencia y conducta social. Las funciones ejecutivas
se encuentran alteradas precozmente estando la memoria y las funciones visuo-per-
ceptivas bien preservadas, tal como revelan los test cognitivos (Sieben et al. 2012). Un
grado variable de alteracidon de lenguaje estd también presente y la hiperoralidad
y los cambios en los habitos alimentarios son a menudo comunes, dando lugar a un
notable aumento de peso.

De acuerdo con los criterios de “International Behavioral Variant FTID Consortium™
(Rascovsky et al. 2011) se clasifica en: DFTvc posible, sélo por criterios clinicos y re-
quiriendo la presencia de tres de seis signos de trastornos de conducta y cognicion:
desinhibicion , apatia/inercia, pérdida de empatia, conducta perseverativa e impul-
siva, hiperoralidad y perfil neuropsicolégico disejecutivo; DFTvc probable cuando se
observa declive funcional y la neuroimagen soporta los criterios de posible y DFTvc
“definitiva” cuando se dispone de confirmacién neuropatoldgica o evidencia de
mutacion genética conocida.

Teniendo en cuenta sélo la neuroimagen, cuatro subtipos han sido identificados de-
pendiendo de la pérdida de sustancia gris relativa observada: frontal dominante,
frontotemporal, fronto-temporo-parietal y temporal dominante (Whitwell et al. 2009).
El subtipo frontal dominante engloba los I6bulos frontales y la insula anterior. El sub-
tipo frontotemporal muestra afectacion de los I6bulos frontales, la insula anterior, el
caudado y el putamen y I6bulo temporal anterior derechos. El subtipo fronto-tempo-
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ro-parietal muestra mayor pérdida de materia gris en comparacién con el subtipo
dominante temporal, caracterizado por la implicacion del I6bulo temporal, particu-
larmente derecho, medial e inferior.

b. Afasia Progresiva Primaria (APP)

Se debe aplicar el término Afasia Progresiva Primaria a aquella alteraciéon del habla o
el lenguaje que se presenta, durante un periodo de al menos dos anos, como Unica
queja cognitiva (Mesulam 1982). Pacientes con DFT y dificultades lingUisticas habian
sido diagnosticados, a lo largo de los anos, en dos categorias: afasia progresiva no
fluente (APNF) y demencia semdntica (DS). Sin embargo hay pacientes con APP cu-
yas caracteristicas clinicas no cumplen ninguno de esos criterios. Es en 2011 cuando
se publican las nuevas recomendaciones para la sub-clasificacion de las APP, descri-
biendo fres subtipos diferenciados: (ML Gorno-Tempini et al. 2011) afasia progresiva
primaria no fluente (APPnNf), afasia progresiva primaria variante semdantica (APPvs) y
afasia progresiva primaria variante logopénica (APPVI).

» APPnf esla segunda presentacion clinica mds prevalente dentro de las DFT,
representando alrededor del 25% (Johnson et al. 2005a) y caracterizada por
simplificacion gramatical, esfuerzo y vacilacion en el habla con errores en la
emisién de sonidos vy la producciéon del lenguaje. La comprensidn lingUistica se
encuentra relativamente preservada asi como el resto de las funciones cogni-
tivas (Grossman 2012). Es frecuente que la afasia se acompane de apraxia del
habla y orolingual (K. A. Josephs et al. 2011). Durante la evolucién el lenguaje
se vuelve telegrdfico, tanto en la expresion oral como en la escritura, seguido
de un gradual deterioro de la comprension de frases y finalmente mutismo vy
demencia (Turner et al. 1996). La apatia es el cambio de conducta asociado
mds comun. La neuroimagen muestra anormalidades en la region fronto-insu-
lar posterior izquierda, giro frontal inferior, insula, dreas premotoras y motoras
suplementarias, siendo necesarios estos hallazgos para realizar el diagndstico
de APPNnf probable (M L Gorno-Tempini et al. 2011). A lo largo de la progresion
clinica pueden aparecer signos extrapiramidales tipo SPS o SCB, dando lugar a
cambios en el fenotipo y por lo tanto en el diagndstico clinico.

» La APPvs se caracteriza por la pérdida del significado de las palabras (Hod-
ges and Patterson 2007). Basdndose en los criterios establecidos, los déficits de
comprension para palabras simples y la nominacion por confrontaciéon visual
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son los signos principales y esenciales para el diagndstico (M L Gorno-Tempini
et al. 2011), aunqgue el habla es fluida y la sintaxis correcta. Las alteraciones
de conducta también estdn presentes, como la falta de empatia y la inflexibi-
lidad mental. Los déficits de reconocimiento de personas son especialmente
presentes cuando el Iébulo temporal derecho es el afectado. La neuroimagen
muestra una atrofia significativa de los I6bulos temporales mediales y laterales,
aungue mas llamativa en el lado izquierdo (Mummery et al. 2000).

» La APPvI se asocia, sobre todo, al diagndstico neuropatoldgico de enferme-
dad de EA (Rabinovici et al. 2008) y no se considera parte del grupo de las DFT.
La importante dificultad en encontrar las palabras (en el lenguaje espontaneo
y en las tareas de confrontacion verbal) y la alteracion en la repeticion de fra-
ses y oraciones, son los signos claves de esta variante afdsica. Son necesarias
y apoyan el diagndstico de APPvI alteraciones radioldgicas en las dreas tem-
poro-parietal izquierda, temporal posterior y giros angular y supramarginal (ML
Gorno-Tempini et al. 2004).

La APP se clasifica como “posible” basdndose en las caracteristicas clinicas. Se cla-
sifica como "“probable” cuando los hallazgos clinicos estdn apoyados por las técni-
cas de neuroimagen y sélo después del andlisis posmortem o teniendo evidencia de
la existencia mutacion genética, la APP es clasificada como “definitiva™ (ML Gor-
no-Tempini et al. 2011).

c. Sindromes asociados a la DFT. Sindrome Cérticobasal (CBS) y Sindrome de
Pardlisis Supranuclear Progresiva (SPSP)

Ambos sindromes han sido descritos originalmente como trastornos del movimiento,
parkinsonismos atipicos o “Parkinson Plus”, pero muestran una asociacion significa-
tiva con la DLFT desde el punto de vista clinico, genético y anatomopatoldgico (A
Kertesz et al. 2000).

» El SCB presenta una prevalencia menor de 1/100.000 habitantes y se carac-
teriza por sinfomas exfrapiramidales de evolucion progresiva, de tipo rigido y
asimétrico y con distonia asociada. La pérdida sensorial cortfical, sindrome del
miembro ajeno, heminegligencia y mioclonias estan presentes. Frecuentemente
se presenta combinado con APPnf y en las etapas avanzadas de la enferme-
dad, con alteraciones de conducta (A Kertesz et al. 1994); y por el contrario, los
pacientes que inicialmente presentaron DFTvc o APPnf, pueden con el fiempo
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desarrollar los frastornos del movimiento caracteristicos del SCB (I Ferrer et al.
2003) o SPSP.

» La PSP presenta una prevalencia de 3.1/100.000 habitantes y es un trastorno
neuroldgico primario que se presenta con inestabilidad postural, parkinsonismo
de predominio axial con retropulsion, enlentecimiento motor y pardlisis de la
mirada vertical. Disartria, disfagia y signos pseudobulbares son signos frecuen-
temente asociados (Litvan et al. 1996). La disfuncion cognitiva se presenta por
alteracion de los circuitos frontosubcorticales, provocando disfuncion ejecutiva,
enlentecimiento psicomotor y alteracion de la memoria de tfrabajo (Grafman,
Litvan, and Stark 1995). El espectro de SPSP no sdélo incluye la cldsica PSP tipo
Richardson sino también la PSP-parkinsonismo, que se presenta de forma mas
asimétrica, asemejdndose a la enfermedad de Parkinson y al sindrome de aci-
nesia pura, caracterizado por blogueo de la marcha y falta de fluidez del habla
como caracteristicas mds prominentes.

Cuatro formas de presentacion fenotipica han sido aprobados recientemente por
consenso para hablar de criterios clinicos de degeneraciéon cortico basal (DCB) (Arm-
strong et al. 2013): sindrome cortico basal cldsico (SCB), sindrome frontal con trastor-
no conductual y alteracién espacial (SFC), variante no fluente agramdtica de afasia
progresiva primaria (vnfaAPP) y sindrome de pardlisis supranuclear progresiva (SPSP).
Sin embargo, estos criterios precisan de futuras validaciones.

En el caso del SPSP y de cara a mejorar la precision diagndstica, el grupo de expertos
del National Institute for Neurological Disorders and Stroke (NINDS) han publicado los
criterios de NINDS-SPSP (Respondek et al. 2013), donde la combinacion de criterios
posibles y probables proporciona una sensibilidad mds alta en la atencidn clinica ru-
tinaria. Sin embargo los autores sugieren que los criterios de probable son preferibles
para el reclutamiento de pacientes en los ensayos clinicos, donde el diagnostico
especifico y precoz es importante.

d. Sindromes asociados: Enfermedad de Motoneurona (EMN)

La EMN comprende un grupo de enfermedades con pérdida progresiva de neuronas
motoras: Esclerosis Lateral Amiotrofica (ELA), Pardlisis Bulbar Progresiva (PBP) y Esclero-
sis Lateral Primaria (ELP). Clinicamente, la EMN se manifiesta con debilidad progresiva,
pérdida de masa muscular y espasticidad, produciendo la muerte por insuficiencia
respiratoria a los tres anos de media, después de su inicio, en el 50% de los pacientes.
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La Esclerosis Lateral Amiotréfica (ELA) es la forma mds comUn de presentacion y se
caracteriza, patoldégicamente, por la pérdida progresiva de neuronas motoras supe-
riores en la capa 5 de la cortfeza y neuronas motoras inferiores en los nicleos motores
del fronco cerebral y del asta anterior de la médula espinal. La asociacion entre la
demencia y la ELA se observd hacia finales del siglo XIX y sucesivamente ha sido pu-
blicada por muchos investigadores.

Los casos familiares y esporddicos de ELA pueden tener disfuncion frontal, cambios
de personalidad, conducta, planificacion, organizacion y disfuncion de lenguaje. Los
sinfomas de ELA pueden preceder, presentarse simultdneamente o seguir a los signos
y sinfomas de DFT, aunque los hallazgos mds comunes son encontrar cambios cog-
nitivos seguidos de la debilidad muscular (Achi and Rudnicki 2012). En el 25% de los
pacientes de ELA, el fenotipo clinico de DFT mds comUnmente asociado es la DFTvc
y ocasionalmente la APP.

Un consenso clinico de diagndstico para DFT y EMN, consistente en cuatro ejes, fue
propuesto por un grupo de frabajo infernacional en 2007 (Strong et al. 2009).

Eje I: diagndstico clinico de EMN; Eje ll: disfuncion cognitiva y conductual; Eje lll: ma-
nifestaciones no motoras adicionales; Eje IV: identificacion de la presencia de modi-
ficadores de la enfermedad. Tres formas clinicas diferentes pueden ser identificadas
de acuerdo con el consenso: ELA con alteracion de conducta, ELA con alteracion
cognitiva y ELA con demencia comorbida (ofras no DFT).

e. Demencia Frontotemporal con Parkinsonismo (DFTP-17)

La DFTP-17 fue definida en una conferencia de consenso en 1997 (Foster et al. 1997).
La enfermedad fue descrita en 13 familias que presentaban una enfermedad he-
reditaria autosdmica dominante. Esta enfermedad es un sindrome clinico poco fre-
cuente que afecta aproximadamente a 200 familias y en las que unos 639 sujetos son
portadores de mutaciones de MAPT (Spillantini, Bird, and Ghetti 2006). Los sinftomas
de presentacion son demencia, desinhibicion, parkinsonismo y amiotrofia. En esta-
dios tfempranos la disfuncion de la memoria anterégrada no estd presente y pro-
gresivamente aparecen disfuncion global de memoria, alteracion visuoespacial y
desorientacion. Los signos motores incluyen bradicinesia progresiva, rigidez axial e
inestabilidad postural. Su inicio se situa hacia los 50 anos de edad con un rango de
presentacion que oscila entre los 20 y los 70 anos.

29



Factores Genéticos asociados a la Degeneracion Lobar Frontotemporal

f. Enfermedad por Granos Argiréfilos (DGA)

La DGA es una enfermedad neurodegenerativa esporddica, comun de la edad senil
y caracterizada por la presencia de granos argirdfilos en la corteza entorrinal, hipo-
campo, amigdala y corteza temporal vecina. Es responsable de aproximadamente
el 5% de todos los casos de demencia y puede estar asociada con ofras enferme-
dades neurodegenerativas (EA, PSP, DCB vy sinucleopatias como Cuerpos de Lewy
(DCL), Enfermedad de Parkinson (EP) y Afrofia Mulfisistémica (AMS). La presentacion
clinicainicial es similar a'la EA, pero la progresion de la enfermedad es menos agresi-
va, pudiendo manifestarse como deterioro cognitivo leve amnésico durante muchos
anos. La enfermedad también puede manifestarse como deterioro cognitivo y de-
mencia con anomalias de comportamiento, personalidad y cambios emocionales.
Estos casos apoyan la propuesta de considerar la DGA como una de las causas de
DLFT. (Isidro Ferrer, Santpere, and van Leeuwen 2008).
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2. GENOTIPOS. GENES MENDELIANOS Y DE SUSCEPTIBILIDAD
ASOCIADOS A DLFT

La DLFT presenta un marcado componente familiar. Entre el 30-50% de los pacientes
informan algun familiar con similar sintomatologia y al menos un 10-30% se asocia a
un patréon de herencia autosémica dominante. Sobreestimar o subestimar la tenden-
cia genética dentro de los diferentes subtipos de DLFT y pensar en ella como una
Unica entfidad genética puede llevar a engano. La DFTvc muestra una importante
asociacion familiar (45%), sobre todo cuando se asocia a la EMN (60%), mientras que
la DS presenta una frecuencia muy baja (17%) de los casos familiares. (Goldman et
al. 2005).

Al menos el 18% de las familias de DLFT con patrén de herencia autosémica domi-
nante tienen una mutacién del gen Tau en el cromosoma 17 (Rosso and van Swieten
2002). Otras familias se han vinculado a los cromosomas 3, 9, y a regiones no Tau
del cromosoma 17. Otros sindromes con sintomas de DFT, incluyen la miopatia por
cuerpos de inclusién asociada con la enfermedad de Paget y de DLFT causada por
mutaciones en el gen de la Valosina (VCP).

Hasta ahora diez mutaciones han sido identificadas como causantes de DLFT, siendo
las mas frecuentes MAPT, GRN and C9orf72, en orden de descripcion y publicacion.
En un grupo de 306 pacientes, se encuentra la expansion de C9orf72 en un 8.2% de
la muestra analizada y las mutaciones de GRN y MAPT en un 3.9% y 3.3% respectiva-
mente (Wood et al. 2013).

a. Genes mds comunes

MAPT: Microtubule associated protein Tau gen

La primera evidencia de una causa genética para la DLFT fue el hallazgo de la aso-
ciacion del cromosoma 17921.2 con la forma clinica autosémica dominante de DLFT
familiar con parkinsonismo (Lynch et al. 1994). El gen responsable de la mutacion,
llamado MAPT fue descubierto en 1998 (Hutton et al. 1998). El gen MAPT codifica la
proteina Tau asociada a microtUbulos, implicada en el ensamblaje y estabilizaciéon
de los microtUbulos neuronales.
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Hasta la fecha se han descrito 44 mutaciones MAPT patdgenas en 134 familias. La
frecuencia, segun las series analizadas, varia entre un 1.9% y un 8.9% (J D Rohrer et al.
2009). No se ha identificado predileccion de género y la edad de inicio se sitUa entre
los 25y 65 anos (53+6) con un 100% de penetfrancia. La evolucion hasta el éxitus es de
3-10 anos (Boeve and Hutton 2008).

Las mutaciones se agrupan principalmente en cinco exones (del 9 al 13), donde co-
difica los cuatro dominios de unidon a microtUbulos de la proteina Tau. En el cerebro
normal, la proteina Tau produce seis isoformas de las cuales tres contienen tres domi-
nios (Tau 3R) y otras fres contienen cuatro dominios de unidén a microtubulos (Tau 4R).
Un nUmero considerable de mutaciones han sido localizadas en la region reguladora
de corte y empalme del exdn 10, dando lugar a proporciones aberrantes de Tau de
3Ry 4R (Sieben et al. 2012)

La presentacion clinica de los portadores de mutaciones MAPT es fundamentalmen-
te DFTvc, aunque se han publicado casos de APP (Villa et al. 2011). Los sintomas in-
cluyen disfuncion ejecutiva y alteraciéon de la personalidad y la conducta, evolucio-
nando con afasia y parkinsonismo, en muchos casos, y mostrando una severa atrofia
del I6bulo temporal. La asociacion con ELA es rara. Fenotipos clinicos como EA, DS o
SCB raramente se manifiestan.

La neuroimagen estructural muestra pérdida simétrica de volumen cerebral que eng-
loba los I6bulos temporales anteromediales, cortex orbitofrontal y tractos de sustan-
cia blanca, incluyendo el cuerpo calloso (Jonathan D Rohrer et al. 2010). Similar topo-
grafia puede observarse en el SPECT o PET-FDG. Los patrones de atrofia en pacientes
portadores pueden ser heterogéneos pero afectan mds comunmente los Idbulos
frontales y temporales, aunque la mayor atrofia se produce en el Idbulo temporal, en
su mayoria derecho (K. a Josephs et al. 2009) (Whitwell and Josephs 2012). No se ha
observado atrofia de cerebelo en estos pacientes (Whitwell et al. 2012).

La DLFT debida a mutaciones de MAPT se caracteriza patolégicamente como Dege-
neraciéon Lobar Frontotemporal con depdsitos de proteina Tau (DLFT-TAU). Flamentos
anormales de depdsitos de Tau también se han descrito en ofras enfermedades neu-
rodegenerativas, incluyendo EA, DGA, PSP y DCB.
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Paciente de la serie clinica de Fundacid
ACE, con mutacion de MAPT y fenotipo
DFTP-17, donde se evidencia la atrofia
temporal derecha (Isidro Ferrer et al. 2003)

GRN: Progranulina

Otras mutaciones causantes de DLFT autosémica dominante, en un segundo gen
del cromosoma 17921, llamado Progranulina (GRN) fueron halladas en un serie de
familias que previamente habian mostrado estar libres de mutaciones de MAPT. 63
mutaciones heterocigdticas han sido identificadas a nivel mundial en 163 familias,
que explican alrededor del 5 al 10% de las DLFT (I Gijselinck, Van Broeckhoven, and
Cruts 2008).

En los casos de mutaciones de GRN, el depdsito de proteina predominante es una
profeina ubiquitinada llamada “TAR DNA binding” (TARDBP or TDP-43) y los depdsitos
de Tau son raramente observados. La mayoria de mutaciones de GRN conocidas son
mutaciones sin sentido que dan lugar a un coddn de parada o empalme prematuro
que altera la lectura del ARN mensajero (ARNm). El resultado es que el ARNm mutado
se degrada por la descomposicion mediada por la mutacidon y no se produce ningu-
na proteina a partir del gen mutado, produciendo la DLFT por una haploinsuficiencia
de la GRN (Yu et al. 2010). El gen de la GRN estd situado centromérico a 1.7Mb del
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gen MAPT, en el cromosoma 17921.31 y codifica un factor de crecimiento implicado
en laregulacién de varios procesos, incluyendo el desarrollo, la reparacion de heridas
y la inflamacioén. El gen también ha sido fuertemente asociado a la tumorogénesis.
Ademdas, la expresion de GRN se incrementa en la microglia activada de muchas en-
fermedades neurodegenerativas, incluyendo la enfermedad de Creutzfeldt-Jakob,
ELA y EA (Baker et al. 2006).

Los fenotipos asociados a mutaciones de GRN varian ampliamente. Un 63% de los
portadores desarrollan DFTvc y los demds pueden presentarse fenotipicamente como
APP, SCB, DCL o EA. El 41% de los pacientes desarrolla parkinsonismo, el 25% alucina-
ciones visuales y el 24% apraxia motora. Los trastornos en la memoria episddica son
frecuentes. Segun los datos de un estudio francés (Le Ber et al. 2008) sobre una mues-
tra de 502 sujetos, la frecuencia de mutaciones de GRN fue del 5.7% en el fenotipo
DFTvc (17.9% de ellos con herencia autosémica dominante) 4.4% en fenotipo APP y
el 3.3% en el fenotipo DCB. No se encontraron mutaciones en el fenotipo DFT-EMN. La
neuroimagen muestra pérdida de volumen asimétrica, involucrando principalmente
los I6bulos frontal inferior, temporal superior y parietal inferior, precuneo y cortex cin-
gulado, asi como tractos de sustancia blanca (Jonathan D Rohrer et al. 2010).

La frecuencia de mutaciones MAPT vs GRN varia segin series y paises. En Reino Uni-
do 8.9% vs 8.4% (J D Rohrer et al. 2009) y 2.9% vs 4.8% (Pickering-Brown et al. 2008). En
Francia 2.9% vs 4.8% (Le Ber et al. 2007), en USA 4.4% vs 4.8% (Gass et al. 2006) y en
Bélgica 1.9% vs 10.7% (Cruts, Kumar-Singh, and Van Broeckhoven 2006).

Los pacientes con mutaciones de MAPT y GRN no difieren significativamente de otros
casos de DLFT en términos de distribucion por género. La historia familiar de demen-
cia en primer grado estd presente en el 100% de los casos de MAPT, 71% de los casos
de GRN y en el 39% de otfros casos de DLFT (Pickering-Brown et al. 2008) y la edad de
inicio en los casos portadores de mutaciones de GRN es amplia (47-79 anos), inclu-
yendo los miembros de una misma familia (Pietroboni et al. 2011).

C9orf72: chromosome 9 open reading frame 72

Las mutaciones de C9orf72 son la causa genética familiar y esporddica mds comun
de DFTvc (11.7%) y ELA (23.5%). Es un gen de funcidon desconocida hasta el momento,
publicado al mismo tiempo en dos cohortes familiares de DFT y ELA en EEUU y Finlan-
dia. (DelJesus-Hernandez et al. 2011), (Renton et al. 2011). La mutacion fue particu-
larmente frecuente en pacientes y familias con DFT-EMN. Se trata de una expansion
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del hexanucleotido G,C, no codificante en el gen C9orf72. En la poblacion normal,
el tamano de la repeticion G, C, varia de 3 a 25 unidades, pero ésta se expande
al menos 60 unidades en los pacientes afectos, pudiendo llegar a mdas de 1000. Sin
embargo, no se ha encontrado ninguna asociacion significativa entre el nUmero de
repeticiones, la forma de presentacion fenotipica y la edad de inicio de la enferme-
dad (Rutherford et al. 2012).

En un extenso estudio realizado posteriormente en 17 regiones de todo el mundo,
donde fueron incluidos 4448 pacientes con ELA y 1425 pacientes con DLFT, se han en-
confrado diferencias en la frecuencia de la expansion del C9orf72 entre las regiones
estudiadas (Majounie et al. 2012). Asi, dentro de Europa la frecuencia mads alta de
mutaciones estd presente en la poblaciéon Finlandesa, con un 1.8% de DFT espordadi-
cas (DLFTe), 21.1% de ELA esporddica (ELAe) y 46.5% de ELA familiar (ELAf), estando
también presente la mutacién en un tercio de los casos de ELA de descendientes
consanguineos europeos (Renton et al. 2011). La expansidn de Corf72 estd presente
en alrededor del 6% de pacientes con ELAe en Alemania e Inglaterra, en 4.1% de los
pacientes italianos con ELAe y en el 2.2% de los casos holandeses de DFTe. En los ca-
sos de poblacién blanca de Australia y USA, un 5.0% de pacientes con ELAe también
presentan la expansion.

Resumiendo, esta mutacion explica una sustancial proporcion de casos de ELAe
(7.0%) y DFTe (6.0%) en la poblacion blanca. La penetrancia relacionada con la
edad muestra que el 50% de los portadores manifiestan la enfermedad hacia los 59
anos de edad y que la mutaciéon es totalmente penetrante a los 80 anos (Majounie
et al. 2012).

El consorcio “European Early Onset Dementia™ (EOD) liderado por Chistine van Bro-
eckhoven, también ha evaluado, en una muestra de 1205 pacientes, la distribucion
geogrdfica de la expansion C9orf72 G,C, en DLFT en Europa. La serie estaba formada
por la cohorte de Flandes (Bélgica) y una cohorte europea de 15 paises de Europa
occidental (van der Zee et al. 2013). La frecuencia de la expansion C9orf72 fue del
9,98%: 18.52% en la forma familiary 6,26% en pacientes esporadicos. Finlandia y Sue-
cia mostraron la frecuencia mds alta de la serie, con un 29,33% vy 20,73% respectiva-
mente, pero fambién Espana con 25,49%. La prevalencia en Alemania se limitd al
4,82%.

En la cohorte de Flandes-Bélgica (305 DLFT, 137 ELA, 23 DLFT-ELA y 856 controles) (llse
Gijselinck et al. 2012) se ha observado que la expansion del C9orf72 es altamente
penetrante, con un 86% de frecuencia en DLFT-ELA familiar y 47% de ELA, y donde la
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expansion es la causa genética mdas comun vy la Unica mutacién identificada en el
grupo de pacientes con DLFT-ELA. En este estudio el grupo DLFT con la expansion de
la repeticion G,C, fue la segunda causa mas comun de enfermedad después de las
mutaciones de GRN.

La frecuencia alélica de C9orf72 también ha sido investigada en cuatro enferme-
dades neurodegenerativas (520 FTD, 289 ELA, 424 EA y 29 EP con la mutacion LRRK2
G2019S) por el grupo de la Universidad de Toronto. La mutaciéon fue detectada en el
9.3% de los pacientes con ELA, 7.2% de los pacientes con DFT y el 0.7% de los pacien-
tes con EP, pero no en los controles ni en los pacientes con EA (Xi et al. 2012).

Aungue la mutacion C9orf72 parece ser una de las mutaciones mas frecuentes aso-
ciada con DLFT, es dificil sospechar la presencia de esta mutaciéon en parte debido
a los numerosos casos espordadicos. El andlisis de haplotipos de todos los pacientes
(espordadicos y familiares) portadores de la mutacidon comparte el haplotipo de riesgo
fundador finlandés. Estos hallazgos sugieren que esta mutaciéon podria haber ocu-
rmido hace unos 1500 anos (una media de 100-105 generaciones) como un evento
Unico y posteriormente diseminada al resto del mundo (Majounie et al. 2012).

Los fenotipos clinicos de presentacion mds frecuente incluyen DFTvc, ELA o DFT-ELA.
Muchos casos con el fenotipo predominante DFTvc pueden tener implicacion de
neurona motora superior y/o inferior y algunos con fenotipo ELA pueden presentar
signos caracteristicos de DFTvc. Los fenotipos APP y SCB no aparecen asociados a
esta mutacidén. La psicosis y los cambios en la conducta alimentaria son comunes.
Ansiedad y agitacion pueden ser precoces, prominentes y de suficiente significacion,
en algunos casos, como para contactar tempranamente con los servicios de psiquia-
tria (Boeve et al. 2012) (Mahoney et al. 2012).

Los signos neuropsicoldgicos revelan alteracion en la atencién, funciones ejecutivas y
fluencia verbal. El rendimiento en otros dominios es muy variable (Boeve et al. 2012).
El trastorno de memoria domina la presentacion clinica en algunos casos, dando lu-
gar al diagndstico inicial de EA (Mahoney et al. 2012).

La neuroimagen muestra perdida cortical extensa, relativamente simétrica en los dos
hemisferios e involucrando a I6bulos frontales, temporales y parietales. El andlisis mor-
fométrico basado en voxels muestra pérdida de sustancia gris en tdlamo y cerebelo,
lo que podria explicar las caracteristicas neuropsiquidtricas prominentes en estos ca-
sos, como el déficit de memoria episddica, quejas somdaticas, alucinaciones y delirios
(Tedesco et al. 2011).
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b. Otros genes menos comunes asociados con DFT hereditaria
VCP: valosin-containing protein

Las mutaciones del VCP fueron identificadas en el cromosoma 9p21.1 a través de
estudios de andlisis de ligamiento en familias con herencia autosémico dominante.
Los sujetos afectos de dichas familias presentaban debilidad muscular incapacitante
debida a miopatia por cuerpos de inclusidn, lesiones dseas osteoliticas compatibles
con enfermedad de Paget y DFTvc (Inclusion Body Miopathy, Paget and Frontal De-
mentia - IBMPFD) (Watts et al. 2004). Los investigadores encontraron é mutaciones
sin sentido en el gen codificante de la proteina “valosin-containing” (VCP), exclu-
sivamente en los 61 individuos afectados. El andlisis de haplotipos indicaba que los
descendientes de los fundadores, en 2 familias no relacionadas de Norteamérica,
suponian mdas o menos el 50% de las familias afectadas. El gen de la VCP codifica
una proteina de la superfamilia de las AAA-ATPasas que facilita la degradacion de
las proteinas por las vias de la ubiquitina-proteasoma y la autofagia. Los tejidos de los
cerebros y muUsculos afectados en IBMPDF presentan depdsitos ubiquitinados e inclu-
siones de TAR-DNA binding protein-43 (TDP-43) (Weihl 2011).

Clinicamente, el 90% de los pacientes desarrollan debilidad muscular incapacitante
a una edad media de 45 anos. Hacia la misma edad, el 51% de los pacientes desa-
rrollan enfermedad de Paget y el 32% desarrollan trastornos de conducta y lenguaje
con una media de edad de 54 anos (Kimonis & Watts , 2005). Sélo el 3% presentan
DFTvc como fenotipo aislado (Kimonis et al. 2008). Han sido comunicadas ofros sin-
tomas, como cardiomiopatia dilatada, esteatosis hepdtica, cataratas y neuropatia
axonal sensitivo-motora. Lo pacientes no siempre expresan los tres componentes del
fenotipo, pudiendo expresar uno o dos aisladamente (Guyant-Maréchal et al. 2006).

CHMP2B: Charged multivesicular body protein

La mutacion CHMP2B en el cromosoma 3p11.2 fue identificada por andlisis de liga-
miento en una familia Danesa con miembros afectos de DLFT (Skibinski et al. 2005).
CHMP2B es un componente del complejo ESCRT-III, que se requiere para la funcion
de los cuerpos multivesiculares (MVB), una estructura endosomal que se fusiona con
el lisosoma para degradar las proteinas por endocitosis. Los estudios funcionales de-
muestran una alteracion especifica de la fusibn endosoma-lisosoma, necesaria para
la correcta funcidn neuronal (Urwin et al. 2010).
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El fenotipo caracteristico es DFTvc, con cambios precoces de personalidad como
sinfoma principal, acompanado de hiperoralidad e ingestion de objetos no comes-
tibles. Los pacientes afectos presentan desinhibicion marcada y respuestas emocio-
nales inadecuadas. La edad de inicio varia entre 46 y 65 anos (media de 57 anos)
en el pedigri comunicado por Gydesen (Gydesen et al. 2002) y seguidos durante los
17 anos del estudio. El patrén de herencia es autosdémico-dominante con alta pene-
trancia y observédndose anticipacion genética en los casos de transmisidon paterna.
Otras mutaciones en CHMP2B (Q206H y 129V) han sido identificadas en 2 pacientes
con ELA y negativas para ofras formas conocidas de mutaciones de ELA. (Parkinson
et al. 2006). La neuropatologia muestra pérdida neuronal y gliosis sin caracteristicas
histopatolégicas especificas.

TARDBP: TAR DNA Binding Protein

El gen TARDBP proporciona instrucciones para la fabricacion de la proteina “transac-
tive response DNA binding protein 43 kDa" (TDP-43). Esta proteina se encuentra den-
tro del nUcleo de la célula en la mayoria de los tejidos y estd implicada en muchos
de los pasos de la produccién de proteinas.

Las mutaciones de TARDBP fueron identificadas inicialmente como consecuencia di-
recta de la identificacién de la proteina TDP-43 como la mayor constituyente de los
agregados observados en las DLFT ubiquitin positivas (DLFT-U) y en las neuronas moto-
ras superiores e inferiores de los pacientes con ELA sin mutaciones SOD 1. (Sreedharan
et al. 2008). Alrededor del 5% de los pacientes con ELA familiar tienen la mutacion
TARDBP y es raramente hallada en la DFT-ELA (Benajiba et al. 2009).

FUS: Fused in sarcoma

Las mutaciones de FUS han sido comunicadas como causantes del 4% de los casos
de ELA familiar (Vance et al. 2009) (Kwiatkowski et al. 2009). Hasta hoy 15 diferentes
mutaciones de FUS han sido descritas en 26 ELA familiares no relacionadas.

El gen FUS estd localizado en el cromosoma 16p11.2 y codifica la proteina FUS, miem-
bro de un heterogéneo grupo de ribonucleoproteinas nucleares (hnRNP family). Es-
tas proteinas comunican informacioén crucial para la maquinaria de traduccion vy
localizaciéon del RNAmM vy la vigilancia de las “nonsense mutations” (Dreyfuss, Kim, and
Kataoka 2002).
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Mutaciones de senfido errébneo de FUS han sido también identificadas en paciente
con DFTvc pura, lo que ha llevado a sugerir que ELA y DLFT son parte del mismo es-
pectro clinico, genético y patoldgico (Van Langenhove et al. 2010). La patologia
subyacente estd caracterizada por depdsitos de proteina FUS positivos e inclusiones
TDP-43 negativas.

TARDBP y FUS tienen una estructura y funcionalidad similar y muchas de las mutacio-
nes en ambos genes también se agrupan en el extiremo C-terminal de las protfeinas.
Los mecanismos moleculares a través de los cuales las TDP-43 y FUS mutadas pueden
causar la degeneracion de las neuronas motoras no estan bien aclarados. Ambas
proteinas juegan un importante papel en el transporte de RNAmM, el mantenimiento
axonal y el desarrollo de las neuronas motoras.

UBQLN2: Ubicuilin 2

Mutaciones en el gen de la UBQLN2, que codifica una proteina ubiquitinada llamada
ubiquilin 2 causan ELA y ELA-demencia de causa autosémica dominante ligada al
CrX. Cinco mutaciones diferentes en el gen UBQLN2 han sido identificadas en DFT-
ELA, ligadas al cromosoma X pero no totalmente penetrantes (Deng et al. 2011), en-
confrando también estos autores, correlacion de la patologia UBQLN2 hipocampal
con demencia en los casos de ELA con o sin mutaciones UBQLNZ2, lo que sugiere que
este gen podria estar implicado en la demencia relacionada con la ELA, incluso sin
mutaciones UBQLN2.

La proteina ubiquitina 2 es un miembro de la familia de las ubicuilinas, que regulan la
degradacién de las proteinas ubiquitinadas. El papel de la ubiquitinizacién en neuro-
degeneracion ha sido bien establecido en diferentes enfermedades neurodegene-
rativas humanas como la enfermedad de Parkinson (Leroy et al. 1998) o el Sindrome
de Marinesco-Sjégren (Zhao et al. 2010). Inspecciones preliminares de secuencias no-
PXX en 130 casos de ELA familiar en una serie francesa (Millecamps et al. 2012) y en
77 casos de DFT con historia familiar positiva en Cataluna (Herndndez et al. 2012),
sugieren que las mutaciones en la linea germinal de UBQLNZ2 son escasas, fanto en
DFT como en ELA familiares.
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TREM2: Triggering receptor expressed on myeloid cells 2

El gen TREM2 proporciona instrucciones para fabricar una proteina llamada “trigge-
ring receptor expressed on myeloid cells 2", proteina fransmembrana tipo | que inte-
racciona con la proteina formada por el gen TYROBP llamada “tyrosine kinase- bin-
ding protein”. Ambas proteinas, TREM2 y TYROBP forman un complejo que transmite
senales quimicas para la activacion de la respuesta inmune en macrofagos y células
dendriticas. TREM2 se expresa en macrofagos y células dendriticas pero no en granu-
locitos o monocitos, sugiriendo el rol de TREM2 mds bien en los estados cronicos que
en los inflamatorios (http://omim.org/entry/605086).

Mutaciones en ambos genes han sido asociadas con la “osteodisplasia poliquistica
lipomenbranosa con leucoencefalopatia esclerosante” (PLOST) o enfermedad de
Nasu-Hakola. Esta enfermedad estd asociada con fracturas patoldgicas por lesiones
6seas poliquisticas (de inicio en la tercera década de la vida) seguido de cambios
progresivos de conducta y personalidad (consistentes con DFTvc) en la siguiente dé-
cada (Paloneva BM et al. 2001). En tres de 44 pacientes turcos con diagndstico clini-
co de DFT-like, fueron identificadas en TREM2 diferentes mutaciones homocigodticas,
gue habian sido previamente asociadas a cambios de conducta y deterioro cogni-
tivo con signos motores pero sin los fenotipos ni quistes dseos asociados con PLOST.

Un estudio reciente llevado a cabo por “The Dementia Genetic Spanish Consortium”
(DEGESCOQO) (Ruiz et al. 2014) evaluando el papel del polimorfismo p.R47H del gen
TREM2 en 3172 EA, 682 DLFTy 2169 controles sanos, como factor de riesgo para la EA
y la DLFT, concluye que el 0.6% de los pacientes EA son portadores de esta variante,
comparado con el 0.1 % de los controles [OR]=4.12 sugiriendo que estarara variante
no estd relacionada con la DLFT pues no aparecidé en ningun caso estudiado.

Otro estudio reciente llevado a cabo en la Universidad de Bonn y en colaboracion
con DEGESCO (Thelen et al. 2014) para detectar otras variantes raras de TREM 2 en los
diferentes subtipos de DFT-S (DFT sindromes), ha identificado 7 variantes raras (p.A28V,
P.W44X, p.R47H, p.R62H, p.T66M, p.T96K, y p.L211P) y una nueva mutaciéon de cam-
bio de aminodcido (p.A105T). La variante p.R47H fue hallada en 4 pacientes con
diagndstico clinico de DFT-S pero dos de ellos mostraban biogquimica el LCR tipica de
EA, lo que sugiere que estos pacientes presentan fenotipo DFT-S pero una patologia
EA subyacente. No se encontré asociacién con esta variante en DFT. Si se asocia-
ron a DFT las variantes p. 196K y p.L211P. No se encontrd alteracion en ninguno de los
conftroles.
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SQSTM1: Sequestrosoma 1

SQSTMT codifica la proteina P62 (también llamada sequestrosoma 1) una nueva pro-
teina de unién a ubiquitina que tiene un importante rol en la degradacion de pro-
teinas via proteasoma y autofagia, siendo importante esta Ultima via en la digestion
lisosomal de los constituyentes celulares. La acumulacion de la P62 no es especifica
para la ELA y la DLFT, habiéndose hallado también en la Enfermedad de Alzheimer,
Parkinson, Atrofia Multisistémica y enfermedad de Pick. También ha sido observada
en inclusiones citoplasmaticas TDP-43, ubiquitina y UBQLN2 en pacientes DLFT con ELA
(Appel and Rowland 2012). Recientemente se han identificado mutaciones en los
casos familiares y espordadicos de ELA (Teyssou et al. 2013).

En un estudio reciente se ha analizado la secuencia de codificaciéon para las mu-
taciones de SQSTM1 en una cohorte de 1.808 pacientes con DLFT procedentes del
consorcio EOD. (van der Zee et al. 2014). Como confroles se han utilizado 1.625 indi-
viduos europeos y se han analizado los datos de todo el exoma de 2274 individuos
alemanes (total n = 3899). Se ha realizado también en un meta-andlisis de 4332 FTLD
y 10.240 alelos de conftrol la asociacion con SQSTMI. El frabajo ha identificado 25
variantes en la region codificante de SQSTM 1 en pacientes con DLFT, de las cuales 10
eran nuevas. Quince mutaciones estaban ausentes en los controles (frecuencia por-
tadores <0,00026), mientras que las ofras eran poco frecuentes en ambos (pacientes
y controles). El estudio ha demostrado que las mutaciones SQSTMI1 estan asociadas
a la patologia TDP-43.
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c. Genes de susceptibilidad
TMEM106B: fransmembrane protein 106B y otros

Para buscar nuevos genes asociados a DLFT, un equipo internacional liderado por
la Facultad de Medicina de la Universidad de Pennsylvania (USA), realizd en 2010 un
estudio amplio de asociacion del genoma (GWAS) en 515 pacientes DLFT con inclu-
siones de TDP-43 confirmadas en autopsia y 2509 controles poblacionales (Deerlin et
al. 2010). Todos los casos cumplian criterios genéticos o patolégicos para DFT-TDP,
lo que fue confirmado por la deteccidon de mutaciones o de inclusiones TDP-43 me-
diante inmuno-histoquimica. Los autores encontraron, tras el mapeo en el Cr.7p21,
multiples SNPs asociados a DFT-TDP. Esta region contiene el gen TMEM106B. Tres SNPs
mostraban asociacion genética después de multiples pruebas de correccioén; el ale-
lo menor (C) del SNP rs1990622 se mostrd como factor genético de proteccion para
DLFT-TDP. La asociacion se replicd en 89 casos autopsiados de DFT-TDP y 553 contro-
les, pero no en una serie clinica de 192 DFT.

Estudios independientes intentando replicar estos hallazgos en series clinicas han mos-
trado resultados controvertidos. Asi, en la cohorte clinica de Londres y Manchester
(520 casos de DFT y 247 conftroles) no se encontrd ninguna asociacion en TMEM106B
(Rollinson et al. 2011). Sin embargo, usando la cohorte de Flandes (Bélgica), com-
puesta principalmente por pacientes clinicos (288 DFT y 595 controles) se confirmo la
asociacion con TMEM106B rs1990622 [OR=0.75 (0.61-0.93)] (van der Zee et al. 2011).

Los autores identifican TMEM106B como un factor de riesgo importante para la DLFT
con patologia TDP-43. La asociacion mds significativa ha sido observada en aquellos
casos con mutaciones de GRN (Lang et al. 2012).

Se ha realizado ofro GWAS analizando un total de 3.526 casos y 9402 controles de
descendientes europeos (Ferrari et al. 2014).

Los distintos fenotipos clinicos de DFT se analizaron por separado, con los siguientes
resultados:

» El locus TOMMA40/APOE superd la significaciéon estadistica en la DFTvc, pero
no en DS, APNF y DFT-ELA. Esta asociacion puede venir a reflejar una contami-
naciéon (~15%) de EA en casos clinicamente diagnosticados de DFT.

» En el locus TMEMI106B el estudio sélo mostrd una discreta asociacion en
DFTvc (P =0.00585, pero no se encontrdé asociacién con los otros subtipos de
DFT. En este estudio los portadores de mutaciones de GRN fueron excluidos.
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Vale la pena senalar que la publicacién original incluia un niUmero de porta-
dores de mutaciones GRN (Deerlin et al. 2010) y que la evidencia biogquimica
ha sugerido que TMEM 106B estd directamente relacionado con el metabolis-
mo de GRN.
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3. PROTEOTIPOS DLFT

MUltiples son las anormalidades neuropatoldgicas asociadas a la DLFT. Las caracte-
risticas clinicas y neuropsicoldgicas ayudan a orientar el posible espectro patoldgico
en el paciente diagnosticado de DFT, pero son los biomarcadores, junto con el fe-
notipo clinico los que van a predecir la neuropatologia subyacente. Todas la DLFT
estdn asociadas a grados variables de atrofia, pérdida neuronal y gliosis en los I6bulos
frontales y temporales. Sin embargo, cada enfermedad difiere una de otra por las
diferencias en el depdsito de proteinas, la firma bioguimica y la morfologia y distribu-
cion de las inclusiones.

Tres proteinas principales han sido identificadas en el mecanismo de la neurodege-
neracion de las DLFT. Estas son la “microtubule-associated protein” (Tau) (Hutton et
al. 1998), la “fransactive response DNA binding protein of 43 kD" (TDP-43) (Neumann
et al. 2006)(Arai et al. 2006), y la “tumor associated protein fused in sarcoma” (FUS)
(Kwiatkowski et al. 2009). Algunos de los mds renombrados neuropatdlogos (I R A
Mackenzie et al. 2009) recomiendan que la terminologia fenoftipica de las DLFT debe
conservar las nomenclatura asociada a las entidades clinicas, como DFT, APNF y/o
DS, mientras que las subdivisiones neuropatoldgicas deben designarse por la protei-
na andmala patdégena mdas caracteristica que ha dado lugar al proceso clinico (es
decir DLFT-proteina). Por lo tanto, en el estrato mds alto, la mayoria de las DLFT deben
ser sub-clasificadas en DFLT-Tau, DLFT-TDP y DLFT-FUS.

(Tabla 1, pag 49)

a. DLFT-TAU

La proteina Tau (proteina asociada a microtUbulos) se acumula tanto en neuronas
como en células gliales. En casos esporddicos los acumulos pueden formar cuerpos
de Pick en neuronas (DLFT-Tau [enfermedad de Pick]), astrocitos estrellados (DLFT-
Tau [Pardlisis Supranuclear Progresiva]) o placas astrociticas (DLFT-Tau [Degenera-
cion Cortico-Basal]), mientras que en los casos hereditarios, estos pueden presentarse
como inclusiones similares a una de ellas o como patologia Tau Unica (Halliday et al.
2012).
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Alrededor del 40% de los pacientes con DLFT muestran inclusiones Tau. Estos incluyen
la mayoria de los casos de APNF, ~45% de los casos de DFTvc y algunos casos de DS
(Piguet et al. 2011). Crecientes evidencias sugieren que la presencia de estas lesiones
neurofibrilares en la fase final de la enfermedad no son la causa de la pérdida neuro-
nal, sino que la neurodegeneraciéon estd provocada por la alteracion de la proteina
Tau soluble. En particular, la fosforilacion Tau aberrante es reconocida como clave en
el proceso de la enfermedad, influyendo en la estructura de Tau, su distribucion y su
funciéon en las neuronas (Noble et al. 2013).

La proteina Tau es el componente principal de los ovillos neurofibrilares observados
en los cerebros de pacientes con enfermedad de Alzheimer y ofras enfermedades
neurodegenerativas. Es una proteina altamente soluble que se encuentra predomi-
nantfemente en las neuronas. Seis isoformas diferentes de Tau son expresadas en el
sistema nervioso adulto gracias a los procesos de maduracién alternativa del gen
MAPT, que comprende 16 exones y se encuentra en el cromosoma 17921.3. La inclu-
sion regulada de los exones 2 y 3 dan lugar a isoformas de Tau con 0, 1 6 2 inserciones
N-terminal, mientras que la exclusion o inclusion del exén 10 conduce a la expresion
de isoformas de Tau con tres (3R) o cuatro (4R) repeticiones de unién a microtubulos.
En el cerebro humano normal la proporcidén de 4R-3R es aproxima-damente de uno,
mientras que en muchas taupatias la proporcion esta alterada. Asi, la PSP, la DCB vy la
enfermedad por granos argirdfilos (EGA) presentan una sobre-expresion de isoformas
Tau de 4R, mientras que la enfermedad de Pick esta principalmente caracterizada
por inclusién de isoformas Tau de 3R (Noble et al. 2013).

b. DLFT-TDP

Mds del 50% de los pacientes con DLFT que presentan una tincién negativa para in-
clusiones Tau, pero son positivas para tinciones de Ubiquitina y el 80-90% de este gru-
po estd compuesto por inclusiones TDP-43 (“fransactive response (TAR) DNA-binding
protein 43") (Roeber et al. 2008). TAR DNA-binding protein 43 (TDP-43) es una de las
principales proteinas de la DLFT con inclusiones ubiquitin-positivas (DLFT-U), Tau-nega-
tivas con o sin enfermedad de motoneurona.

TDP-43 es una proteina de union al ADN nuclear implicada en la regulacion franscrip-
cional y que se deposita de forma aberrante en inclusiones citopldsmicas flamento-
sas después de una serie de modificaciones post-traduccion, incluyendo protedlisis,
fosforilacion y ubiguitinacion (Neumann et al. 2006).

45



Factores Genéticos asociados a la Degeneracion Lobar Frontotemporal

Actualmente son reconocidos cuatro subtipos de DLFT-TDP. La clasificacion de estos
subftipos estd basada en el aspecto morfoldgico de las inclusiones y en la distribucion
de las lesiones (I. R. a Mackenzie, Neumann, et al. 2011).
» Tipo A, caracterizado por numerosas neuritas distroficas cortas (DN) e inclu-
siones citoplasmdaticas ovales semilunares (NCI) que se concentran principal-
mente en la capa 2 neocortical. Son también caracteristicas comunes, pero

inconsistentes de este subtipo, un moderado niUmero de inclusiones neuronales
lentiformes (NI).

» Tipo B, caracterizado por un moderado niUmero de NCl a lo largo de todas las
capas cortficales, pero muy pocas DN.

» Tipo C, con predominio de DN alargadas en las capas cortficales superiores
con muy pocas NCI.

» Tipo D, se asocia a la patologia IBMPFD, causada por mutaciones de VCP y
que se caracteriza por DN numerosas y cortas y frecuentes NIl lentiformes.

La patologia TDP-43 también se ha encontrado en el I6bulo temporal en el 23% de los
casos de EAy el 71% de los casos de esclerosis hipocampal (Amador-Ortiz et al. 2007).
Asi mismo, la patologia TDP-43 comérbida ha sido identificada en el 29% de los casos
de enfermedad por Cuerpos de Lewy y EA, en el 19% de los casos de Parkinson-De-
mencia y en el 7% de le enfermedad de Parkinson (Nakashima-Yasuda et al. 2007).

TDP-43 normal TDP-43+NCl
TDP-43+DN TDP-43 +NI|

Figura 1. Diferentes subtipos de TDP- 43
Imé&genes cedidas por el Dr. Ronald M. Hamilton. (Associate Professor of Neuropathology, University of Pittsburgh

School of Medicine). Bienal Barcelona-Pittsburg 2008.
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c. DLFT-FUS

Como se ha visto hasta ahora, muchos casos de DLFT estdn caracterizados por una
acumulacién intracelular anormal de proteinas Tau o TDP-43, pero mdas del 10% de
los casos estdn compuestos por una acumulacion heterogénea de depdsitos poco
comunes. El 10-20% de DLFT no muestran evidencia de TDP-43 anormal y algunos sub-
tipo de DLFT Tau/TDP-43 negativos son inmunoreactivos (ir) para la proteina “fused in
sarcoma” (FUS) (I. R. a Mackenzie, Munoz et al. 2011).

La categoria DLFT-FUS hace mencion a tres enfermedades relativamente raras: la
enfermedad por inclusion de filamentos intermedios (NIFID), la enfermedad por in-
clusion de cuerpos basofilicos (BIBD) y la DLFT atipica con cambios inmunoreactivos
solo para ubiquitina (aDLFT-U). Estas tres entidades comparten el hecho de que todas
muestran inmunoreactividad para FUS, pero las caracteristicas encontradas entre
cada una de ellas permite que sean consideradas entidades patoldgicas diferentes
(K. A. Josephs et al. 2011).

» NIFID: DFT esporddica de presentacion tipica en edad temprana, asociada a
signos piramidales y/o extrapiramidales. Los hallazgos inmunohistoquimicos co-
munes en todos los casos son inclusiones de alfa-internexina y de neurofilamen-
tos positivos citoplasmaticos, sin las densidades comparables a otras enferme-
dades neurodegenerativas (Roeber et al. 2006).

» BIBD: término usado para un pequeno numero de casos clinicos y patoldgica-
mente heterogéneos que tienen en comun el hallazgo de NCI que son basofili-
cos para las tinciones de hematoxilina y eosina (inclusiones basofilicas [Bl]). Los
fenotipos clinicos incluyen ELA esporddica, ELA familiar, ELA con demencia y DFT
pura (I. R. a Mackenzie, Munoz, et al. 2011).

En ambas patologias los signos iniciales pueden incluir: debilidad y alteracién de me-
moria en BIBD y disartria en ambas. En alguno de los casos, la demencia de desarrolla
mads de un ano después del inicio de los sinfomas. Se han observado signos de neuro-
na motora superior e inferior, parkinsonismo y signos parietales en ambas enfermeda-
des. También aparecen movimientos involuntarios en BIBD. Un hallazgo consistente
en las dos patologias es la severa atrofia de caudado (Yokota et al. 2008).

» aDLFT-U: Es un fenotipo clinico esporddico e inusual de inicio temprano (me-
dia de 35 anos). Se caracteriza por una rédpida y severa alteracién conductual
en ausencia de déficits de lenguaje o motores significativos (lan R A Mackenzie
et al. 2008). La neuropatologia es también atipica, mostrando NCI y NIl que
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aparecen como filamentos largos y gruesos, que pueden ser rectos, curvos o
sometidos a forsion (vermiformes). Los NClI y los NIl en la aDLFT-U son sistemdati-
camente inmunoreactivos con anticuerpos contra FUS (Neumann et al. 2009).

En aproximadamente el 50% de los casos de NIFID y BIBD se encuentra una dege-
neracion de motoneurona, pero ésta no ha sido comunicada en la aDLFT-U (K. A.
Josephs et al. 2011).

d. DLFT-UPS

DLFT-UPS se designan a aquellos casos con inclusiones que solo se pueden demos-
trar inmuno-histoquimicamente contra el sistema ubiquitina proteasoma (UPS) (IR A
Mackenzie et al. 2009).

La DFT-3 (mutaciones en el gen CHMP2B) es la principal enfidad asociada con la
patologia DLFT-UPS. Esta designaciéon reconoce que las inclusiones TDP-43 negativas
pueden presentar inmunotincién para proteinas UPS diferentes a la ubiquitina, como
la p62 (SQSTMI).

El examen macroscoépico muestra una atrofia cortical generalizada, mds acusada
en las cortezas frontal y temporal. La microscopia muestra pérdida de neuronas cor-
ticales, microvacuolacion de la capa ll, gliosis leve y desmielinizaciéon de la sustancia
blanca profunda. Inclusiones raras ubiquitina-positiva también se encuentran en neu-
ronas frontales y temporales corticales, positivas para pé2, pero no para TDP-43 (Holm
et al. 2007).

La proteina pé2 es codificada por SQSTM1 (también llamado sequestrosoma 1), La
acumulaciéon de pé2 no es especifica de ELA y DLFT. Inclusiones ubiquitina-positivas
conteniendo pé2 ha sido comunicada en EA, EP, Atrofia Multisistémica y enfermedad
de Pick. La pé2 también se puede encontrar asociada a inclusiones citoplasmdticas
TDP-43 (+), ubiquitina y en pacientes con DLFT con EMN por mutaciones de UBQLN2.
La presencia de p62 en las inclusiones ubiquitina (+) en diferentes enfermedades neu-
rodegenerativas, centra la atencidon en un tema comuin de importancia potencial en
estos trastornos. Es decir, el papel en los procesos neurodegenerativos de las protei-
nas mal plegadas, la deficiente digestion proteosdémica vy la autofagia (Appel and
Rowland 2012).
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Tabla 1. Clasificacién molecular, fenotipos y genes asociados en la DLFT.

Clasificacion Inclusiones Subtipo Fenotipo Clinico Genes asociados
Molecular patolégicas patolégico asociado y localizacién
PiD (3R) DFTvc
DCB (4R) APNF
PSP (4R) APNF
DLFT-Tau Tau (+) MAPT (17G21.1)
EGA (4R) DFTvc
NFT-demencia
(3+4R) DFTvc
MSTD (4R) DFTvc
DFTvc
TDP-43(+), NCI, DN Tipo A GRN (17921.23)
APNF
TDP-43(+), p62(+), _ DFTvc
Tipo B C9orf72 (9p21.2
NCI, DN P EMN con DFT (7212
DS
TDP-43(+), NCI, DN Tipo C
DLFT-TDP DFTvc
TDP-43 (B)NNC" NI, Tivo D IBMPFD Familiar VCP (9p13.3)
TDP-43 (+) ELA TARDBP (1p36.22)
Ubicuitin(+) NIFID
DLFT-FUS TDP-43 (-), NCI, NIl BIBD DFTvc FUS (16p11.2)
aDLFT-U
OLFTof Ubicuitin (+), TDP- DLFT-ni oFr CHMP2B (30112
-ofras 43 (1), NCI DLET-UPS vc M (3p11.2)

DLFT-Tau: DLFT caracterizada por inclusiones Tau inmunoreactivas, DLFT-TDP: DLT caracterizada por inclusiones
TDP-43 inmunoreactivas. DLFT-FUS: DLFT caracterizada por inclusiones FUS inmunoreactivas, DFLT-otras: DLFT in-
clasificables (inclusions inmunoreactivas no Tau, no TDP-43, no FUS), Tau(+): Inclusiones Tau positivas, TDP-43(+):
Inclusiones TDP-43 positivas, NCI: Inclusiones neuronales citoplasmdticas, DN: Neuritas distréficas, Nll: Inclusiones
intraneuronales, pé2(+): Proteina de unién a ubiquitina, Ubicuitin (+) : Ubiquitina, 3R: Tres repeticiones , 4R: Cuatro
repeticiones, PiD: enfermedad de Pick, DCB: Degeneracién Cortico-Basal, PSP: Pardlisis Supranuclear Progresiva,
EGA: Enfermedad por granos argirdfilos, NFT-demencia: Demencia por Ovillos Neurofibrilares, MSTD: Taupatia
multisistémica esporddica, DFTvc: Demencia Frontotemporal variante de conducta, APNF: Afasia Progresiva no
fluente, EMN: Enfermedad de Motoneurona, DS: Demencia Semdntica, SCB: Sindrome Corticobasal, IBMPFD: Mio-
patia por cuerpos de inclusién con enfermedad de Paget y DFT, NIFID: Enfermedad por inclusion de flamentos
neuronales intermedios, BIBD: Enfermedad por cuerpos de inclusién basofilicos , aDLFT-U: DLFT atipica con inclu-
siones de ubiquitina, FTLD-ni: DLFT sin inclusiones, DLFT-UPS: DLFT con inmuno-histoquimica contra proteinas del
sistema proteosomal de la ubiquitina, MAPT: Gen de la proteina Tau asociada a microtUbulos, GNR: Progranulina,
C9orf72: Cr? open reading frame 72, VCP: valosin-containing protein, TARDBP: TAR DNA-binding protein, FUS: Fu-
sed in sarcoma, CHMP2B: Charged multivesicular body protfein 2B.
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IV. Hipotesis

Las enfermedades neurodegenerativas en general y la demencia Frontotemporal
en particular tienen una importante base genética. Desde un punto de vista estric-
tamente genético, la heterogeneidad alélica y no alélica son la norma de estas en-
fermedades. Ello implica que existe cierta convergencia andtomo-patolégica vy cli-
nica de alteraciones genéticas muy diversas y que afectan a funciones neuronales
radicalmente distintas. La identificacidon de patrones clinicos o fenotipicos con las
diferentes mutaciones de base es una tarea compleja que requiere grandes series
epidemioldgicas bien fenotipadas y un andlisis molecular muy preciso.

Durante este trabajo de investigaciéon se profundiza en el andlisis de los perfiles clini-
cos y evolutivos de las demencias frontotemporales y su correlacion con el genotipo
identificado en los pacientes.
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V. Objetivos

Al disenar este trabajo se ha tenido en cuenta la gran variabilidad genética de la
DLFT. Por tanto, su abordaje siempre se ha de enmarcar bajo un prisma multicéntrico
y multidisciplinar. Nuestro objetivo siempre ha sido abordar los estudios concretos que
se han planteado sin que éstos se solapen con los frabajos de los diferentes grupos de
investigacion con los que ya se colaboraba. A estos centros se les ha cedido parte
de las muestras disponibles de la serie clinica para que realicen estudios en otros loci.
Estas colaboraciones han generado diversas publicaciones (ver Anexo) y comple-
mentan el estudio genético de los pacientes disponibles en la institucion. Teniendo
en marcha numerosas colaboraciones, se optd por abordar los genes mds recientes
y menos conocidos al disenar los objetivos de este trabajo de tesis (UBQLN2, Corf72
y TMEM106B).

Asi, los objetivos planteados han sido los siguientes:

1. Analizar la prevalencia de mutaciones en el locus UBQLN2 en pacientes con
historia familiar de demencia frontotemporal dentro de la serie clinica aporta-
da y realizar la correlacion fenotipo-genotipo de las mutaciones identificadas.

2. Estudiar la prevalencia de la expansion del locus C?ORF72 en la serie clinica
aportada para posteriormente realizar la correlaciéon fenotipica en los porta-
dores de la mutacion.

3. Redlizar una correlacion genotipo-fenotipo de la serie clinica de DFT, usan-
do el polimorfismo ApoE como elemento discriminante para identificar sujetos
con posible Enfermedad de Alzheimer (EA) de predominio frontal, que pue-
dan estar contaminando la serie clinica.

4. Estudiar la presencia del polimorfismo de riesgo del SNP rs1990622 del locus
TMEM106B en pacientes con fenotipo DFT, excluyendo de la serie clinica aque-
llos sujetos con confirmacion anatomopatoldgica de proteotipo Tau, para
posteriormente realizar la correlaciéon fenotipica.
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VI. Material y métodos

La metodologia empleada en la presente tesis doctoral se explica con detalle en
el correspondiente apartado de los frabajos de investigacion presentados. En este
apartado tan sélo se describen las caracteristicas de la serie utilizada, recogida en
su totalidad en Fundacio ACE.

De un total de 17.042 sujetos valorados en la Unidad de Memoria de Fundacid ACE,
en primera visita (periodo 1996-2012), 9102 (53%) cumplian criterios de demencia se-
gun los diferentes criterios internacionales y 5218 (31%) criterios de Deterioro Cognitivo
Leve. De los sujetos diagnosticados de demencia, 495 (5,4%) cumplian criterios de DFT
posible o probable en sus diferentes variantes fenotipicas.

Para este trabajo de tesis se han seleccionado 224 (45.2%) de los 495 sujetos diag-
nosticados de DFT, ya fuera en primera visita o que durante el seguimiento clinico
modificaran su fenotipo hacia DFT y que dispusieran de suficientes variables clinicas
evolutivas y material bioldgico. Todos ellos disponian de valoracion neuroldgica y
neuropsicologica, y en 180 (80.3%) se ha podido rescatar la neuroimagen histérica
para su posterior valoracion.

La valoracién de DFT por neuroimagen la llevaron a cabo dos neurdlogos clinicos de
la Unidad de Memoria ciegos para el fenotipo inicial y evolutivo de los sujetos y clasi-
ficdndolos en 6 patrones de atrofia cerebral.

La serie anatomopatoldgica disponible ha sido posible gracias a las donaciones de
los familiares de los pacientes y en colaboracién con el Banco de Tejidos Neuroldgi-
cos de la Universidad de Barcelona (IDIBAPS).

La muestra de sangre para los estudios genéticos, su obtuvo directamente de los pa-
cientes. Se reqgistré la firma de un consentimiento informado por parte del paciente
o de sus representantes legales, de acuerdo con el protocolo GIPSY aprobado por el
comité ético del Hospital Clinico y Provincial de Barcelona. El consentimiento informa-
do estd en consonancia con las leyes biomédicas espanolas (Ley 14/2007, 3 de julio,
de investigacion biomédica y Real decreto 1716/2011, de18 noviembre).
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Tabla 2. Demografia de la serie clinica DFT en Fundacié ACE.
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Factores Genéticos asociados a la Degeneracion Lobar Frontotemporal

TRABAJO |

Prevalencia de mutaciones en el locus UBQLN2 en la poblacién catalana afectada
de DLFT y correlacidn fenotipo-genotipo de las mutaciones en UBQLN2 identificadas.

Ver Anexo: 1= articulo
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VII. Resultados

TRABAJO II

Prevalencia de la expansion del locus C9ORF72 en la serie clinica e identificacion del
fenotipo clinico de los sujetos.

Ver Anexo: 2° articulo
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Identification of misdiagnosed frontotlemporal dementia using APOE genotype and
phenotype-genotype correlation analyses
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Identification of Misdiagnosed Fronto-Temporal Dementia Using APOE
Genotype and Phenotype-Genotype Correlation Analyses

Isabel Hernandez!, Ana Mauledn!, Maiteé Rosen se-Roca!, Montserrat Alegret!, Georgina Vinyes!, Anna Espi-
nosal!, Osear Sotolongo-Grau!, James T. Becker?, Sergi Valero®, Lluis Tarraga!, Osear L. Lopez?, Agustin Ruiz!™
and Merce Boada'#

'Fundacié ACE. Barcelona Alzheimer’s Treatment and Research Center, Barcelona (Spain); *Alzheimer s Disease Research
Center. Departments of Neurology, Psychiatry and Psychology. University of Pittsburgh, Pittsburgh PA (USA); *Deparment of
Psychiatry. Hospital Universitari Vall d’Hebron. CIBERSAM. Universitat Autonoma de Barcelona, Barcelona. (Spain), *Hos-
pital Universitari Vall d’Hebron - Institut de Recerca, Universitat Autonoma de Barcelona. (VHIR-UAB), Barcelona (Spain)

Abstract: Objective: Postmortem and genetic studies of clinically diagnosed Frontotemporal dementia (FTD) patients suggest that
a number of clinically diagnosed FTD patients are actually “frontal variants” of Alzheimer’s disease (fvAD). The purpose of this
study was to evaluare this hypothesis by combining neuropathological data, genetic association studies of APOE, phenotype-APOE
genotype correlations and discriminant analysis techniques. Methods: Neuropathological information on 24 FTD cases, genetic
association studies of APOE (168 FTD, 3083 controls and 2528 AD), phenotype-genotype correlations and discriminant techniques
(LDA, logistic regression and decision trees) were combined to identify fvAD patients within a clinical FTD series. Results: Four of
24 FTLD patients (16.6%) met critetia for definite AD. By comparing allele and genotype frequencies of APOE in controls, FTD and
AD groups and by applying the Hardy-Weinberg equilibrium law (HWE), we inferred a consistent (17.2%) degree of AD contamina-
tion in clinical FTD. A penetrance analysis for APOE &4 genotype in the FTD series identified 14 features for discrimination analysis.
These features were compared between clinical AD (n=332) and clinical FTD series (n=168) and classifiers were constructed using
linear discriminant analysis logistic regression or decision tree techniques. The classifier had 92.8% sensitivity to FTD and 93.4%
sensitivity to AD relative to neuropathology (global AUC=0.939, p<<0.001 ). We identified 30 potential fvAD cases (17.85%) in
the clinical FTD sample. Conclusion: The APOE locus association in clinical FTD might be entirely explained by the existence of

“hidden” fvAD cases within an FTD sample. The degree of fvAD contamination can be inferred from APOE genotypes.

Keywords: Alzheimer’s disease, apolipoprotein E4, diagnostic classification, frontotemporal lobe dementia, genetics.

INTRODUCTION

Clinical discrimination between the frontal variant of Al-
zheimer’s disease (fvAD) and true non-AD Frontotemporal
dementia (FTD) is challenging. Several studies have tried to
find a useful biomarker that discriminares AD, FTD or other
dementias [1, 2]. Impaired language and executive functions
are common in both FTD and AD [3] and “frontal” behavio-
ral symptoms may also appear in AD [4]. The clinical ma-
nifestations of frontal system dysfunction observed in some
AD patients are usually correlated with the presence of neu-
rofibrillary degeneration in the frontal lobes [5].

Patients presenting with behavioral, language and execu-
tive system abnormalities in the context of a neurodegene-
rative disorder are usually diagnosed with FTD. FTD com-
prises a group of progressive neurodegenerative disorders
sub-classified according to the clinical phenotype: behavio-
ral variant (bvFTD), semantic dementia (SD), progressive

* Address correspondeoce by this authors at the Fundacié ACE, Marques de
Sentmenat, 57, 08029 Barcelona (Spain); Tel: 34-93-444-731 8,
Fax: 34-93-410- 1701 ; E-mail: arviz@fundacioace.com

1875-5828/14 $58.00+.00
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non fluent aphasia (PNF A), corticobasal syndrome (CBS),
progressive supranuclear palsy (PSP), and FTD with motor
neuron disease (FTD-MND).The clinical spectrum of FTD
ranges from behavioral symptoms until progressive aphasic
syndromes, parkinsonism plus and/or motor neuron disease.
They are often associated various syndromes in the sarne
subject over the clinical [6]. Although FTD and fvAD share
clinical signs and symptoms, FTD is usually associated with
several different histopathological features, different abnor-
mally aggregated proteins in target neurons and the presence
of a range of germline mutations in several multiple genes
completely different from those found in AD [7].

Although the APOE locus is the strongest genetic risk
marker for sporadic AD [8 -1 O] it is less clear whether there
is a link between APOE and FTD [11 -15]. Indeed, any obser-
ved associations could be explained partially (or even tota-
1ly) if the FTD clinical series was contaminated by “hidden”
AD cases [16]. That is, AD cases within an FTD series would
tend to inflate the E4 allele frequency, yielding an interme-
diare allele frequency between population-based controls
and AD. The purpose of the present study was to evalua-
re this hypothesis [17] by combining neuropathological

© 2014 Bentham Science Publishers
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data, genetic association studies of APOE, phenotype-APOE
genotype correlations and discriminant analysis teclmiques .
We estimated the proportion of AD pathology in our clinical
FTD series and identified potential candidate fvAD patients.

METHODS
Patients

All of the patients agreed to participate in the study and
blood samples were obtained after they and/or their legal
representatives provided written consent according to the
GIPSY protocol approved by the ethics committee in the
Hospital Clinic i Provincial (Barcelona, Spain). Informed
consent was in accordance with Spanish biomedical laws
(Law 14/2007, July 3rd, about biomedical research; Royal
Decree 1716/2011 , November 18th).

All patients were south-Europeans (Spanish lineage, two
generation or more) recruited from the fundacio ACE Bar
celona Alzheimer Treatment & Research Center for APOE
analysis and Hardy-Weinberg estimations data from 5779
unrelated individuals were used: 168 FTD, 2528 AD and
3083 population-based controls. The AD patients and popu-
lation-based controls series have been previously described
[ 18]. The 168 clinical FTD patients underwent a full neuro-
logical evaluation and were diagnosed either at baseline or
during follow-up as clinical FTD cases by using international
research criteria: bvfTD [19, 20], PNFA [21, 22], SD [23],
PSP [24] and CBS [25]. Some FTD patients developed MND
signs during follow-up. (Table 1-a and 1-b). Mutation scree-
ning of MAPT in FTD patients has been conducted in all FTD
patients. We found 1 out of 168 canying a MAPT mutations
(0.5% of cases). We also identified a C90RF72 expansion
in 3 out of 168 FTD ( 1.7%) [26]. Of note, patients canying
either MAPT or C9ORF72 mutations were not excluded from
this work. Other FTD genes have been not studied.

The Fundacio ACE Memory Clinic diagnoses patients at
a daily consensus conference among neurologists, neuropsy-
chologists and social workers. Baseline signs and symptoms
are acquired directly from the patient or from the primary
caregiver. The patients were administered a neuropsycholo-
gical battery [27] that included measures sensitive to orien-
tation, attention, verbal learning and long-term memory,
language, visuoperception, gnosis, praxis and executive
functions. Neuroimaging studies were either CT and/or MRI
which is required for an FTD diagnosis [20]; in sorne cases
SPECT scans were also available. The locus and extent of
hemispheric atrophy was rated by visual inspection by an
experienced neurologist, and independently confirmed by a
neuroradiologist.

Neuropathology

Postmortem neuropathology examination was performed
at the Neurological Tissue Bank (NTB) of the Biobanc Hos-
pital Clinic -IDIBAPS (Barcelona, Spain), after obtaining
written informed consent from patients and/or next of kin.
Brain was processed according to a standardized protocol.
Histopathological evaluation was performed on multiple,
formalin-fixed and parafine embedded tissue blocks.

AD-related neurofibrillary pathology was staged according
to the Braak & Braak [28, 29] classification and a diagnosis
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of definite AD was assigned applying the CERAD criteria
[30, 31] based on the semiquantitative assessment of neuritic
plaque density. Both were combined using the current con-
sensus guidelines [32].

Germline DNA Extraction and APOE Analysis

We extracted DNA from frozen blood using the Nucleo
Spin Blood kit (Macherey-Nagel, Diiren, Germany). The
APOEe4 allele was identified with commercial kits for
APOE rs429358 (SNP112) and rs7412 (SNP158) from Ro-
che Diagnostics (Germany). The APOE alleles were ampli-
fied using LightCyclerApoE Mutation Detection Kit (Roche
diagnostics, Germany) and detected using real-time PCR
technology (LightcyclerR 480 System, Roche Diagnostics,
Germany) following the manufacturer’s instructions. To
check the quality of the results, different compound hete-
rozygotes for APOE SNPs were verified in an independent
research laboratory. FTD-control, AD-control and HWE sta-
tistical analyses were performed manually or using online
tools (http ://ihg.gsf.de/cgi-binlhw/hwal.pl).

Penetrance Analysis of APOEe4 Genotype in FTD Series

We divided the FTD patients into two groups based on the
presence or absence of the €4 allele, irrespective of the allele
dosage (dominant model, i.e. APOEe4 + and APOEe4 - sub-
groups) in order to identify the clinical, neuropsychological
and neuroimaging variables (features) potentially associated
with APOEe4 carrier status in FTD patients. All baseline
variables were analyzed as a function of APOE genoty-
pe categories using SPSS for Windows, v18.0 (SPSS Inc,
Chicago, IL). To compare qualitative variables a standard
Pearson’s chi-square test was performed. To compare quan-
titative variables we used student’s T-test or the Mann-Whit-
ney U test (as appropriate). All of the clinical variables that
showed a trend towards association (p<0.1 ; when comparing
APOE¢e4+ and e4- subgroups), were retained for the discri-
minant analyses (Supplementary Table 1).

Discriminant Analyses

To identify the linear combination of features that best
discriminated between the two groups of patients with pa-
thologically confirmed FTD or AD, an discriminant analy-
sis was carried out [33]. Fourteen pre-selected features from
the clinical FTD database were used for classifier generation
(direct approach) including two qualitative neuroimaging
variables (hemispheric pattern atrophy and predominant
brain atrophy), presence of six clinical variables at baseline
(memory deficit; behavioral symptoms; language alteration;
dyslipidemia, sucking retlex and gait alteration) and six neu-
ropsychological variables at baseline (Boston naming; verbal
comprehension; semantic verbal fluency; abstract reasoning;
digits span forward and Poppelreuter test). The coding of
each feature, the coefficients applied to calculate the classi
fier and the final discriminant function are detailed in Su-
pplementary (Table 2).

The classifier was not biased based by the proportion of
patients in each class (i.e., prior probability set to 0.5 for
each class). To calculate the classifier coefficient for each va-
riable and the constant for the canonical discriminant func-
tion, we used 332 randomly selected clinically diagnosed
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Table la. Demographic characteristics of study subjects.

Diagnostic Groups at baseline (S;it;ls:l::)cl D.f

bvFTD PNFA SD CBS PSP | CI-ND* | Other*

N(%) 74(44.0) | 22(13.1) | 24(143) | 1165) | 1165 | 1377 | 13(7.7)
Age at onset 66.5410.2 | 68.648.7 | 68.4=11.6 | 67.6£7.5 | 68.3+8 | 709449 | 67492 | 0.513 6
Gender (Yomales) 4358.1) | 8364y | 18(75) | 8(727) | 7(583) | 7(538) | s@L7) | 936 6
Years evolution before 3.76£2.6 | 239£1.6 | 296£1.8 | 327%24 | 32425 241 | 242425 | 2.025 6

diagnostic (average)

Family History N(%) Yes) 41(56.9) | 9(40.9) 6(25) 5455 | 2(167) | 9692) | 3(25) 17.12 6
Education N(%) 6+ years 4864.9) | 15(68.2) | 16(66.7) | 6(545) | 7(583) | 430.8) | 5(41.7) 8.25 6
ApoE, carriers frequency N(%) | 22(29.7) | 3(13.6) | 5208) | 3273) | 20182) | 323.1) | 6@462) | 5746 6

vbFTD: behavioral variant Frontotemporal; PNFA: Progressive non Fluent Aphasia; SD: Semantic Dementia; CBS: Corticobasal Syndrome; PSP: Progressive Suplanuclear
Palsy: CI-ND: Cognitive Impairment non dementia; Other: Unspecific Dementia at baseline.

1 - X? for categorical data, F for continuous data (one-way ANOVA) D.f= degree of freedom 2 - p< .05

*: Patient initially non classified as FTD who envolved clinical FTD during follow up.

Table 1b. Evolutive phenotype of the groups.

Diagnostic Groups at baseline N(%)
Evolutive phenotype ApOE, carriers
N(%) bvFTD PNFA SD CBS PSP CI-ND Others Total frequency
N(%)

bvFTD 65(87.8) 1(4.5) 2(8.3) 0 0 8(61.5) 6(46.2) 82(48.8) 25(30.5)
PNFA 1(1.4) 13(59.1) 0 1(9.1) 0 1(7.7) 1(1.4) 17(10.1) 3(17.6)
SD 2(2.7) 1(4.5) 21(87.5) 0 0 2(15.4) 0 26(15.5) 5(19.2)
FTD-MND 1(1.4) 1(4.5) 0 0 0 1(7.7) 0 3(1.8) 1(33.3)
CBS 1(1.4) 2(9.1) 1(4.2) 9(81.8) 0 1(7.7) 4(30.8) 18(10.7) 5(27.8)
PSP 1(1.4) 2(9.1) 0 109. 1) 11(100) 0 2(15.4) 17(10.1) 3(17.6)
AD 3(4.1) 209.1) 0 0 0 0 0 5(3.0) 2(40.0)
Total 74(44.0) | 22(13.1) | 24(14.3) 11(6.5) 11(6.5) 13(7.7) 13(7.7) 168 44(26.2)

bvFTD: behavioral variant Frontotemporal; PNFA: Progressive non Fluent Aphasia; SD: Semantic Dementia; FTD-MND: frontotemporal dementia with motor neuron disease:
CBS: Corticobasal Syndrome;PSP: Progressive Suplanuclear Palsy; CI-ND: Cognitive Impairment non dementia Other: Unspecific Dementia at baseline.

Table 2. APOE locus genetic data available for this study.

FTD AD Controls
€22 1 5 17
€2¢€3 9 117 317
e2e4 4 41 34
APOE (Haplogenotypes) €3e3 114 1273 2178
e3e4 37 947 508
e4e4 3 145 29
Total 168 2528 3083
APOE £4 Allelic Frequency (%) 14% 25.3% 9.7%
APOE &4 carriers (%) 26.2% 44.8% 18.5%
Hardy Weinberg Equilibrium (HWE) (p-value; Pearson) 0.85 0.08 0.87
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AD patients, 113 APOE €4 negative FTD patients and 8 FTD
patients with unknown genotype (discovery set). We used
only the data from 4POE €4 negative patients during this ini-
tial step because, we inferred a lower frequency of fvAD ca-
ses in the FTD APOE €4 negative subgroup (13%) corpored
to APOE €4 positive subgroup (29%). Any missing values
from the features were replaced by the mean value observed
in the whole series. 41 FTD APOE E4 positive patients with
available clinical data were used to conduct a replication
analysis to check the reliability of the results. Classifier sco-
res from 332 clinical AD and 168 clinical FTD (n=500) were
used to calculate the area under curve (AUC) of the propo-
sed classifier. AUC was generated using SPSS. This exercise
was conducted only to provide information about classifier
performance (not for true diagnostics purposes yet). Of note,
SPSS automatically calculated the best cut-off for the pro-
posed classifier in an unsupervised manner. Individuals with
classifier values <-1 were classified as FTD automatically by
the system. Individuals with a classifier value >-1 were clas-
sified as AD. Fourteen FTD cases with neuropathologically
confirmed disease and clinical data were used to estimate the
sensitivity of the classifier to detect true FTD individuals.

Sensitivity Analysis

Other discriminant techniques were used to demonstrate
the existence of “AD information” within FTD series. Spe-
cifically, to further reassure that results were not technical
artifacts inherent to LDA method limitations, we conducted a
sensitivity analysis by using two additional statistical approa-
ches. Briefly, the prognostic utility of selected variables was
investigated by an unsupervised decision tree approach ente-
ring all selected variables. Two variables were automatically
selected by the system: node 0: “predominant brain atrophy”
divided in three sub-nodes. Node 1: temporal pole or fron-
to-temporal and parietal atrophy or unknown. Node 2: parie-
tal atrophy (with or without language alterations; node 4 or
5) and node 3: temporal-parietal or hippocampal atrophy. Of
note, training and validation samples were identical to tho-
se used in LDA. Sensitivity (fraction FTD) and specificity
(fraction EA) values were produced. Data were considered
significant when the P-value was below 0.05. Concordance
between LDA and decision trees was calculated by using a
simple 2x2 chi-square test among classified subjects. Con-
cordant classification was obtained for 86.8% of individuals
(p=3.47x10%) (Supplementary Table 5).

Finally, a binary logistic regression approach was conducted
by using identical 14 features entered during discriminant
analysis or decision tree experiments. By comparing predic-
ted phenotypes by LDA or logistic regression, an identical
classification of individuals was obtained for 92.4% of in-
dividuals (p=7.87x10%). Concordance between decision
tree classification and logistic regression was also measured
(97.1%; p=7.83x10"*")(Supplementary Table 5).

Phenotype Genotype Correlations

The classifier algorithm identified 30 FTD patients (J 7
.85%) that had classifier scores in the range of AD (i.e.,score
>-1). So, we conducted a new exhaustive phenotype analy-
sis including demographic, clinical, neuropsychological
and follow-up data of the FTD series by dividing it in two
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groups (genuine “FTD” and fvAD) .
RESULTS

Histopathological examination of the 24 FTD patients
revealed that 4 (16.6%) met criteria for Definite AD without
any other pathological evidence or protein deposit related to
an FTD phenotype. A summary of each FTD patient with
inconsistent clinical and pathological findings is provided in
Supplementary Table 3. The remaining cases were classified
pathologically as FTLD-TDP (N=11(45.8%)], FTLD-TAU
(N=8(33.3%)] and FTLD-FUS (N=1 (4.1 %)].

We observed the expected E4 allele differences when
comparing AD and controls (44.8% vs. 18.5% respectively;
APOE E4 allele Odds Ratio= 3.2; 95% Confidence Interval
(C.L) = [2.839-3.511); p<<.001). To calculate potential AD
contamination in FTD series, we compared the E4 allele fre-
quencies between FTD, AD and the population-based con-
trols (Table 2). Two assumptions were made: a) the E4 allele
frequency does not deviate from the HWE law expectation
and b) any increase of E4 allele frequency in FTD would be
due to contamination by AD cases. There was a significant
“excess” of E4 carriers in the FTD series when compared
with population based controls (26.2% vs. 18.5% carriers;
Allele Odds Ratio= 1.5 (95% C1 = (1.104-2.093]), p=.009).
The observed allele frequency inflation in the clinical FTD
cases (i .e., 26.2 - 18.5 =7.7%) was used to deduce the frac-
tion of fvAD individuals not carrying this allele. Taking into
account that 44.8% of AD individuals were E4+ (Table 2),
we inferred the fraction of fvAD non-carriers contaminating
the FTD series by using a simple model of three (assuming
HWE) which results in 9.5% of the FTD series. The global
estimation of “hidden” AD cases within our clinical FTD
series was obtained by summing the excess of E4 carriers
observed and the corresponding estimate of noncarriers as-
suming HWE (i.e., 7.7+9.5= 17.2%). The genetics based
estimation suggests that about 29 FTD cases may, in fact,
be fvAD patients. This result is not statistically different
from that observed in the neuropathological series (16.6%)
(p=.69; Fisher’s exact test).

A penetrance analysis was conducted to identify phenoty-
pe differences between APOEe4+/- FTD subgroups (Supple-
mentary Table 1). Fourteen variables (features) had moderate
association (p<.1) with genotype (Table 3). A numeric clas-
sifier using selected features was constructed using discrimi-
nant analysis techniques and was applied to 500 individuals
(332 clinical AD vs 168 clinical FTD; 14 of these with patho-
logical confirmation). The classifier resulted in 91.9% sen-
sitivity (90.7% cross-validation) to AD (global AUC= .939,
p<<.001), and correctly classified 92.8% of the postmortem
FTD cases (13/14 pathological FTLD with whole phenoty-
pe available for discriminant analysis). Similar results were
obtained by using decision tree or binary Jogistic regression
approaches (supplementary Table 5)

Of note, the classifier displayed a consistent, lower sensi-
tivity for FTD c.4 carriers (82.7%) and non-carriers (80.5%)
compared to AD (both groups were separately analyzed) (su-
pplementary Table 5). Thirty FTD patients (17.85%) were
assigned as fvAD, which is consistent with our previous
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Table 3. Candidates discriminant variables derived from penetrance analysis.

APOE Status Statistics
Variable
E4- E4+ 72 t
Hemisfcric Pattern atrophy (% (N))
Lelf 34.7 (35) 8.8 (3)
Right 10.9 (11) 11.8 (1) 0.013
Symmetric 54.5 (55) 79.4 (27)
Predominant Brain atrophy (%(N))
Frontal 17.8 (18) 32.4(11)
Temporal 31.7 (32) 20.6 (7)
Parietal 3.003) 11.8 (4)
0.082
Fronto-temporal 30.7 (31) 23.5(8)
Fronto-parietal 3.03) 5912
Global 13.9 (14) 5.9(2)
Initial symptom reported by caregiver (%(N))
Memory 35(41) 50 (20) 0.094
Behavior 41.4(46) 64.1 (25) 0.015
Language 53.2 (59) 33.3(13) 0.033
Pathological background (% (N))
Dyslipemia 32.8(38) 47.5(19) 0.095
Neurological exploration (%(N))
Sucking 1(1) 5.7(2) 0.092
Normal gait 66.4 (75) 81.6 (31)
0.076
Altered gait 33.6 (38) 18.4 (7)
Ncuropsychological exploration. Quantitative evaluation (average)
Visual Naming (15-BNT) 10.42+3.96 12.09+3.34 0.036
Verbal comprehemsion 491+13 5.53+0.96 0.006
Semantic verbal fluency 8.48+4.55 11.03+3.94 0.005
Similarities WAIS-IIT 5.49+3.50 7.34+3.60 0.016
Neuropsychological exploration. Qualitative evaluation impaired (% (N))
Poppelreuter test 48.2 (41) 21.2(7) 0.007
Digit Span Forward WAIS-III 72.2 (65) 54.5 (18) 0.064

2 .
*~ = Pearson Chi-square
t= Levene for equality of variances

estimation from the pathological series (16.6%; p=.64) and
HWE methods (17.2%; p=.88) which also predicted a simi-
lar number offvAD cases (n=29).

In order to identify clinical differences, the series was
split based on the results of the classifier (fvAD versus ge-
nuine FTD) (Table 4). The FTD patients who were classified
as fvAD had a higher frequency of change of diagnosis du-
ring the course of the disease (31% versus 16.9%; p=.0l).
In addition, there were statistically significant differences
between groups in terms of the presence of memory comp-
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laints or absence of behavioral symptoms at baseline (Table
4). The MMSE score did not vary between the two groups
(ANOYA, eta2=.001. p>.05), nor did multiple neurological
and neuropsychological variables differ. Neuroimaging data
suggested that differences in predominance of hemispheric
atrophy for each of the groups might be useful for selecting
fv AD candidates.

Given that FTD is more common in presenile age (es-
pecially the behavioral variant phenotype), we also separa-
ted the clinical series (N = 168) into older and younger than
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Table 4. Characteristics of patients as a function of diagnosis and classifier algorithm.

Diagnosed FTD
Diagnosed AD . )
Classified FTD | Classified AD |  Effect Size (AD) Effect Size | Effect Size (p-value)
(FTD) (fvAD) (FTD vsfvAD) ( AD%’;:L'S“Q AD) (AD versus FfD)
Demographics
N 138 30 Na 332 Na Na
Age 70.6+9.8 72.8+7.3 Eta®=0.005(0.3) 81.4+7.6 Eta®=0.11(p<0.001) | Eta’=0.29(p<0.001)
Education (% <6years) 37% 46% OR=1.4(0.3) 48% OR=0.94(0.8) OR=0.63(0.02)
Sex (male %) 55.8% 60% OR=1.18(0.68) 25% OR=4.3 (<0.001) OR=3.6 (<0.001 )
Mini-Mental State Score 22.2+6.8 22.6+6.2 Eta®=0.001(0.7) 19.243.9 Eta’=0.04(<0.001) | Eta*=0.067(<0.001)
Family History (% Yes) 37.2% 57.1% OR=2.25(0.06) 46.6% OR=1.5(0.28) OR=0.68(0.08)
ApoE4 car;i(e;;)s) frequency 35(25.4%) 9(30%) Na
Phenotype
Chief complaints at baseline
Focal Signs 10% 3% 0%
Behavior 19.6% 0% 1.5%
Gait disturbance 1.4% 0 0%
P(6dt)=1.7E-5 P(4dt)=0.01 P(6d t)=3E-34
Memory 34.1% 90% 89.2%
Language 1.4% 0 0
Other 33.5% 7% 9.3%
Symptoms reported by the caregiver at the beginning of the process
Depression 8.7% 0 1.5%
Job Loss 0.7% 0 0
Focal Signs 15.2% 0 0.6%
Behavior 29.8% 0 3.3%
P(8dt)=6.8E-12 P(6dt)=0.8 P(8dt)=9.5E-47
Gait disturbance 2.2% 0 0.6%
Memory 20% 100% 90.7%
Language 1.4% 0 0
Others 22% 0 3.3%
Predominant signs at baseline
Agitation 5.0% 0% OR=0.80(0.59) 2.1% OR=0.92(1) OR=2.4(0.12)
Bulimia 7.5% 0% OR=0.80(0.21) 0% Na OR=0.25(<0.001)
Depression 24.2% 0% OR=0.77(0.02) 24.5% OR=0.91 (0.001) OR=0.984(1.0)
Disorientation 26.7% 29.6% OR=1.15(0.81) 56% OR=0.3 3(0.009) OR=0.28(<0.001)
Hypersexuality 42% 0% OR=0.81(0.58) 0% Na OR=0.26(0.001)
Delusions 10% 11.1% OR=11(1) 10.1% OR=1.1(0.74) OR=0.99(1)
Inhibition 6.7% 0% OR=0.8(0.35) 1.5% OR=0.92(1) OR=4.6(0.008)
Memory loss 71.7% 96.3% OR=10.2(0.005) 98.5% OR=0.40(0.381) OR=0.39(<0.001)
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(Table 4) contd...
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Diagnosed FTD
Diagnosed AD . .
Classified FTD | Classified AD | Effect Size (AD) Effect Size | Effect Size (p-value)
(FTD) (fvAD) (FTD vsfvAD) ( AD("I’;‘:}:;{ AD) (AD versus FD)
Focal sings 8.3% 3.7% OR=0.42(0.69) 0.3% OR=12.5(0.14) OR=29.6(<0.001)
Gait disorder 10.8% 0% OR=0.79(0.12) 3.7% OR=0.92(0.61) OR=3.1(0.009)
Language disorder 46.7% 33.3% OR=0.57(0.28) 251% OR= 1.4(0.36) OR=2.6(<0.001)
Neuroimaging data
Symmetry Pattern
Rt. Hemjsphere 14.3% 4.8% 1.5
Lt. Hemisphere 31.3% 0% P(2dt)=0.002 11.2 P(2dt)=0.15 P(2dt)=5.7E-14
Symmetric 54.5% 95.2% 87.3
Atrophy Location
Frontal 26.8% 0 0.6%
Temporal Pole 34.8% 0 1.2%
Parietal 4.5% 4.8% 2.4%
FrontoTemporal 21.4% 66.7% 2.1%
P(5dt)=5.8E-6 P(7dt)=4.5E-29 P(7dt)=4.24E-64
Global 8.9% 28.6% 49.5%
Fronto Parietal 3.6% 0 0.3%
Hippocampus 0 0 32.3%
TemporoParietal 0 0 11.5%

Note: p- values appear in bracket or alone on each cell. P-values below 0.0011 are declared significant (Bonferroni’s Correction for multiple comparisons; 43 tests). Df=degree of freedom.

Na=Nor applicable.

65 years. We analyzed the effect of age at onset of symp-
toms on the clinical variables, regardless of ApoE4 genoty-
pe. (Supplementary Table 4)

The bvFTD phenotype was more often observed in tho-
se below 65 years. Patients below 65 years had a higher
percentage of family history of dementia (55.8% p=.028).
Younger patients showed more behavioral alteration at the
onset of symptoms (64.1% p=.005). Besides, memory im-
pairment was the most frequent symptom in the older ones
(46.3% p= .012). Moreover the pathological background
showed that dyslipidemia (42.3%, p= .012), heart disease
(21.3%, p = .031) and osteoarthrosis (29.4%, p<.001) were
more frequent in the older population and this is not surpri-
sing taking into account that this clinical findings increases
with age. There were no further significant differences on
neurological variables. Regarding the neuropsychological
variables, only the SKT test and the clock test were signi-
ficant in the older group. Of note, neither the neurological
examination variables nor the neuroimaging variables dis-
criminated by age at symptoms onset.

DISCUSSION

There are three main findings from the present study.
First, based on neuropathological analysis, approximately
17% of the clinically diagnosed FTD patients met neuropa-
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thological criteria for definite AD. Second, it was possible to
create a classifier algorithm using both genotype and pheno-
type information to identify those clinical FTD patients who
were actually more likely to be AD. Third, when comparing
the variables of these “hidden” AD cases within the FTD
sample, they were more likely to be classified as clinical
FTD than fvAD.

Although the problem of “hidden” AD in clinical series
of FTD patients is well known, this is the first time that it
has been possible to create a classifier that was able to iden-
tify individuals within a sample of clinical FTD who were
at very high risk for having AD. Small studies have been in-
consistent in terms of finding an association between APOE
and FTD [11, 12, 13, 14, 34-40] although neuropathologi-
cal series generally fail to demonstrate any link between the
€4 allele and FTD [41]. In addition, a recent GWAS using
exclusively neuropathological TDP-43+ (FTLD-TDP) ca-
ses [11, 42] failed to isolate any significant signal around
the APOE locus. Thus, our data are fully consistent with
the idea that the E4 allele is not associated with FTD risk,
and any apparent increases in allele frequency are entirely
due to misdiagnosed AD cases within the clinical FTD se-
ries. However, last interpretation has sorne limitations. For
example, there are not GWAS data for FTLD-TAU or FTL-
DFUS. Further research is needed in order to guarantee that
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any apparent increases in allele frequency are entirely due to
misdiagnosed AD cases within the clinical FTD series.

Clinicians and researchers must be cautioned that despite
the “hidden” AD cases within the group with FTD, it would
not be appropriate to eliminate patients with a €4 allele from
either clinical series or research studies of FTD. To do so
would remove approximately two-thirds of the genuine FTD
cases. Therefore, the most fruitful approach would be to use
a statistical classifier to identify those individuals within the
FTD sample who were most likely to be “hidden” AD cases,
and to treat them as a separate group for analysis, as shown
here. While this does not completely eliminate the problem
of the contamination of the FTD series, it may help to mini-
mize the impact of that contamination on the outcomes of
interest.

The identification of individuals who were diagnosed with
FTD but had AD is important since the misdiagnosis can re-
sult in the failure to provide appropriate medication for the
patient, or even potentially the prescription of inappropriate
medications [43]. The behavioral phenotype, alone, is not
sufficient to disentangle these two clinical syndromes, but
using both genetic and neuro-imaging markers along with
the clinical signs/symptoms, has the potential to improve
patient classification and thus case management. Indeed, it
may be that among patients diagnosed with FTD who are &4
carriers, it would be important for them to be able to have
more specific neuroimaging assessment, using either FDG
metabolic scans or in vivo amyloid imaging to help to clarify
the diagnosis.

It is vital to emphasize the need for a reliable estimate of
€4 allele frequency; a large series of AD and controls (e.g.,
n>1000) is an essential component of this kind of research.
We used estimates based on more than eleven thousand chro-
mosomes (5611 individuals) to calculate fvAD contamina-
tion. The precision of the e4 frequencies facilitated the infe-
rence of fvAD (17.2%) that resulted in almost identical rates
compared to the postmortem data (16.6%).

The penetrance and discriminant analyses were used to
indirectly demonstrate that the information contained in cli-
nical variables differentiating APOEe4 positive and negative
FTD patients may also differentiate AD cases and genuine
FTD (postmortem) with relatively good precision (AUC
93.9%).

However, the proposed classifier needs independent repli-
cation and could be improved by extending the discriminant
analysis to the whole clinical database and by including age
at onset and APOE genotype. Of note, APOE was only used
in the first phase of the study (penetrance analysis), but not
in the discriminant analysis which led to the score. In ad-
dition the results of the discrirninant average scores do not
vary with the age of onset of the disease. So, we feel that by
adding APOE or age at onset to the discriminant analysis we
cannot improve discrimination too much. Further research
increasing sample size and using deep phenotyping would
be necessary to improve obtained discriminant function.

Although AD and FTD can be differentiated using histo-
pathological analysis the existence of the fv AD complicates
the clinical identification of genuine FTD patients. From a
clinical point of view, the best predictor to identify hidden
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fvAD in FTD series is memory impairment (Table 4). Mo-
reover, behavior changes in the genuine FTDs such apathy,
desinhibition, or eating changes, are the first complaints refe-
rred by relatives. Besides, fvAD and FTD might have diffe-
rent neuroimaging atrophy patterns (Table 4).

The characterization of the phenotype of rare FTD syn-
dromes is difficult and may affect the identification of valid
genetic markers for FTD using GWAS strategies and other
massive molecular techniques. Most important, the misclas-
sification of AD patients as FTD might hamper the access to
palliative or empirical therapies by these atypical AD cases.
Consequently, the improvement of mathematical tools to
comprehensively differentiate fvAD and FTD would be of
interest not only for research but also for clinical purposes
in the future.
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ABBREVIATIONS

FTD Clinical Fronto-temporal dementia

fvAD = Clinical “frontal variant” Alzheimer’s
disease

AD = Alzheimer’s Disease

FTLD = Histological Fronto-temporal Lobar de
generation

bvFTD = Behavioral variant Fronto-temporal de
mentia

PNFA = Progressive Non Fluent Aphasia

SD = Semantic Dementia

PSP = Progressive Supranuclear Palsy

CBS = Cortico Basal Syndrome

FTD-MND = Fronto-temporal Dementia with Motor
Neuron Disease

APOE = Apolipoprotein E genotype

HWE = Hardy-Weinberg equilibrium law

LDA = Linear discriminant analyses

FTLD-TAU = Fronto-temporal Lobar degeneration
with TAU inclusions

FTLD-TDP = Fronto-temporal Lobar degeneration
with TDP-43 inclusions

FTLD-FUS = Fronto-temporal Lobar degeneration
with FUS inclusions.
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Abstract. Transmembrane Protein 106B SNP rs1990622 was recently shown to modify the risk of Frontotemporal Lobar
Degeneration with TDP-43 inclusions (FTD-TDP). An independent replication study of this genetic variant was performed in
381 individuals from Catalonia (Spain). By applying a recessive model, a tendency towards an association with FTD risk was
observed in our case—control study (age and sex-adjusted odds ratio=0.57; p=0.082). Importantly, meta-analysis of available
studies also supports a recessive effect for rs1990622 CC genotype (OR=0.70; C.I. 95% [0.57-0.85]; p=0.0003) and demon-
strates the existence of statistical heterogeneity due to an inherent pathological heterogeneity between series (P=0.00014).
We conclude that TMEM106B is associated with FTD, although the extent of this effect is difficult to be estimated by using

clinical FTD series.
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INTRODUCTION

Frontotemporal Lobar Degeneration (FTLD) is a fatal
neurodegenerative disorder in adults. In fact, FTLD is the
second cause of dementia, after early onset Alzheimer’s
disease (EOAD), in people under 65 years old. From a
clinical point of view, FTD (Frontotemporal dementia) is
a commonly used term. FTD comprises several disorders
with very specific clinical hallmarks. The most common
FTD subtype is the behavior variant (bvFTD), charac-
terized by behavioral and personality changes such as
disinhibition, that often coexists with apathy and mani-
fests itself by impulsive behavior, loss of empathy, or ste-
reotypic behavior, leading to a loss of social competence
[1] an international consortium developed revised guide-
lines for the diagnosis of behavioural variant frontotem-
poral dementia. The validation process retrospectively
reviewed clinical records and compared the sensitivity
of proposed and earlier criteria in a multi-site sample of
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patients with pathologically verified frontotemporal
lobar degeneration. According to the revised criteria,
‘possible’ behavioural variant frontotemporal demen-
tia requires three of six clinically discriminating fea-
tures (disinhibition, apathy/inertia, loss of sympathy/
empathy, perseverative/compulsive behaviours, hy-
perorality and dysexecutive neuropsychological pro-
file. Executive functions are impaired and in the initial
stages of the disease, memory and visuo-perceptive
skills are well preserved. In contrast, Progressive Non
Fluent Aphasia (PNFA) or Semantic Dementia (SD)
are characterized by language disturbances including
impaired expressive language, difficulties naming ob-
jects and reduction of verbal fluency or loss of com-
prehension of word meaning respectively [2]. FTLD
may be associated with Motoneuron Disease (MND),
in particular Amiotrophic Lateral Sclerosis (ALS), or
with parkinsonism. Several authors recognize clinical,
genetic and pathological overlap between FTLD and
ALS [3-5].

The clinical FTD phenotype is heterogeneous, but
pathological findings in postmortem analyses of brains
from subjects diagnosed of clinical FTD have also

ISSN 1387-2877114/$27.50 © 2014- JOS Press and the authors. All rights reserved
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revealed at least three different immunohystochemical
phenotypes related to specific protein deposits. Around
40% of patients with clinical FTD show tau inclusions.
They comprise most cases of PNFA, ~45% of cases of
bvFTD and some cases of SD [6-7]. More than 50% of
the FTLD patients present tau-negative ubiquitin stain-
ing inclusions referred to as FTLD-ubiquitin (FTLD-U)
and in 80-90% of this group inclusions are composed of
transactive response (TAR) DNA-binding protein 43 [8]
small numbers of cases have recently been reported with
TDP-43-negative FTLD-U pathology. To determine the
frequency and to define the clinico-pathological spectrum
of TDP-43-negative FTLD-U, we re-evaluated 44 cases
with a previous diagnosis of FTLD-U or dementia lacking
distinctive histopathology. We identified nine cases (20%.
However 10% of these cases are composed of a heter-
ogenous collection of uncommon disorders. These cases
with FTLD-U show no evidence of abnormal TDP-43
and several tau/TDP-43-negative FTLD subtypes are im-
munoreactive (ir) for the fused in sarcoma (FUS) protein
[9]. Cases with inclusions that can only be demonstrated
by immunohistochemistry against proteins of the ubiqui-
tin proteasome system (UPS), are designated FTLD-UPS
[10]. FTD-3 (mutations in the CHMP2B gene) is the ma-
jor entity associated with this FTLD-UPS pathology. This
designation recognizes that the TDP-43-negative inclu-
sions may immunostain for UPS proteins other than ubig-
uitin, such as p62. Recently, unconventional non-ATG
translation of the expanded hexanucleotide repeat, result-
ing in the production and aggregation of dipeptide repeat
(DPR) proteins (poly-GA, -GR and GP), was identified
as a potential pathomechanism of C9ORF72 mutations.
Besides accumulation of DPR proteins, the second neuro-
pathological hallmark lesion in COORF72 mutation cases
is the accumulation of TDP-43 [11-12].

From a genetic standpoint, familial antecedents are
commonly observed in FTD. Interestingly, genetic analy-
sis of familiar cases of FTD has revealed mutations in mul-
tiple loci including GRN [13-14] and MAPT [15] genes,
both very close on chromosome 17, but also in CHMP2B
[16], UBQLN2 [17], SOSTM1 [18]or TREM2 [19] genes.
Chromosome 9 open reading frame 72 (C9ORF72) mu-
tation, located at chromosome 9p21 is characterized by
a pathological non-coding hexanucleotide (G4C2) repeat
expansion. This latter mutation within C9ORF72 locus
is the most frequent cause of inherited ALS and FTLD
identified to date [20-22]. The isolation of these genes
was a great success but, as yet, not all mutations under-
lying these proteinopathies have been identified [23]TAR
DNA-binding protein TDP-43, fused-in-sarcoma or yet
unidentified proteins in affected brain regions. Rather
than the type of proteinopathy, the site of neurodegen-
eration correlates relatively well with the clinical pre-
sentation of FTLD. Molecular genetic studies identified
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five disease genes, of which the gene encoding the tau
protein (MAPT. An international team led by University
of Pennsylvania School of Medicine (USA), conducted a
genome-wide association study (GWAS) in 515 subjects
with autopsy-confirmed FTD with TDP-43 inclusions
and 2509 neurologically normal controls to seek novel
FTD-associated genes. All cases met either pathological
or genetic criteria for FTD-TDP which was confirmed by
detecting TDP-43 inclusions using immunohistochem-
istry (IHC) or mutation screening. Importantly, the au-
thors found FTLD-TDP associates with multiple SNPs
mapping in 7p21. This region contains the TMEM106B
gene. Three SNPs retained genome-wide significance af-
ter multiple testing correction; top SNP rs1990622 minor
allele (C) was reported as a protective genetic factor for
FTD-TDP (OR=0.61, 95% CI 0.53-0.71). The associa-
tion was replicated in 89 FTD-TDP autopsy-confirmed
cases and 553 controls but not in a clinical FTD series
available (a 192 FTD living patients cohort) [24]result-
ing from mutations in GRN (which encodes progranulin.
Independent efforts to replicate this finding using clinical
series have yielded controversial results. Rollinson et al
(2011) attempted to replicate the association of these loci
in FTD cohorts of British origin (520 FTD cases and 247
controls), but failed to detect any significant association
of TMEM106B SNPs in the Manchester or London co-
horts [3]. However, using an independent Flanders—Bel-
gian cohort comprised primarily of clinically diagnosed
patients (297 FTD cases and 595 controls), the associa-
tion with TMEM106B rs1990622 [OR=0.75 (0.61-0.93)]
was confirmed [25]. Finch et al, found a non-significant
effect for TMEM106B in 640 FTD (clinical series) and
822 controls on FTD risk. It is noteworthy that a strong
association between TMEM106B markers was detected in
a small series of patients carrying GRN mutations but not
in other FTD patients [26].

To evaluate the effect of TMEM106B 1s1999622 on
FTD risk, a new case-control association study was con-
ducted in clinical FTD patients and neurologically normal
controls. To conduct this research, the clinical FTD series
available at Fundacié ACE (Barcelona, Spain) were gen-
otyped. A new meta-analysis integrating obtained results
with currently available data was also performed.

MATERIALS AND METHODS
Patients

All of the patients agreed to participate in the study and
blood samples were obtained after they and/or their legal
representatives provided written consent according to the
GIPSY protocol approved by the ethics committee in the
Hospital Clinic i Provincial (Barcelona, Spain). Informed
consent was in accordance with Spanish biomedical laws
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(Law 14/2007, July 3rd, on biomedical research; Royal
Decree 1716/2011, November 18th). All procedures in-
volving experiments on human subjects are done in ac-
cordance with the ethical standards of the Ethics Commit-
tee of the institution in which the experiments were done
or in accord with the Helsinki Declaration of 1975.

All patients were south-Europeans (Spanish lineage,
two generation or more) recruited from the Fundaci
ACE. Barcelona Alzheimer Treatment & Research Cen-
ter. Genotypes from 381 unrelated individuals were used
for rs1990622 analysis (146 FTD cases, 234 neurologi-
cally normal controls). No individual has been included in
any genome-wide dataset previously reported. 146 clini-
cal FTD patients underwent a full neurological evaluation
and were diagnosed using international research criteria:
88 bvFTD [1]an international consortium developed re-
vised guidelines for the diagnosis of behavioural variant
frontotemporal dementia. The validation process retro-
spectively reviewed clinical records and compared the
sensitivity of proposed and earlier criteria in a multi-site
sample of patients with pathologically verified frontotem-
poral lobar degeneration. According to the revised crite-
ria, ‘possible’ behavioural variant frontotemporal demen-
tia requires three of six clinically discriminating features
(disinhibition, apathy/inertia, loss of sympathy/empathy,
perseverative/compulsive behaviours, hyperorality and
dysexecutive neuropsychological profile, 22 PNFA, 32
SD, [2]. Patients with Cortico-Basal Syndrome (CBS)
or Progressive Supranuclear Palsy Syndrome (PSPS)
[27]neuropsychology, and movement disorders special-
ists developed new criteria based on consensus and a
systematic literature review. Clinical diagnoses (early or
late, which in most cases are FTLD-TAU were excluded
from this study, as were patients with Logopenic Apha-
sia (LPA) who were not genotyped, since cases LPA are
mostly associated with a neuropathological diagnosis of
AD [28-29]. Four Patients with a combined phenotype of
FTD and ALS (FTD-MND) were also included. Patients
were diagnosed at a daily consensus conference jointly
by neurologists, neuropsychologists and social workers
at the Fundaci6 ACE Memory Clinic. Baseline signs
and symptoms were acquired directly from the patient or
from the primary caregiver. Patients were administered
a neuropsychological battery that included measures of
orientation , attention, verbal learning and long-term
memory, language, gnosis, praxis and executive func-
tions [30]. Neuroimaging studies used included CT and/
or MRI, which were required for a probable FTD diag-
nosis according to revised criteria [1-2] ; in some cases
SPECT scans were also available. The locus and extent
of hemispheric atrophy was rated by visual inspection by
an experienced neurologist, and independently confirmed
by a neuroradiologist. FTD patients were screened look-
ing for MAPT mutations and C9ORF'72 expansions. Only
one FTD patient carrying a MAPT mutation (0.6%) was
identified. Three additional patients were C9ORF72 ex-
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pansion carriers (1.8%) [31]frontotemporal lobar degen-
eration (FTLD. The remaining candidates genes were not
studied. The exception was the UBQLN2 gene that was
partially screened in 77 FTD cases with familial anteced-
ents of FTD. No mutation was detected in UBQLN2 locus
[32]. Mutation carriers were not excluded from this study.

Molecular analysis

DNA was extracted from frozen blood samples using
the NucleoSpin Blood kit (Macherey-Nagel, Diiren, Ger-
many). The TMEM106B gene polymorphism rs1990622
was genotyped in an ECO Real-time PCR System (Illumi-
na, San Diego, USA) by using the KAPA HRM fast PCR
kit (Kapa Biosystems; Wobum, MA, USA) according to
the manufacturer’s instructions. High Resolution Melting
primers were designed using DesignStudio online tool
(Illumina; http://designstudio.illumina.com/).  Selected
amplification primers for High resolution melting were
Forward: 5 CACTGTTTCATCCCCTTTATCTCGCCTA
3’ and reverse: 5° TGCAGCTCTGTTCTCCATTGTAG-
TACTG 3°. The primer pair yields a 90 bp PCR product
containing a unique polymorphism (rs1990622) accord-
ing to Genome browser information. Real-time PCRs
were performed in a reaction volume of 5 pl with 2.5
pl of HRM fast start master kit, 0,25ul of amplification
primer mix directly purchased from Illumina (reference:
15028319), 0,5 pl of MgCl, (2.5mM end concentration;
Kapa Biosystems), 10 ng of genomic DNA (2ng/ pl end
concentration) and 0.75ul of PCR-grade water. Cycling
conditions were as follows: 50°C for 2 minutes, 95°C for
10 minutes, and 45 cycles at 95°C for 10 seconds and
65°C during 15 seconds. Fluorescence was monitored
at the end of each annealing/ extension phase. After am-
plification, specific conditions to obtain high resolution
melting (HRM) curves were 95°C for 15 seconds, 55°C
for 15 seconds, and 95°C for 15 seconds (ramping rate:
0.2°C/s). In the last step, continuous fluorimetric registers
were performed by the system at one acquisition register
per second. Melting peaks and genotype calls were ob-
tained by using the Illumina Eco Real Time PCR system
software version 4.1.02.0 (Illumina, San Diego, USA).

Statistical analysis and phenotype—genotype correlations.

Allelic frequencies, HWE equilibrium and genetic asso-
ciation studies were conducted using the online tool at
TUM Helmholtz Center (Munich, Germany; http://ihg.
gsf.de/cgi-bin/hw/hwal.pl). We used tests adapted from
the study conducted by Sasieni [33]there will be twice as
many alleles as people. Another approach considers the
risk of the disease in those who do not have the allele of
interest (A. Age and sex-adjusted binary logistic regres-
sion analyses were performed using SPSS 15.0 software
(SPSS, Chicago, IL). Meta-analyses were double checked
using two independent online tools. We calculated esti-
mates with Ken Rothman’s Episheet spreadsheet (avail-
able online at http://www.krothman.org/episheet.xls).
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Table 1
Association studies for rs1990622 in Fundacio ACE case-control series using different genetic models.
Genetic model Allele Cell Counts (controls) Cell counts (cases) Effect (OR) CI. 95% p-value
Hardy-Weinberg Equilibrium C/T TT:95; TC:97; CC:42 TT:62;TC:68;CC:17 na na >(0.053*
Allelic model (T vs C) T T:287; C:181 T:192; C:102 1.187 0.876-1.609 0.268
Heterozygous model (TC vs CC) T CC:42; TC:97 CC:17; TC:68 1.732 0.910-3.295 0.092
Homozygous model (TT vs CC) T CC:42; TT:95 CC:17; TT:62 1.612 0.843-3.082 0.146
Allele Positivy (TT+TC vs CC) C TT+TC:192; CC:42 TT+TC:130; CC:17 0.597 0.326-1.095 0.093
Armitage’s Trend test T TT:95; TC:97; CC:42 TT:62;TC:68;CC:17 1.218 na 0.285

C: cytosine; T: thymine; OR: odds ratio; na: not applicable. *For Hardy-Weinberg calculations we conducted two tests (cases and controls separately). Allele

positivity model is equivalent to T allele dominant model for or C allele recessive model.

The pooled estimate and 95% confidence intervals (CIs)
were estimated by assuming fixed or random effects mod-
el (when necessary). The results were confirmed by using
OpenMeta [Analyst] software freely available at Brown
University (http://www.cebm.brown.edu/open_meta/
download). Estimates were obtained from five different
studies and eight independent datasets (2338 FTLD cas-
es and 5248 controls). A total of 7586 samples were in-
cluded in meta-analyses (468 cases and 553 controls from
United Kingdom series; 640 cases and 822 controls from
Mayo clinic study; 796 cases and 3062 controls from the
original GWAS; 288 cases and 595 controls from Flan-
ders-Belgian series and 146 cases and 234 controls from
Fundacio ACE). Forest plot with allelic and recessive
(genotype CC) ORs from published studies were gener-
ated using OpenMeta [Analyst] software.

RESULTS

Rs1990622 Minor allele frequency (C allele; MAF=0.39
in controls), genotype distribution, and observed hetero-
zygosity (43% for pooled sample) in this sample of the
Spanish population are in accordance with the National
Center for Biotechnology Information database and pre-
vious investigations. Hardy—Weinberg equilibrium analy-
ses in our population indicated no gross deviations for this
SNP (p=0.054 in controls; p=0.86 in FTD cases; p=0.15
pooled). The association of TMEM106B rs1990622 mark-
er with FTD risk was explored subsequently using dif-
ferent tests (Table 1). No evidence of significant associ-
ation was found with FTD in any comparison (P>0.09).
Adjusted estimates using binary logistic regression mod-
els adjusting for age and sex were also obtained. Again,
statistically significant effects on FTD risk were not de-
tected in our series (P=0.138; data not shown). However,
risk for FTD was higher for individuals carrying either
one or two T alleles than CC carriers (OR=1.96 CI 95%
[1-3.84], p=0.049 for one T-allele copy and OR=1.55 CI
95% [0.79-3.05], p=0.203 for two T-allele copies).

Overall, the TMEM106B 151990622 CC genotype con-
ferred a relative protection against FTD in this sample of
the Spanish population. Of note, only a trend towards as-
sociation was observed when age and sex-adjusted anal-
ysis of recessive model (genotype CC) was performed
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(adjusted OR=0.57; p=0.082). It is noteworthy that the
observed effect size and direction were in line with pre-
vious results [24-25-26]resulting from mutations in GRN
(which encodes progranulin. We also repeated the anal-
ysis by removing those individuals carrying a MAPT
mutation (n=1) or C9ORF'72 expansions (n=3). The pro-
tective effect for genotype CC remained almost identical
(OR=0.61; p=0.11). Interestingly, no patient carrying
known mutations had the suggested protective genotype
(CC) in 1s1990622.

To further evaluate these observations, we decided
to conduct a meta-analysis by using effect estimates data
available from all previous publications [3-26-24] and our
own results. By merging data from eight case—control
studies and by using meta-analysis techniques, we were
able to estimate the overall allelic effect of rs1990622,
the effect in the replication series alone (excluding orig-
inal studies for sensitivity analysis) and the genotype
CC (in those studies with available genotypes or CC
effect estimates) (Figure 1). Global meta-analysis re-
sulted statistically significant (OR=0.80; C.I 95% [0.68-
0.94]; p=0.0067; random effects model). However, we
observed considerable heterogeneity among the studies
(p=0.00014; Q-test; Figure la). This is not surprising
taking into account that histopathological and clinical
series were mixed in this meta-analysis. Importantly, af-
ter removing original results by Van Deerling et al. [24]
resulting from mutations in GRN (which encodes pro-
granulin and leaving only data from replication series,
the heterogeneity disappeared (p=0.54; Q-test) and the
effect remained quite similar and statistically significant
(OR=0.88; C.I1.95% [0.80-0.96]; p=0.0092) (Figure 1b).
Most importantly, pooled analysis also suggested that re-
cessive CC genotype model might work better than allelic
model for rs1990622 by gaining one order of magnitude
in p-value (OR=0.70; C.I. 95% [0.57-0.85]; p=0.0003;
Figure 1c) with no evidence of heterogeneity among
available studies (p=0.36).

Phenotype-genotype correlation was also conducted in
the Fundacié ACE series by dividing clinical FTD cases
according to rs1990622 genotypes (genotypic, recessive
or dominant models) (tables 2 and 3). We did not find any
evidence of association between characteristics clinical
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Figure 1A: Overall Meta-analysis (Random effects)

Studies Estimate (95% C.I.)

0.889 (0.706, 1.120)
0.971 (0.748, 1.260)
0.930 (0.801, 1.080)
0.750 (0.605, 0.930)
0.610 (0.524,0.710)
0.515 (0.361,0.734)

Rollinson et al (Manchester: clinical FTD) 2011
Rollinson et al (London: clinical FTD) 2011

Finch et al (USA Mayo Clinic: clinical FTD) 2011

van der Zee et al (Flanders; Clinical FTD) 2011

van Deerlin et al (discovery set; TDP-43 confirmed) 2010
van Deerlin et al (validation; TDP-43 confirmed) 2010

van Deerlin et al (validation; Clinical FTD) 2010
This study (Fundacié ACE; Clinical FTD) 2013

1,004 (0.793, 1.271)
0.842 (0.621, 1.141)

Overall (1"2=76% , P<0.001) 0.802 (0.684, 0.941)
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Figure 1B: Sensitivity Analysis (excluding original results)

Studies Estimate (95% C.I.)

0.889 (0.706, 1.120)
0.971 (0.748, 1.260)
0.930 (0.801, 1.080)
0.750 (0.605, 0.930)

Rollinson et al (Manchester: clinical FTD) 2011
Rollinson et al (London: clinical FTD) 2011
Finch et al (USA Mayo Clinic: clinical FTD) 2011
van der Zee et al (Flanders; Clinical FTD) 2011

This study (Fundacié ACE; Clinical FTD) 2013 0.842 (0.621, 1.141)

Overall (I"2=0% , P=0.512) 0.881 (0.801, 0.969)

<>

Figure 1C: Meta-analysis (CC-recessive model)

Studies Estimate (95% C.1.)

T
0.8 1
Odds Ratio (log scale)

van Deerlin et al. (TDP-FTD) 2010
van Deerlin et al. (clinical FTD) 2010
van der Zee et al. (clinical FTD) 2011
Finch et al. (Clinical FTD) 2011

This study (Clinical FTD) 2013

0.500 (0.234, 1.120)
0.970 (0.619, 1.520)
0.550 (0.352, 0.860)
0.740 (0.559, 0.980)
0.598 (0.326, 1.096)

Overall (1"2=7% , P=0.366) 0.703 (0.580, 0.852)
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Fig. 1. Fixed and random effects model meta-analyses and Forest plots of rs1990622, reporting odds ratio (OR) with 95% confidence interval
(C1). A) All available studies, random effects model for allele C. B) Meta-analyses and Forest plots using replication studies only (sensitivity
analysis; fixed effects model for allele C). C) Meta-analyses and Forest plots for genotype CC (recessive genetic effect).

patients and rs1990622 genotypes after the application
of multiple testing corrections. However, it is noteworthy
that evidence of familial antecedents was less frequent in
patients carrying CC genotype than non-CC individuals
(p=0.03). Moreover, overall phenotype-genotype analy-
ses suggested that rs1990622 SNP cannot be used to dif-
ferentiate any clinical subgroup of FTD patients.

The results revealed a non-significant protective effect
for rs1990622 C allele in our population. Meta-analysis
using previously available datasets and the results ob-
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tained pointed to the existence of genetic association of
rs1990622 SNP to FTD risk.

DISCUSSION

We observed a trend toward significant results on ana-
lyzing the TMEM106B eftect on FTD risk in our FTD
clinical series. Furthermore, we estimated that in terms of
pathology characteristics only a percentage, presumably
50%, of our FTD cases would be eligible for inclusion in
a hypothetical study of only TDP-43 positive FTD cases.
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Table 2
Demography of Patients with clinical FTD randomized by rs1990622 SNP (genotypic, dominant and recessive models).
Al patients n=146 rs1990622bi Dominant Model C Recessive model C
CcC TC TT TT TC/CC No CC CcC
Age at onset, x (SD) 68,5 (8,9) 66.3 (11.2) 68 (8.0) 69.1(9.4) 69.1 (9.4) 67.7 (8.7) 68.5 (8.7) 66.3 (11.2)
MMSE, x (SD) 22,5 (6,1) 21.4(7.7) 22.3(5.0) 22.7 (6.6) 22.7 (6.6) 22.1(5.7) 22.5(5.9) 21.4(7.7)
Male N (%) 79 (54.1) 12 (15) 31(38.8) 37 (46.3) 37 (46.3) 43 (53.8) 68 (85.0) 12 (15.0)
Familiar History 72 (49.3) 4(23.5) 35 (54.7 29 (46.8) 29 (46.8) 39 (48.1) 64 (50.8) 4(23.5)
Clinical phenotype
bvFTD** 88 (60.3) 10 (11.4) 36 (40.9) 42 (47.7) 42 (47.7) 46 (52.3) 78 (88.6) 10 (11.4)
PNFA 22 (15.1) 0 13 (59.1) 9 (40.9) 9 (40.9) 13 (59.1) 22 (100) 0
SD 32(21.9) 5(15.6) 16 (50) 11(34.7) 11 (34.4) 21 (65.6) 27 (84.4) 5(15.6)
FTD-MND 4(2.7) 2(50.0) 2(50.0) 0 0 4(100) 2 (50) 2 (50)

bvFTD: behavioral variant Frontotemporal dementia; PNFA: Progressive non fluent aphasia ; SD: Semantic Dementia; FTD-MND: Fron-
totemporal dementia with motorneuron disease. **Familiar History (p: 0.038) for bvFTD in recessive model C

In any event, a trend toward association was observed for
C-allele protection on risk. This observation is very sim-
ilar to the effect observed in a Flanders-Belgian clinical
FTD cohort [25]. Crude and adjusted analyses pointed to
the idea that effect on risk of 151990622 C-allele might
work as a recessive protection allele in our population.

Lack of statistical significance cannot be over-interpret-
ed under these circumstances. In fact, bearing in mind
our limitations in terms of sample size and phenotypic
heterogeneity, we do consider that a genuine effect of
the TMEM106B markers on FTD risk exists. In fact, we
obtained a similar estimation of effect in our population
compared to previous clinical series (figure 1).

Importantly, meta-analysis and sensitivity analysis con-
firmed our results. This strategy may help to corroborate
genetic signals with a suspected smaller or even a diluted
effect. This was the case with rs1990622 SNP. In fact,
by merging data from fairly negative studies such as van
Deerlin’s clinical FTD series or the British case-con-
trol studies, we obtained statistically significant results
through meta-analysis (Figure la,b,c). The exclusion of
original results did not affect the meta-analysis. There-
fore, sensitivity analysis also supports the existence of a
genuine effect on FTD risk for this locus.

The results obtained with regard to the case, or patient
selection during the genome-wide studies must be dis-
cussed. First, from a diagnostic standpoint, SNPs derived
from GWAS conducted in pathologically-confirmed series
might be very difficult to validate using clinically based
studies. Therefore, it will be necessary to have clinical
datasets with large sample sizes to verify pathology-based
GWAS results. It is noteworthy that this phenomenon
could be the standard for dozens of weak GWAS signals
obtained in multiple studies of complex diseases. Subse-
quently, beyond the well-recognized winner’s curse, usu-
ally affecting any replication effort [34]odds ratio (OR,
the dilution of effect in clinical series must be taken into
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account for the design of GWAS replication programs
aiming to confirm isolated GWAS signals by using pa-
thology datasets . The concordant effect of rs1990622
observed in this study supported the notion that datasets
with a reduced sample sizes might be benefited from the
increasing of clinical homogeneity and from the reduction
of ethnic stratification. This could be the case of Fundacié
ACE dataset compared to other clinical series that failed
to detect the protective effect of rs1990622.

In our opinion the dilution effect of TMEM106B SNP
in clinical series seems evident (Figure la and b). The
observed differences in effect estimation between stud-
ies and heterogeneity could be attributable to selection of
FTD cases. Importantly, clinical FTD might also contain
Tau and FUS- related FTD cases (about 50%). Pathology
heterogeneity could explain the dilution effect observed
in all clinical series studied to date (figure 1). Conse-
quently, we reason that the strong heterogeneity observed
might have appeared by merging pathological and clin-
ical series. This phenomenon reinforces the notion that
pathology-driven GWAS could be an excellent strategy
to purify genuine genetic factors affecting only very spe-
cific patient subgroups. However, isolated genes will be
masked in any attempt at replication using clinical series.
This dilution effect could be one of the reasons explaining
the percentage of heritability still uncovered after exten-
sive application of meta-GWAS strategies [35]. Having
this in mind, a pathology-driven case selection could be
an advisable strategy to isolate hidden loci for other neu-
rodegenerative disorders with contrasted pathology het-
erogeneity.

The lack of information of our series in GRN locus rep-
resents a serious limitation of this study. It has been sug-
gested that the TMEM106B effect could be restricted only
to patients carrying GRN mutations [26]. However, orig-
inal findings showed a significant association with FT-
LD-TDP, both in those with and without GRN mutations
[24]resulting from mutations in GRN (which encodes
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progranulin. Moreover, the frequency of GRN mutations
in Spanish FTD patients is quite low (<6%) [36]8 asymp-
tomatic mutation carriers, and 10 control subjects as well
as in brain tissue from 16 patients and 9 control subjects.
RESULTS: Four novel mutations were associated with
familial and sporadic FTLD and familial dementia asso-
ciated with amyotrophic lateral sclerosis. We identified
a close association between the IVS6-1G>A mutation
in PGRN and corticobasal syndrome. Brain tissue was
available for carriers of two of the four mutations (IVS6-
1 G>A and P357HfsX3. This data makes it improbable
that the obtained results in our series and meta-analysis
could be only attributed to GRN mutation carriers. In re-
gard to FTD diagnosis, it will be necessary to determine
which genetic backgrounds are affected or modulated by
TMEM106B markers. However, data derived from oth-
er studies pointed to the idea that GRN mutation pene-
trance could be modulated by this locus [26-37]. Inter-
estingly, the only significant phenotypic characteristic of
FTD patients that might be observed in patients carry-
ing 1s19906622-CC was a reduced frequency of famil-
ial antecedents. This finding is consistent with a higher
effect of this locus in GRN mutation carriers previously
observed. However, the TMEM106B gene might modify
other FTD mutations. As a recent publication suggested,
TMEMI106B genotype could act as a genetic modifier of
the penetrance of C9ORF72 expansions. The observa-
tion was restricted only to those patients displaying FTD
clinical phenotype alone or in combination with MND.
Notably, the effect on C9ORF72 expansion was more
evident assuming a recessive model which was consis-
tent with our meta-analysis [38]586 FTD patients lacking
C90ORF72 expansions [with or without motor neuron dis-
ease (MND. This observation, when replicated, would
confirm that TMEM106B locus effect is not restricted to
FTD patients carrying GRN mutations. Further research
and independent replications are needed to corroborate
these clinical observations.

In conclusion, the observed heterogeneity and statistical
significance in the results observed during meta-analysis
point to the idea that the TMEMI106B locus is a genuine
modifying genetic factor at least in a subgroup of FTD-
TDP cases. Unfortunately, only a pathologically-con-
firmed FLTD series would help to clarify this point. How-
ever, the problem could be re-visited once radiotracers
for distinct subtypes of FTD pathology become available.
Finally, the molecular mechanism explaining observed
association is still under investigation [26-34-35]. Re-
cent functional studies suggested its role in progranulin
pathways by affecting GRN degradation in lysosomal
pathways [39]. This information might be relevant in the
design of novel therapeutic strategies for FTD-TDP.
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VIII. Discusion

En este trabajo de tesis se constata la necesidad de integrar la colaboracién entre la
labor que desempena el investigador clinico vy los resultados que aporta el laborato-
rio de andlisis genético, puesto que en este estadio de la investigacion la presencia
del genotipo causal que explica la patologia ya comienza a ser un dato habitual
disponible, que requiere una interpretacion apropiada.

Laresultados entre lo que el clinico valora en su contacto diario con los pacientes, en
base a su experiencia, protocolos y criterios clinicos, son datos cualitativos no exentos
de error, mientras que el profesional de la genética interpreta en su muestreo ADN
resultados cuantitativos y estadisticos, si bien la sobre-interpretacion de los hallazgos
genéticos fambién deben tenerse en cuenta. Por ello, es esencial una base de dafos
clinica rigurosa y de calidad para la identificacién de los nuevos loci asociados a
cada patologia, a la que sumar la mejora de la interpretacion de los hallazgos clini-
cos gracias a la incorporacion de la informacion genética. Una estrecha colabora-
cion entre ambos profesionales es indispensable para una mejor comprension de las
bases que conforman las enfermedades neurodegenerativas.

Como se ha descrito anteriormente, la DFT es un grupo de enfermedades neurode-
generativas que se presentan de forma diferente, tanto desde el punto de vista clini-
co, como genético y neuropatoldgico. (Figura 2 y Figura 3).
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Socialy
Conducta

Lenguaje

Fluente

—

Neuropatologia AR
Amiloide

Figura 2: Fenotipos Clinicos y correlacion patolégica

DFTvc: Demencia Frontotemporal variante de conducta. EMN: Enfermedad de mo-
toneurona. APPnf: Afasia Progresiva no fluente. EPS: Sindrome Exfrapiramidal. PSP: Pa-
rdlisis Supranuclear Progresiva. SCB: Sindrome Cortico Basal. APPvs: Afasia Progresiva
variante semdantica. APPvlp: Afasia Progresiva Primaria variante logopénica. TDP-43:
transactive response DNA binding protein 43 kDa. TAU: Proteina Tau, EA: Enfermedad
de Alzheimer. FUS: Fused in Sarcoma/Translocated in Sarcoma

(Adaptado de Herndndez et al. Manuscrito en preparacion)
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Genotipos Neuropatologia Proteotipos
y subtipos patologicos
otras

C9orf72 {subtipo B) -

GRN (subtipo A)
VCP (subfipo D) DLFT-TDP
TARDP (ALS)

il

Subtipos A-D
DLFT-EMN

Figura 3: Genotipos DLFT y correlacién patolégica

.MAPT: Microtubule associated protein Tau gen. TAU: Proteina Tau. DLFT-TAU: Demen-
cia Lobar Frontotemporal por depdsitos de proteina Tau, PiD: Enfermedad de Pick.
PSP: Pardlisis Supranuclear Progresiva. DCB: Degeneracion Cortico Basal. FTLD-17:
Demencia Frontotemporal con parkinsonismo asociado al Cr17. EGA: Enfermedad
por Granos Argirofilos. MST: Taupatia Multisistémica. DLFT-TDP: Demencia Lobar Fron-
totemporal con inclusiones de proteina TDP-43. C9orf72: chromosome 9 open reading
frame 72. GRN: Gen Progranulina. VCP: Gen Valosina. TARDP: gen TAR DNA Binding
Protein. TDP-43: tfransactive response DNA binding protein 43 kDa. DLFT-EMN; Demen-
cia Frontotemporal con Enfermedad de motoneurona asociada. FUS: gen Fused in
Sarcoma. CHMP2B: gen Charged multivesicular body protein. DLFT-UPS: Degenera-
cion Lobar Frontotemporal con inmuno-histoquimica contra proteinas del sistema
ubiguitina-proteasoma, DLFT-FUS: Degeneraciéon Lobar Frontotemporal por depdsitos
de proteina FUS. DLFT-in: Degeneracion Lobar Frontotemporal sin inclusiones.

(Adaptado de Herndndez et al. manuscrito en preparacion)
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Respecto a la caracterizacion de la serie Clinica

La serie clinica utilizada en este trabajo de tesis ha sido un frabajo de observacion
y seguimiento clinico realizado a lo largo de 15 anos. Los pacientes han sido valora-
dos clinicamente con instrumentos comunes y seguidos en la mayoria de casos por
el autor hasta su defuncion. Esto ha permitido observar y objetivar la progresion y el
cambio en algunos de sus fenotipos y disponer de informacion evolutiva de cada
sujeto. Del mismo modo se ha obtenido un porcentaje aceptable de confirmaciones
patoldégicas de una misma serie. El seguimiento continia en muchos de los sujetos.

La evolucién fenotipica de los 224 sujetos, desde su diagndstico inicial, se muestra
en Tabla 3. Clinicamente, los fenotipos evolutivos muestran que la DFTvc es el mds
frecuente, con el 50% de casos (n=112) (Rascovsky et al. 2011), seguido de la DS con
el 15.2% (n=34) y la APNF con el 9.4% (n=21), lo que suponen el 24% de casos con fe-
notipo APP (M L Gorno-Tempini et al. 2011). El resto de formas de presentacion clinica
las encontramos en el SCB con el 9.8% (n=22) (Armstrong et al. 2013) y la SPSP con el
10.7% (n=24)(Litvan et al. 1996). Sélo en el 3.6% (n=8) encontramos fenotipo DFT-EMN
y en todos los casos en forma de DFTvc, probablemente porque, si su debut clinico es
en forma de ELA son valorados en primera instancia en las Unidades especificas de
Sistema Nervioso Periférico. Estos resultados son concordantes con lo que se observa
en ofras series (Johnson et al. 2005b). De los ocho pacientes inicialmente orientados
como EA, 5 (62.5%) de ellos evolucionaron a DFTvc y 3 (37.5%) hacia SCB. Asi mismo,
una APNF y 2 DFTvc en diagndstico inicial, evolucionaron clinicamente a EA.

En 7 casos de APNF (23%) la evolucidon permitid observar la presentacion de un SPSP
en 4 casos y de SCB en 3 casos, confirmdndose en dos casos APNF de inicio, con evo-
lucion a SCB, una Taupatia de 4R. (I Ferrer et al. 2003) (Anexo).

Atendiendo a los datos de neuroimagen, observamos un predominio del patrén fron-
totemporal con 53 sujetos (29.4%) seguido del patron frontal en 47 sujetos (26.1%) vy el
temporal en 44 (24.4%), lo que suma un 80% de la serie y donde podriamos incluir los
fenotipos DFTvc y las APP (Tabla 4). El restante 20% presenta un patron de atrofia difuso
o frontoparietal. En este % probablemente estdn representados los fenotipos SPSP,
con un patrén mds global y el SCB con un patrén mas caracteristico frontoparietal.

De toda la serie clinica a estudio se han conseguido hasta el momento 31(13.8%)
confirmaciones anatomopatoldgicas (Tabla 5), donde el proteotipo Tau y TDP-43 su-
ponen el 74.3 % de los casos. El proteotipo amiloide estd presente en el 19.4% de la
serie.
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Tabla 3: Fenotipo evolutivo de la serie DFT clinica

Fenofipo Evolutivo N (%)
Diagnéstico Basal
N(%) | DFlvc | APNF DS |DFT-EMN| SCB PSP EA
Psiquidtrico 3(1.3) | 2(66.7) - 1(33.3) - - - -
SCB 14 (6.3) - 1(7.1%) ~ ~  |12857) 1(7.1) ~
PSP 16 (7.1) - - - - - 16 (100) -
EA 8(3.6) | 5(62.5) - - - 3 (37.5) -~ -
DCL 17.(7.6) [11(647) | 1(59) | 2(11.8) | 1(59) | 2(11.8) -
APNF 32(143) | 3(9.4) [19(59.4)| 1(3.1) | 1(36) | 3(9.4) | 40125 | 1(3.1)
DFTvc 99 (44.2) [ 88 (88.9) | - 1(1.0) | 4(40) | 1010 | 3(30) | 2(20)
DS 33(14.7) | 3(9.1) ~ 29879 o© 1(3.0) - -
DFT-EMN 2(0.9) - - - 2 (100) - - --
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Tabla 4: Patrones de Neuroimagen

Atrofia en Neuroimagen N (%)
Diagnéstico Basal
Fron- Fron-
N (%) Frontal | Temporal | Parietal to-tem- Global | to-parie-
poral tal
Psiquidtrico 3(1.7) 1(33.3) 1(33.3) - 1(3.3 - -
SCB 9 (5.0) 1(11.1) 1(11.1) 1(11.1) 2 (22.2) 2 (22.2) 2 (22.2)
PSP 12 (6.7) 3 (25.0) - 1(8.3) 2 (16.7) 6 (50.0) -
EA 6 (3.3 1(16.7) - 1(16.7) 3 (50.0) 1(16.7) -
DCL 11 (6.1) 3(27.3) 2 (18.2) - 5 (45.5) - 1(9.1)
APNF 27 (15.0) 9 (3.3) 6 (22.2) 2 (7.4) 5 (18.5) 4 (14.8) 1(3.7)
DFTvc 82 (45.6) | 27 (32.9) | 15(18.3) 2 (2.4) 28 (34.1) 9 (11.0) 1(1.2)
DS 30 (16.7) 2 (6.7) 19 (63.3) - 7 (23.3) 2 (6.7) -
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Tabla 5: Neuropatologia disponible de la serie clinica
Neuropatologia N (%)
Fenotipo al éxitus
N (%)
Amiloide | Tau 4R | Tau 3R sincutleim b | P43 im;;:;im
DFTvc 10 (32.3) | 2(20.0) | 1(10.0) | 1(10.0) - 1(10.0) 4 (40.0) 1(10.0)
SCB 6(19.4)) | 2(33.3) | 2(33.3) - 1(16.7) - 1(16.7) -
PSP 5(16.1) - 5(100) - - - - -
DFT-ELA | 6 (19.4) | 1(16.7) - - - 1(167) | 4(66.7) -
APNF 2 (6.5) - 2 (100) - - - - -
DS 2 (6.5) 1 (50) - - - - 1(50) -

La caracterizacion y el diagndstico clinico de cada sindrome van a depender de

la realizacion de una anamnesis detallada, investigando en profundidad, general-

mente con la persona informante, los signos iniciales del proceso. La identificacion

de los sintomas del paciente en las etapas iniciales serd crucial de cara a establecer

posibles tfratamientos médicos y proporcionar el mejor seguimiento y soporte familiar

a cada caso.
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Respecto al andlisis genético de la serie
a. Objetivos relacionados con la tesis

Trabajo I: UBQLN2

Se examinaron 77 pacientes con historia familiar de demencia que poseian evalua-
cioén clinica completa. Es importante destacar gue mantuvimos los pacientes con DFT
de fransmision varén-varén (donde la frasmision dominante ligada al X es imposible)
como controles negativos de este estudio (n = 12).

No se encontraron mutaciones de UBQLN2 en nuestra poblacion, por lo que la corre-
lacion genotipo-fenotipo fue desestimada.

Trabajo Il: C9orf72

Los datos fueron obtenidos gracias a la colaboracién con el “Tanz Center for Re-
search in Neurodegenerative Diseases. Universidad de Toronto. Canadd” que realizd
el estudio multicéntrico y la determinacion de las mutaciones Cofr72. (Xi et al. 2012).

Para este trabajo se aportaron a la serie a estudio 159 muestras de ADN. De ellas 102
(64.6%) sujetos con fenotipo DFTve, 3 (1.9%) fenotipo DFT-EMN, 22 (13.9%) con fenoti-
po APPnfy 31 (19.6%) con fenotipo DS. A estos hay que anadir la confirmacion de Ia
expansion G,C, positiva posmortem de otfro caso con fenotipo DFTvc:

» En los sujetos con fenotipo APPnfy DS (N: 53) no se obtuvieron expansiones
positivas.

» De los 106 sujetos restantes, 5.7%, eran portadores de C9orf72: 83% fenotipo
DFTvc y 16.6% fenotipo DFT-EMN, lo que concuerda con frabajos publicados
(Hsiung et al. 2012), donde la expansiéon de CYorf72 sélo se ha observado en los
fenotipos DFTvc y ELA.

» Las dos AP de las que se disponen, con fenotipo DFTvc ambas, fueron con-
cluyentes con depdsitos de TDP-43, proteotipo caracteristico de la expansion.
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Casos de la serie clinica de Fundacié ACE publicados en el articulo. Descripciones
(extraidas directamente de la informacion suplementaria del articulo (Xi et al. 2012).

» “M0010497. A 71 year old man with a 5 year history of memory problems man-
ifested as losing objects and getfting lost in the neighborhood. About 4 years
prior, the patient’s wife assumed responsibility of his business affairs. Currently,
the patient continues fo suffer with memory problems with some spatial/time dis-
orientation. The patient is completely dependent on his wife and is homebound,
is not aggressive and does not suffer from delusions or hallucinations. However,
the patient shows impulsive behavior with a tendency to compulsively buy food
and shows a lack of initiative. Neuropsychological assessment concluded that
the patient was disoriented to reality and he showed an impairment of attention,
language, visual gnosis, praxis and prefrontal functions.

»M0024815. A 50 year old man with a strong history of dementia (father with
bvFTD, grandfather and two paternal uncles with dementia) began to devel-
op irritability and difficulty with executive function. Shortly after diagnosis, he
stopped working. There were no problems with language. He is still able to car-
ry out basic day to day functions without supervision. The neuropsychological
assessment showed a significant slowing of cognitive processing and a severe
impairment of verbal learning, verbal working memory, complex visual gnosis,
visuoconstructive praxis, visuospatial abilities, inhibition of automatic responses
and action verbal fluency. There was a mild impairment of attention, verbal free
recall and recognition memory, writing, complex verbal comprehension, pho-
nemic verbal fluency and absfract reasoning. In contrast, he showed a relative
preservation of spontaneous speech, confrontational object naming, repetition
of sentences, reading, simple visual gnosis, imitational and ideomotor praxis, and
category verbal fluency.

»M0018127. A 61 year old woman with a family history of dementia (sister and
father) showed behavioral changes and memory loss at age 60. She sings ex-
cessively and speaks with the characters on the television. She is obsessed with
money and is impulsive. She frequently calls in tfo TV contests and makes inap-
propriate comments. However, she is still able to function independently most
of the time. The neuropsychological assessment showed impairment of visual
gnosis and visuoconstructive praxis; and a mild impairment of attention, verbal
working memory, inhibition of automatic responses and absfract reasoning.
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» MO0010098. A 66 year old man with family history of dementia (brother and
father) began to suffer from memory problems and disorientation at age 60. The
family notes that at that time he was unable to carry out normal activities of daily
living. At present, the patient presents with temporal and spatial disorientation,
language difficulties, apathy, sleep disorder, bulimia, and a sexual disorder. The
neuropsychological assessment showed significant slowing of cognitive process-
ing and a severe impairment of attention, verbal learning, verbal working mem-
ory, spontaneous speech (tendency to mutism, stereotyped behaviour), writing,
reading, complex verbal comprehension, confrontation object naming, visual
gnosis, imitation, inhibition of automatic responses, phonemic and category ver-
bal luency, and abstract reasoning. There was also a mild impairment of verbal
free recall and recognition memory (Figure 4).
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Figura 4: Neuropathology of pacient M0010098

A-D: Hematoxylin-eosin stains showing moderate neuronal loss and gliosis in frontal cortex (A) associated to promi-
nent microvacuolation of upper cortical laminae (B). There is in addition marked neuronal loss and gliosis of caudate
nucleus (C). In D, a moderate reduction of neuromelanin-laden neurons of substantia nigra is observed, with extra-
cellular pigment, gliosis and macrophages. E-L: Immunohistochemistry shows the presence of frequent small neuronal
cytoplasmic inclusion bodies mainly immunoreactive for ubiquitin in frontal cortex (E), dentate gyrus of hippocampus
(I} and granular neurons of cerebellar cortex (K). These are also immunoreactive for pé2 (L). Some round neuronal
nuclear inclusions are detected in basal ganglia (inset in E) and cerebellar granule cells (L, left of the image). Some
ramified, skein-like inclusions are detected in some neurons of the n. ruber in the midbrain (G). TDP43-immunoreactive
neuronal cyfoplasmic inclusions are detected in frontal cortex (F, arrows), some of them with skein-like morphology
(inset in F), in granule cells of dentate gyrus of the hippocampus (J) and single neurons of the inferior olivary nucleus
(H). No TDP-43 positive inclusions are observed in cerebellar granule cell layer (not shown).
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Trabajo lll: Polimorfismo ApoE

No se ha demostrado que la ApoE4 sea un polimorfismo de riesgo para la DFT, aunque
numerosos articulos han intfentado mostrar asociacion. Esto posiblemente sea debido
a que todas las series clinicas de DFT estdn contfaminadas con sujetos que neuropa-
toldgicamente eran EA aunque su evolucion clinica mostrara criterios de DFT.

En este trabajo se han combinado las variables clinicas la serie de DFT con el genoti-
pado de ApoE vy los casos con confirmacion patoldgica. La hipdtesis ha sido estable-
cida con la premisa de crear un algoritmo discriminante que nos permitiera carac-
terizar aquellos casos EA atipicos que estdn errdbneamente clasificados como DFT. La
metodologia utilizada se describe ampliamente en el articulo.

Remarcar que el genotipado de ApoE sdlo se utilizd en un primer paso, durante el
andlisis discriminante, para escoger las 14 variables clinicas que mostraban una ten-
dencia estadistica para discernir portadores y no portadores de €4 dentro de la serie
clinica. 30 casos de la serie fueron asignados por el discriminante a EAvf (EA variante
frontal) y se compararon fenotipicamente con el resto de sujetos de la serie DFT, ob-
teniendo los siguientes datos:

» El 26.3% de los 30 sujetos asignados a EAvf eran portadores de ¢4 y de éstos,
el 80 %, revisada su evolucion fenotipica, mostraron signos de evolucion a EA,
pero de caracteristicas atipicas (SCB, ACP, APPvI). El clasificador no discrimind
en los casos SPSP.

» Se halld una frecuencia mads alta de cambio de diagndstico a lo largo del
curso de la enfermedad en EAvf comparados con el resto (31% versus 16.9%;
p=0.01), lo que indica un fenotipo evolutivo mds inestable.

» En la visita basal, el 90% de los clasificados como EA manifestaban quejas de
memoria frente al 34 % de las DFT.

» Los sujetos que el LDA selecciona como EA son de mayor edad y con mds
carga de ApoE (e4: 21% <65 anos vs 29.6% en >65 anos).

» El fenotipo DFTvc es mds frecuente en los mds jovenes (53% <65 anos vs 36 %
> 65 anos).

» Como sinfomas de inicio, la alteracion de memoria estaba presente en el
26.7 % <65 frente al 46.3 >65 anos (p=0.018) yla conductaen el 61.4 % <65 fren-
te al 38.0 >65 anos (p= 0.007).
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Trabajo IV: TMEN106B

Un GWAS realizado en 515 sujetos con confirmaciéon andtomo-patoldgica de DLFT-
TDP, llevado a cabo por el equipo de la Universidad de Pennsylvania en 2010, (Deerlin
et al. 2010) mostraba el efecto protector del SNP rs1990622 del gen TMEM106B (lo-
calizado en 7p21). En concreto, el alelo menos frecuente (C), (los autores asignaron
el alelo C como un factor protector y modificador de riesgo de la DLFT-TDP. Otros
estudios han tratado de replicar dichos resultados, usando series clinicas, pero han
mostrado resultados controvertidos (para detalles véase la introducciéon). La causa
de esta controversia puede ser debida a que en las series clinicas DFT sdlo el 250%
pacientes son DLFT-TDP.

En este frabajo se ha estudiado el SNP rs19990622 en nuestra serie DFT clinica con tres
modelos diferentes (genotipico, dominante y recesivo). Teniendo en consideracion el
numero de la muestra (147 DFT y 234 conftroles), se optd por realizar un meta-andlisis
con los resultados, asocidndolos a los datos disponibles de publicaciones previas y
una correlaciéon fenotipo-genotipo entre los diferentes subtipos de DFT.

» Aplicando el modelo recesivo (CC) enrs1990622 se observd una tendencia a
la asociacion con el riesgo de DFT (ajustado por edad y sexo) con un OR =0.57;
p=0.082

» El meta-andlisis también apoyd el efecto del modelo recesivo para el genoti-
po rs1990622 (OR =0.70; Cl 95% [0.57-0.85] p=0.0003).

» Se observd que el riesgo para DFT era mayor para los individuos portadores
de uno o dos alelos T (definidos como de riesgo) que para los portadores de CC
(OR=1.96 Cl 95% [1-3.84], p=0.049 para una copia del alelo Ty OR=1.55 CI 95%
[0.79-3.05] para dos copias del alelo T.

» La correlacion fenotipo-genotipo llevada a cabo, para los fres modelos de
randomizacion, por genotipo, recesivo y dominante, no mostrd evidencia de
asociacion en ninguna de las variables clinicas utilizadas, salvo en los antece-
dentes familiares de demencia, que fueron menos frecuentes en los individuos
DFTvc portadores del genotipo de proteccion CC (p=0.03).
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b. Otros genes de la serie clinica estudiados.
TAUy GRN

Estos genes, de cardcter autosdémico dominante, sélo se han estudiado en aguellos
sujetos en los que se sospechaba una clara historia familiar mendeliana. Estos traba-
jos se realizaron en colaboraciéon con el Institut de Recerca-Hospital de la Santa Creu
i Sant Pau y dentro de otro proyecto de investigacion paralelo.

Para el estudio se han aportado 14 muestras de la serie, enconfrando Unicamente
una mutacion de TAU, ya conocida previamente. No se detectaron mutaciones en
Progranulina en ninguna de las muestras,

El paciente con la mutacion TAU detectada (P310L) presentaba un fenotipo DLFT-17
(Foster et al. 1997) que debutd con una DFTvc a los 45 anos y posteriormente desa-
rrolld signos parkinsonianos tipicos. En la Figura 5 se puede observar la AP, que por las
caracteristicas especiales que presentaba fue objeto de publicacion (Isidro Ferrer et
al. 2003) (Anexo)

Figura 5: Neuropatologia del paciente con mutaciéon TAU
Cortesia de la Dra. Ellen Gelpi. IDIBAPS. Banco de Tejidos Neurologicos. Universidad de Barcelona

Caracteristicas neuropatoldgicas representativas de la mutacion P301L MAPT que muestran atrofia cerebral grave,
patrén de degeneracién lobar fronto-temporal con reduccién de circunvoluciones, aplanamiento del ndcleo cau-
dado y dilatacién ventricular marcada (imagen macroscopica izquierda). La histologia muestra pérdida neuronal
generalizada con espongiosis (a) y gliosis prominente (b, inmunohistoquimica con (GFAP) proteina glial fibrilar dcida)
en las dreas afectadas del cerebro asociadas con la acumulacion intraneuronal extensa de la proteina tau hiperfos-
forilada (e) en forma de inmunoreactividad citoplasmdtica difusa (pretangles), hebras de neuropilo y ovillos neurofi-
brilares (f ) y pequenas inclusiones globulares extensas en las neuronas granulares de la circunvolucion dentada del
hipocampo (mini-Pick-like bodies; iechas en (d), que son inmunorreactivas para isoformas Tau de 3R y 4R (pequenas
inserciones en d)-
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SQSTM1

Este es un proyecto multicéntrico realizado en colaboracion con el Departamento
de Genética Molecular VIB de (Amberes, Bélgica). Se aportaron 147 (8%) muestras a
un total de 1808 casos de DFT y 234 (6%) muestras a un total de 3899 controles (van
der Zee et al. 2014). No se encontraron mutaciones en nuestra serie.

En la muestra total se identificaron 25 variantes raras en heterocigosis que afecta-
ban a la regién codificante de SQSTM1, que incluian 23 mutaciones por cambio de
aminodcido, una mutacién nula que interrumpia la pausa de lectura y una pequena
delecién que no alteraba la pauta de lectura. No se encontraron estas mutaciones
en los en 3.899 conftroles.

TREM2

Trabajo de colaboracion con DEGESCO (Dementia Genetics Spanish Consortium)
con la aportacién de 539 muestras DFT (148 de esta serie) y 666 controles y el “De-
partment of Psychiatry and Psychotherapy, y Institute of Human Genetics. University of
Bonn, Germany” con la aportacion de 63 muestras DFT y 939 controles.

De nuestra serie clinica se incluyeron 148 sujetos (24.5%) y 234 controles (14.5%). Se
identificd un paciente con la mutacion W44X, publicada en 2002 (Paloneva BM et
al. 2001) como causante de displasia poliquistica lipomenbranosa con leucoencefa-
lopatia esclerosante (PLOST, Enfermedad de Nasu-Hakola) y 5 variantes que a fravés
del andlisis bioinformatico se infieren como patogénicas (Tabla 6).

Tabla é: Variantes TREM2 raras identificadas en la serie y fenotipo asociado

Casos

ANoS 75 72 71 74 86 77 77 64 68 78
Género Varén Mujer Varén | Varén | Vardn Mujer Varén Mujer Varén Mujer
Mutacién W44X R62H A28V A105T R62H T96K R62H T96K R47H R47H
Interpreta- Pato- | Pato- No No No Pato- No Pato- | Pato- | Pato-
cién génica | génica pato- | pato- pato- génica pato- génica | génica | génica
génica | génica | génica génica
Sinfoma de Con- Con- Len- Len- Con- Len- Memo- | Diseje- | Diseje- Len-
inicio ducta ducta guaje guaje ducta guaje ria cutivo | cutivo guaje
Fenotipo APP- DS-DF- DFT-
evolutivo DFTvc DFTvc PSP Tve DFTve DS DFTvc EMN APPVI APPVI
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GWAS : Estudio de asociacion de genoma completo de DFT

A este estudio, realizado en colaboracién con “The National Institute of Neurological
Disorders and Stroke and National Institute on Aging, the Wellcome/MRC Centre on
Parkinson's disease, Alzheimer’s Research UK, and Texas Tech University Health Scien-
ces Center” se aportaron 237 controles y 155 muestras de la serie clinica: 99 DFTvc
(63%), 22 APPNf (14%), 31 APPvs (20%) Y 3 DFT-ELA (2%) a un total de 2154 pacientes
con DFT y 4308 controles. Nuestra serie se empleo para la fase de replicacion y los
genotipos estan disponibles para estudios futuros.

Se han identificado 2 nuevos genes que superan el umbral de significaciéon para es-
tudio de genoma completo. Los loci identificados son el HLA en la posiciéon ép 21.3y
un marcador del genRAB38/CTSC en la posicion 11p14.

Los resultados sugieren que las alteraciones de los procesos del sistema inmune
(6p21.3) v, posiblemente, de la fisiologia lisosomal y vias de la autofagia, (11g14) po-
drian estar implicados en la DFT.
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IX. Conclusiones

A nivel fenotipico se observa una variabilidad en la evolucion clinica de la
serie DFT. De ello se desprende la necesidad de un seguimiento clinico a largo
plazo para identificar claramente los fenotipos, siendo, como en todas las se-
ries clinicas publicadas, el fenotipo DFTvc el mds prevalente.

A nivel genético, se ha observado que la expansion del C9orf72 es la mutacion
mds frecuente dentro de la serie. Todos los portadores presentan el fenotipo
DFTvc y/o ELA. Se confirma que la expansidon de Corf72 es la mayor causa de
DFT en nuestra serie, de causa familiar y la primera a estudiar en esta variante
fenotipica.

Dentro de los polimorfismos estudiados se concluye que la ApoE E4 no estd
asociada ala DFTy que dentro de las series clinicas DFT hay que sopesar la pro-
bable contaminacion de fenotipos EA. Los resultados estdn en concordancia
con la hipdtesis de que casos EA variante frontal estdn inflando la frecuencia
alélica de ApoE4 dentro de las series DFT y esto podria ayudar a diferenciarlos
clinicamente; corroborando esta observacion, la existencia de “informacion
clinica de EA” dentro de la serie DFT.

Respecto al polimorfismo TMEM106B, nuestros resultados indican que aplican-
do el modelo recesivo (CC) se observa una tendencia a la asociaciéon en relo-
cion con el riesgo de DFT (ajustado por edad y sexo, con una odds ratio=0.57;
p=0.082). Los meta-andlisis de los estudios disponibles también apoyan el
efecto recesivo para el genotipo CC rs1990622 (OR=0.70; C.I. 5% [0.57-0.85];
pP=0.0003). Asi, concluimos que TMEM106B estd asociado con DFT, aunque el
grado de este efecto es dificil de ser estimado usando series clinicas.

En la correlaciéon fenotipo-genotipo del polimorfismo de TMEM106B, no se ob-
jetivd evidencia de asociacion en ninguno de los modelos utilizados (genoti-
po, dominante y recesivo), excepto en los antecedentes familiares de demen-
cia del fenotipo DFTvc, que fueron menos frecuentes en aquellos portadores
del genotipo CC de proteccion; por lo que se concluye que el andlisis del SNP
rs1990622 no puede ser usado para diferenciar los diferentes subtipos clinicos.
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6. No se han encontrado mutaciones en el gen UBQLNZ2 en la poblacién estudia-
da, porlo que se deduce que es una mutacion rara y a tener en cuenta sélo
cuando se hayan descartado las mds prevalentes.

7. Estudios realizados en colaboracion (Tabla 7)

e Se ha confirmado una mutacion de TAU y seis variantes potencialmente
patogénicas de TREM2.

e FEl estudio GWAS detecta dos loci asociados al sistema inmune vy la via
lisosomal y de autofagia, como potencialmente implicados en la DFT.

Tabla 7: Estudios en colaboracion

TAU Barcelona 14 1(7%)

GRN Barcelona 14 0
C9orf72 Toronto 159 6 (3.7%)
SQSTM1 Bélgica 147 0
TREM 2 Alemania 148 6 (4%)
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IX. Conclusiones

COROLARIO

En resumen, la variabilidad fenotipica y genotipica de las DLFT representa un impor-
tante reto para el clinico, sobre todo en las fases precoces, aunque los criterios diag-
ndsticos utilizados en la actualidad, en parte debido a la introduccidn de los nuevos
biomarcadores (bioquimicos y de neuroimagen), permiten una clasificaciéon fenotipi-
ca mas acertada. La asociacion de los marcadores genéticos al diagndstico clinico
como herramienta para conocer el sustrato molecular subyacente es fundamental
para la busqueda de nuevas terapias. En este sentido, los trabajos de esta monogra-
fia intentan abordar la importancia del estudio de estos marcadores y su correlacion
con la clinica de cara a un mejor conocimiento de la comunidad cientifica.

Es importante resaltar la dificultad, desde el punto de vista del clinico y dentro de la
Sanidad publica espanola y catalana, el acceso a la determinaciéon de los marcado-
res genéticos, que en la actualidad se han de realizar en centros de investigacion o
en Unidades especificas en base a convenios de colaboracion, pero desconocidas
para el clinico no experto en enfermedades neurodegenerativas. Probablemente un
no despreciable porcentaje de casos con fenotipo DFTvc, sobre todo entre la pobla-
cion psiquidtrica de debut mdas tardio, estan infradiagnosticados, no permitiendo el
acceso precoz de estos pacientes a los ensayos clinicos de DFT en el presente y un
tfratamiento especifico en el futuro. La colaboracidn entre las diferentes dreas clinicas
se muestra aqui fundamental.
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Dear Sirs,

Amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD) phenotypes appear in the same pedigrees
[1] and can occur in the same individuals [2] (FTDALS,
OMIM 105550). In fact about 2-3 % of ALS patients
develop dementia [3]. Consequently, in some individuals,
there appears to be a common genetic etiology for both
diseases. Genetic variation identified in GRN, FUS, TDP-
43, and more recently, in C9ORF72 and UBQLN2 genes
has been associated to familial ALS (FALS, OMIN
104105), familial FTD (OMIM 600274) and/or FTDALS
consistent with the notion that both disorders may share
genetic components and, probably, functional pathogenic
mechanisms [4-8].

UBQLN?2 gene was recently identified by Deng et al. [7]
as a novel dominant but not fully penetrant X-linked
FTDALS gene. Specifically, five segregating mutations in
four different proline residues within the PXX repeat
domain of UBQLN2 gene were identified in families
afflicted with ALS/dementia. Importantly, the authors also
found a correlation of hippocampal UBQLN2 pathology
with dementia in ALS cases with or without UBQLN2
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mutations, suggesting that UBQLN2 gene could be
involved in ALS-related dementia, even without UBQLN2
mutations [7].

UBQLN?2 gene encodes an ubiquitin-like protein (ubig-
uilin) that shares a high degree of similarity with related
proteins in multiple eukaryotic organisms. Specifically,
ubiquilins contain an N-terminal ubiquitin-like domain and
a C-terminal ubiquitin-associated domain; therefore, UB-
QLN2 could be functionally linked to ubiquitination
enzymatic processes. Functional analysis showed that
mutations in UBQLN?2 lead to an impairment of protein
degradation [7]. Of note, UBQLN2 protein has also been
shown to bind the Stch protein which is also involved in
aggresome malfunction [9]. The role of ubiquitination in
neurodegeneration is well established in different human
neurodegenerative disorders such Parkinson’s disease or
the Marinesco-Sjogren syndrome [10, 11]. Furthermore, it
has been suggested that there is a link between Alzheimer’s
disease and ubiquitins [12].

The purpose of the present study is to further explore the
role of UBQLN2 mutations in familial FTD [13]. We
examined 77 FTD index patients with a positive family
history of dementia who had complete clinical evaluations.
Importantly, we maintained FTD patients with observed
male to male transmission (which makes a dominant
X-linked transmission impossible) as negative controls of
this study (n = 12). For the purpose of this study, we
examined subjects with FTD and its subtypes (behavioral
variant FTD (bvFTD), semantic dementia, progressive non-
fluent aphasia), according to Neary et al. [14], as well as
patients within the FTD spectrum, such as with those with
combined phenotype of FTD and ALS, corticobasal syn-
drome or progressive supranuclear palsy (Table 1). All
individuals agreed to participate in the study and blood
samples were obtained after informed consent from
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subjects and/or their legal representatives according to
GIPSY protocol, approved by our referral ethics committee
in the Hospital Clinic I Provincial (Barcelona, Spain) and
conforms to the World Medical Association’s Declaration
of Helsinki. DNA extraction from frozen blood was per-
formed automatically according to standard procedures
using the Magnapure DNA isolation system (Roche
Diagnostics, Mannheim, Germany). To perform PCRs, we
prepared aliquots of DNA at a concentration of 10 ng/ul.
The rest of the stock was cryopreserved at —20 °C.

We employed automated DNA sequencing methods to
scan the specific UBQLN2 genomic region. The designed
primer pairs to amplify this region were Fw: 5' GTGCTG
GGAACCGCTATAGG and Rv: 5 ATTGCGTTGAG
CTGTTCCAG. The PCR reactions were carried out in a final
volume of 20 pL containing: 20 ng of genomic DNA,
0.25 puM each amplification primer, 62.5 pM of each dNTP,
1 M betaine (Sigma-Aldrich, Madrid, Spain), 0.5 pL of
DMSO (Sigma-Aldrich), 2 pL of 10X KAPA Taq Buffer A
(Kapa Biosystem, MA, USA) and 0.5 UI Tag DNA Poly-
merase (Kapa Biosystem). Cycling conditions were: an ini-
tial denaturation step of 95 °C for 4 min, followed by 35
cycles of 95 °C for 1 min, 61 °C for 1 min, and 72 °C for
1 min, and a final step of 72 °C for 4 min. All PCRs were
performed in a Biometra thermal cycler (Biometra Tper-
sonal, Gottingen, Germany). After electrophoresis in 1.5 %
agarose gel, the PCR products were purified using the
Nucleo-Spin Gel and PCR clean-up kit (Macherey—Nagel,
Diiren, Germany) according to the manufacturer’s instruc-
tions. Sequencing reactions were performed using the CEQ
Dye Terminator Cycle Sequencing Quit Start Kit (Beckman-
Coulter, Inc) and the Rv primer according to the manufac-
turer’s instructions. Fluorograms were analyzed on CEQTM
8000 Genetic Analysis System following the manufacturer’s
instructions.

Reference Genomic sequence containing PXX domain of
UBQLN?2 gene was identified using tools at UCSC Genome
Bioinformatics server (http://genome.ucsc.edu/). We selec-
ted a 112 base pair (bp) containing 12 consecutive PXX
repeats for mutation analysis (Supplementary Figure 1).
Selected DNA fragments were manually inspected using

Table 1 Observed clinical phenotypes in familial FTD patients
included in this study

Phenotype Acronym N %
FTD behavior variant FTDbv 47 61
Semantic dementia SD 11 14.3
Progressive non fluent aphasia PNFA 8 10.4
FTD plus motor neuron disease FTD-MND 3 39
Corticobasal syndrome CBS 4 5.2
Progressive supranuclear palsy PSP 2 2.6
Mixed phenotype - 2 2.6

@ Springer

Chromas software (ver 1.43, ©Conor McCarthy, Brisbane,
Australia). To conduct identity, similarity and gap analyses,
sequences were automatically evaluated using two different
computed-based software (EMBOSS-water and Clustalw2)
freely available at EBI-EMBL web site.

The manual and automated inspections of the PXX domain
of UBQLN2 gene (77 independent reads) did not find any
evidence of PXX mutations in our patients. It is possible that
we could have had a potential false negative in this study.
However, we believe that this is less likely since we performed
current gold standard methodology for mutation detection,
which is the automated DNA sequencing [15], and because we
have carefully controlled for any potential sequence alteration
or suspicious fluorescence peak in the electropherograms at
least twice, both times using independent PCR reactions.
Furthermore, automated alignment analyses indicated that
most base pairs analyzed within the PXX domain of UBQLN2
gene have been safely resolved using our molecular method
with a high confidence (overall identity >97 %, overall sim-
ilarity 99.04 %, observed gaps <0.23 %). On the other hand,
multiple sequence alignment revealed that when the noise
appeared in the electropherograms it was usually concentrated
in proline codons of PXX domain (Supplementary Figure 1).
This technical observation is not unusual because CpGs and
hairpin regions are generally concentrating sequence com-
pression and noise [ 16]. Of note, noisy peaks could complicate
sequencing interpretation of critical codons and mutation
researchers have to be aware of it.

We failed to identify any causative mutations within the
PXX domain of UBQLN gene in familial FTD patients of
Spanish origin. Nevertheless, these negative results do not
invalidate previous findings in FTDALS families and do
not rule out the existence of other variants in another
UBQLN gene domain. However, our preliminary inspec-
tion of non PXX sequences and previous results obtained in
familial ALS (no mutations in 130 FALS cases) in French
FALS patients [17] suggested that UBQLN2 PXX domain
germline mutations are scarce in familial FTD or ALS.
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Objective: To estimate the allele frequency of C90rf72
(G4Cy) repeats in amyotrophic lateral sclerosis (ALS), fron-
totemporal lobar degeneration (FTLD), Alzheimer dis-
ease (AD), and Parkinson disease (PD).

Design: The number of repeats was estimated by a 2-step
genotyping strategy. For expansion carriers, we se-
quenced the repeat flanking regions and obtained APOE
genotypes and MAPT H1/H2 haplotypes.

Setting: Hospitals specializing in neurodegenerative dis-
orders.

Subjects: We analyzed 520 patients with FTLD, 389 pa-
tients with ALS, 424 patients with AD, 289 patients with
PD, 602 controls, 18 families, and 29 patients with PD
with the LRRK2 G2019S mutation.

Main Outcome Measure: The expansion frequency.

Results: Based on a prior cutoff (>30 repeats), the ex-
pansion was detected in 9.3% of patients with ALS, 5.2%
of patients with FTLD, and 0.7% of patients with PD but
not in controls or patients with AD. It was significantly

associated with family history of ALS or FTLD and age
at onset of FTLD. Phenotype variation (ALS vs FTLD)
was not associated with MAPT, APOE, or variability in
the repeat flanking regions. Two patients with PD were
carriers of 39 and 32 repeats with questionable patho-
logical significance, since the 39-repeat allele does not
segregate with PD. No expansion or intermediate alleles
(20-29 repeats) were found among the G2019S carriers
and AD cases with TAR DNA-binding protein 43—
positive inclusions. Surprisingly, the frequency of the 10-
repeat allele was marginally increased in all 4 neurode-
generative diseases compared with controls, indicating
the presence of an unknown risk variation in the C9orf72
locus.

Conclusions: The C9orf72 expansion is a common cause
of ALS and FTLD, but not of AD or PD. Our study raises
concern about a reliable cutoff for the pathological re-
peat number, which is important in the utility of genetic
screening.

Arch Neurol. Published online September 10, 2012.
doi:10.1001/archneurol.2012.2016

Author Affiliations are listed at
the end of this article.

MYOTROPHIC LATERAL SCLE-

rosis (ALS) and frontotem-

poral lobar degeneration

(FTLD) are fatal neurode-

generative syndromes that

belong to the same clinicopathological

spectrum."? Frontotemporal lobar degen-

eration is a primary dementia character-

ized by early behavioral, language, and ex-

trapyramidal changes, while symptoms of

ALS are the result of the degeneration of

motor neurons. Both syndromes may oc-

cur within the same family or even the
same patient.

Previously, linkage analyses revealed a

3.7-Mb region on 9p21 associated with fa-

milial ALS/FTLD,*"° and genome-wide as-
sociation studies suggested a major risk
factor in the same locus for sporadic ALS
and FTLD.""" Recently, 2 research groups
independently explained this locus by a
pathological noncoding hexanucleotide
(G4C3)30.1600 Tepeat expansion in the chro-
mosome 9 open reading frame 72
(C90rf72) gene of unknown function.**’
Based on the allele frequencies in cases vs
controls, the first studies suggested that ex-
pansions with more than 30 repeats should
be considered pathological, while alleles
with less than 20 repeats are wild type.'°
However, a reliable cutoff for the patho-
logical alleles remains to be established by
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additional studies (eg, segregation, neuropathological, or
functional studies). Furthermore, the contribution of in-
termediate-size alleles (20-29 repeats) to disease pathol-
ogy has not yet been evaluated.

The expansion is the most frequent cause of ALS and
FTLD identified to date. In the Finnish population, 46%
of patients with familial ALS, 21% of patients with spo-
radic ALS, and 29% of patients with sporadic FTLD have
the expansion.'® DeJesus-Hernandez et al'’ reported the
expansion in 24% of patients with familial ALS, 4% of
patients with sporadic ALS, and 12% of patients with fa-
milial FTLD. In the Flanders-Belgian cohort, the muta-
tion was observed in 47% of patients with familial ALS,
5% of patients with sporadic ALS, and 16% of patients
with familial FTLD.'® The pathological mechanism as-
sociated with the expansion is currently unknown ex-
cept that the expansion leads to a 50% reduction of
C90rf72 messenger RNA expression,'”'® and the brain pa-
thology in mutation carriers is associated with possibly
toxic nuclear RNA foci, as well as TAR DNA-binding pro-
tein 43 (TDP-43) and p62 inclusions.'”" The clinical phe-
notype appears to be highly heterogeneous in reported
mutation carriers.*

Following the discovery of this novel mutation, many
questions are yet to be addressed. What is the expan-
sion frequency in other ALS/FTLD cohorts? Are there any
clinical features that can discriminate between patients
with and without the C90rf72 expansion? What is a re-
liable cutoff for the pathological repeat number? What
is the role of alleles with intermediate repeat sizes or vari-
ability in the region flanking the G,C, repeat? Could the
expansion account for other neurodegenerative dis-
eases, such as Alzheimer disease (AD) or Parkinson dis-
ease (PD)? These questions were investigated by the cur-
rent study. The expansion frequency was estimated in a
comprehensive case-control sample set consisting of 2224
individuals (patients with FTLD, ALS, AD, and PD and
healthy controls). To our knowledge, this is the first case-
control study using a 2-step genotyping strategy that al-
lowed for the analysis of genotype information for the
alleles with less than 50 repeats. Clinical data were ana-
lyzed to understand the phenotype spectrum observed
in mutation carriers.

o EEETEES

HUMAN SAMPLES

Informed consent was obtained from all participants in accor-
dance with the respective ethical review boards. Sample char-
acteristics are presented in Table 1. All study participants were
either European (from Italy, Spain, and the United Kingdom)
or North American (white individuals mainly of North Euro-
pean origin) recruited from hospitals specializing in neurode-
generative disorders. The investigated unrelated individuals in-
cluded 520 patients with FTLD, 389 patients with ALS, 424
patients with AD, and 289 patients with PD and 602 neuro-
logically healthy controls (>65 years). Patients were diag-
nosed using established clinical criteria.”'** Cases with known
pathological mutations were excluded from the study. How-
ever, a previously described data set of 29 Canadian patients
with PD carrying the common LRRK2 G2019S mutation® was
analyzed separately for the presence of an expansion or inter-

Table 1. Sample Characteristics, Including Expansion
Carriers Identified in Each Cohort
Al No. of
Samples, Expansion Frequency of
Cohort No. (%) Carriers? Expansion, %
ALS
Age at onset, y, 57.6 (12.3)
mean (SD)
Female 149 (38.3)
Total 389 36 9.3
Familial 47 18 38.3
FTLD
Age at onset, y, 65.4 (10.1)
mean (SD)
Female 258 (49.6)
Total 520 27 5.2
Familial 211 22 10.4
AD
Age at onset, y, 72.1(9.4)
mean (SD)
Female 264 (62.3)
Total 424
Familial 167
PD
Age at onset, y, 52.6 (13.0)
mean (SD)
Female 92 (31.8)
Total 289 2 0.7
Familial 116 1 0.9
Controls
Age, y, mean (SD) 70.2 (9.5)
Female 357 (59.3)
Total 602

Abbreviations: AD, Alzheimer disease; ALS, amyotrophic lateral sclerosis;
ellipses, not detected/not applicable; FTLD, frontotemporal lobar
degeneration; PD, Parkinson disease

aThe allele was counted as an expansion allele when the number of
repeats was more than 30.

mediate allele in C90rf72 as a potential modifier of age at on-
set of parkinsonism. In addition, all available family members
of 18 extended pedigrees were genotyped for the G,C, repeats
(6 FTLD, 9 ALS, 1 PD, and 2 AD families).

GENOTYPING ASSAYS

Genomic DNA was isolated from blood using a QIAGEN Kkit.
To detect the size of the C90rf72 alleles within the normal to in-
termediate range of G4C, repeats (detection limit is 50 repeats)
and the presence of large expansions, a 2-step genotyping strat-
egy was used as previously described'” (eFigure 1, http://www
.joygrafika.com/projects/University_of_Toronto). Briefly, in the
first step, DNA samples (10 ng/polymerase chain reaction [PCR])
were amplified using primers near the repeat region (5'-FAM-
caaggagggaaacaaccgeagee and 5'-gcaggeaccgeaaccgeag). The frag-
ment-length analysis was performed on an ABI PRISM 3100 DNA
analyzer and visualized by Genotyper software version 2.5 (Ap-
plied Biosystems). Since expanded alleles are not amplifiable with
this set of primers, expansion carriers appear to be homozygous
for anormal repeat allele (in addition to true homozygotes). The
number of repeats was calculated based on the fragment size (eg,
129 base pairs [bp] represents 2 repeats, which was confirmed
by sequencing 7 samples [PCR primers: 5'-cgtcatcgca-
catagaaaaca and 5’-ggagacagctcgggtactgal). Since published se-
quencing analysis demonstrated that the G,C, repeats are unin-
terrupted,'” the number of repeats for each allele was calculated
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using the following formula: (amplicon length - 117)/6. Samples
scored as homozygous were included in the second step to de-
tect large expansions (>50 repeats) by a repeat-primed PCR. DNA
samples (100 ng/PCR) were amplified as described previously
using 3 primers (MRX-F: FAM-tgtaaaacgacggccagtcaaggagggaaa-
caaccgcagee, MRX-M13R: caggaaacagctatgacc, and MRX-R1:
caggaaacagctatgaccgggecegeeccgaccacgeeceggeeeeggeeeegg),” ex-
cept the primer ratio was modified to increase PCR efficiency
(MRX-F/MRX-M13R/MRX-R1 = 5/5/1). Data were analyzed using
GeneScan software version 3.1 (Applied Biosystems).

To search for sequence variability in regions flanking the
G,4C, repeat, 2 PCR products were sequenced in 50 patients (44
expansion carriers and 6 noncarriers) (eFigure 1B). The 5’ flank-
ing region was amplified with primers 5'-ccctaccagggtttgcagt
and 5’-cgactcctgagttcecagage (616 bp). The 3’ flanking region
was amplified with primers 5’-tgcggttgcggtgectge and 5'-
gaatggggagcacaccgacttge (625 bp). The APOE polymorphism
defining the €2 to €4 alleles and the 238-bp insertion/deletion
in intron 9 of MAPT defining the H1/H2 haplotypes was geno-
typed as described previously in all patients with FTLD and ALS
with a pathological expansion in C90rf72, as well as in their
family members.?

STATISTICAL ANALYSES

Differences in sample characteristics (eg, sex, age at onset, and
familial history between cases and controls) were analyzed using
the x? test, Fisher exact test, or independent-samples t test as
appropriate. Allele frequencies within the normal to interme-
diate range of repeats were calculated after excluding patients
who carry the pathological expanded allele, defined as a re-
peat number more than 30 as previously suggested.'®

The association between disease and alleles with less than
30 repeats was assessed using CLUMP software that is based
on Monte Carlo tests for the evaluation of highly polymorphic
loci.?” Empirical P values for T1 through T4 analyses were ob-
tained after 2000 simulations. Further analyses to obtain P val-
ues for each allele were also carried out as follows: allele counts
from cases and controls were tested for significance using the
X* test after combining rare alleles. When any cell in the con-
tingency table had an expected value less than 5, the corre-
sponding allele was pooled with the neighboring allele (this pro-
cess was repeated until no cell had an expected value <5). Each
allele group was compared in turn with the rest of the alleles
pooled together to calculate the x?* statistic. The pooling en-
abled the calculation of odds ratios and 95% Cls.?® All the sta-
tistical analyses were done using SPSS (version 20; IBM SPSS).
Statistical significance was taken to be P < .05 (Bonferroni cor-
rection for multiple testing was applied).

BN RESULTS S

We used a previously suggested cutoff (=30 repeats) to
distinguish the pathogenic expansion from the normal
allele.'® None of the patients in our series were homo-
zygous for the expansion allele, since all samples were
successfully amplified in the first step. Samples homo-
zygous in the first step (33%) were evaluated for the large
expansion (>50 repeats). Based on the electrophero-
gram with sawtooth peaks (eFigure 1), 65 unrelated pa-
tients were identified to be expansion carriers: 9.3% of
patients with ALS (36 0f 389), 5.2% of patients with FTLD
(27 0£520), and 0.7% of patients with PD (2 of 289), but
no expansions were detected in 424 patients with AD and
602 controls (Table 1).

Details of the clinical data for expansion carriers vs
noncarriers are presented in Table 2. In addition, 14
case reports on expansion carriers are available in the on-
line-only material. The expansion allele was signifi-
cantly associated with family history for both ALS and
FTLD (P < .001). The frequency of the expansion was
10.5% in patients with familial FTLD and 38.3% in pa-
tients with familial ALS. The average age at onset of FTLD
was 0 years younger in expansion carriers than those with-
out (P =.003). The disease subcategory of FTLD with mo-
tor neuron disease was significantly enriched in expan-
sion carriers (P < .001). However, there was no significant
association with any evaluated clinical characteristic of
ALS.

In expansion carriers, we did not observe an interme-
diate or pathological number of repeats for the second
allele (2-11 repeats). Also, sequencing analysis of 44 ex-
pansion carriers and 6 noncarriers did not reveal vari-
ability in the regions immediately flanking the G,C, re-
peat that could be responsible for repeat instability,
including a short tandem repeat (CGG)g located 294 bp
downstream of the G,C, repeat (eFigure 1B). Hence, it
is unlikely that the number of repeats of the second al-
lele or polymorphisms in the flanking region contribute
significantly to the disease phenotype. In addition, the
MAPT H1/H2 and APOE genotypes were examined in 63
expansion carriers (36 patients with ALS and 27 pa-
tients with FTLD) and their family members, since both
genes are well-known risk factors for several neurode-
generative disorders including FTLD. However, statisti-
cal analysis did not reveal a significant link between these
genes and disease presentation (ALS vs FTLD) (eTable
1 and eFigure 2).

For the segregation analysis, we genotyped all avail-
able family members of probands with the expansion (6
FTLD and 9 ALS families) and detected 30 additional mu-
tation carriers. The expansion allele showed perfect coseg-
regation with disease, and for those expansion carriers
who were asymptomatic (mean [SD] age, 46.3 [10.7]
years; range, 24-64 years), follow-up is ongoing (Table 3,
Figure 1A, and eFigure 2A and B). Within the pedi-
grees, there was no evidence of instability in the repeat
size for the normal alleles (Figure 1A and eFigure 2). The
method used in the study did not allow the same ques-
tion to be addressed for the expanded allele, and the DNA
quality/quantity was not sufficient to conduct Southern
blotting to estimate the size of the expanded allele. How-
ever, in the 2 families with expansion carriers in 2 gen-
erations, a younger age at onset in the subsequent gen-
eration was observed (48 vs 74 years in ALS15 pedigree
and 45-47 years vs 60s in the FTLD TOR73 pedigree),
indicating genetic anticipation (eFigure 2A).

Two patients with PD (without signs of ALS or de-
mentia) were categorized as expansion carriers (39 and
32 repeats). Family history of PD was known only for 1
patient; however, the 39-repeat allele does not segregate
with PD, since the affected sibling did not inherit it
(Figure 1B). The role of intermediate alleles (20-29 re-
peats) in neurodegenerative diseases is currently un-
known. The clinical characteristics of the patients with
PD with the expansion and intermediate alleles are pre-
sented in eTable 2. Intermediate alleles were observed
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Table 2. Comparison of the Clinical Statistics Between Expansion Carriers and Noncarriers
No. (%)
Cohort Noncarriers Expansion Carriers P Value 2 OR® (95% CI)
ALS Cases

No. of ALS cases 353 36
Age at onset, y, mean (SD) 57.6 (12.6) 57.8 (9.1) .92
Female 134 (38.0) 15 (41.7) .68 .
Familial cases 29 (8.2) 18 (50.0) 2.31 x10° 11.2 (5.2-23.8)
Cases with FTLD 41 (11.6) 4(11.1) .93 .
Site of onset

Limb 235 (66.6) 24 (66.7) .99

Bulbar 93 (26.3) 10 (28.7) .85

Mixed 7(2.0) A

Unknown 18 (5.1) 2 (5.6)

FTLD Cases

No. of FTLD cases 493 27
Age at onset, y, mean (SD) 65.7 (10.1) 59.6 (7.6) .003
Female 248 (50.5) 10 (37.0) A7 .
Familial cases 188 (38.1) 22 (81.5) 7.8 X 10° 7.1 (2.7-19.2)
Diagnosis subcategory

bvFTD 218 (44.2) 11 (40.7) 72

FTLD unspecified 131 (26.6) 8 (29.6) .73

SD 60 (12.2) o .

PNFA 59 (12.0)

FTLD-MND 20 (4.1) 8 (29.6) 2.8 x10° 10.0°¢ (3.9-25.5)

Other 5(1.0) . e

Abbreviations: ALS, amyotrophic lateral sclerosis; bvFTD, behavioral variant of frontotemporal dementia; ellipses, not detected/not applicable; FTLD,
frontotemporal lobar degeneration; FTLD-MND, frontotemporal lobar degeneration with motor neuron disease; OR, odds ratio; PNFA, progressive nonfluent
aphasia; SD, semantic dementia.

aA ttest was used to compare the continuous variables. Categorical variables were compared by Pearson x? test or Fisher exact test (when expected value <5).

bThe OR was calculated only for variables showing P < .05.
CThe OR was obtained by comparing FTLD-MND with the rest of the subcategories.

29 LRRK2 mutation carriers had an expanded or inter-

Tahl_e 3. Expansion Carriers Identified in the ALS and FTLD mediate repeat allele (<11 repeats).
Pedigrees Furthermore, our results do not suggest that the in-
. termediate C9orf72 alleles significantly contribute to AD
Sample Size risk, since the frequency of such alleles was similar be-
Expansion _ tween patients with AD and controls (about 1%), and the
Status Al Carriers Noncarriers alleles with 23 and 21 repeats did not segregate with AD
GFILD 48 20 28 in 2 families (eFigure 2C). Importantly, 15 of the 31 au-
pegrgl_rges 8 8 topsied AD cases had TDP-43 inclusions (a frequent co-
FTLD-MND 1 1 pathology in AD); however, no intermediate allele car-
bvFTD 2 2 o riers were found among these cases. This is of note because
Relatives 30 9 21 ALS/FTLD caused by the expansion is associated with
Spouses 7 10c TDP-43 brain pathology.'"*****° Hence, the TDP-43 pa-
9ALS 34 25 9 thology in AD could not be explained by an increased

pe(:Egees 7 7 number of repeats in C9orf72.

ALS-FTLD 9 9 Finally, a case-control association analysis was car-
FTLD 1 1 o ried out using Monte Carlo tests. All carriers of alleles
Relatives 24 15 9 with more than 30 repeats were excluded from this analy-

sis to avoid association due to the pathological expan-

Abbreviations: ALS, amyotrophic lateral sclerosis; bvFTD, behavioral
variant of frontotemporal dementia; ellipses, not detected; FTLD,
frontotemporal lobar degeneration; FTLD-MND, frontotemporal lobar
degeneration with motor neuron disease.

only in 4 PD cases, 2 of which had parkinsonism fol-
lowed by severe dementia. We also assessed if the pres-
ence of intermediate alleles could influence the age at on-
set of parkinsonism in LRRK2 G2019S mutation carriers
(onset between age 40-80 years). However, none of the

sion. Analyses T1 and T2 revealed association between
normal repeat alleles (<30) with FTLD and ALS (eTable
4). Analysis T3 showed that the 10-repeat allele was sig-
nificantly associated with FTLD. To get statistics for each
allele (eg, P value or odds ratio), we assessed the distri-
bution of normal alleles in 4 disease groups vs controls
(Figure 2 and eTable 3). In each group, the most fre-
quent were the 2-, 5-, and 8-repeat alleles, which ac-
count for about 75% of all observed alleles. A marginal
protective effect of the 5-repeat allele was detected in
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Figure 1. Families with the G,C, repeat expansion. A, Frontotemporal lobar degeneration (FTLD) pedigree. B, Parkinson disease (PD) pedigree. Individual
genotypes are shown beneath the corresponding diamond, including “at-risk” currently asymptomatic individuals. Arabic numbers indicate the repeat units (exp
indicates expansion). The age at the time of examination is shown in the upper right corner. Age at onset is indicated for patients below the ID number. Sex of the

family members is masked to protect privacy.

FTLD, ALS, and PD, as well as of the 11-repeat allele in
ALS and AD (nominal P < .05). The frequency of the 10-
repeat allele was marginally increased in all 4 neurode-
generative diseases vs the control group (nominal
P < .05). The risk associated with this allele remained
significant in the FTLD data set even after Bonferroni cor-
rection (P = .03; odds ratio, 2.14) (eTable 3).

DR COMMENT

Our findings further support the expansion in C9orf72
as a common cause of ALS and FTLD, but not AD or PD.
In contrast to the 1-step genotyping used in published
case-control studies of C9orf72, 2-step genotyping al-
lowed us to obtain the exact genotype for each indi-
vidual (except >50 repeats). No homozygous expan-
sion carriers were found in the current study, suggesting
that such a genotype could be lethal. A heterozygous ex-
pansion (>30 repeats) was detected in 9.3% of patients
with ALS and 5.2% of patients with FTLD and was sig-
nificantly more frequent in cases with a family history
of ALS or FTLD. The frequency was doubled in our fa-

milial FTLD cases (10.4%), which is similar to that re-
ported by DeJesus-Hernandez et al'” (11.7%).

We did not detect significant association between the
presence of the expansion and clinical characteristics of
patients with ALS, while in the FTLD series, the expan-
sion was associated with a younger age at onset and the
FTLD with motor neuron disease phenotype. These find-
ings are in line with previous observations.'®3! Notably,
none of our FTLD cases with the expansion were diag-
nosed with primary progressive aphasia, which is simi-
lar to the Mayo clinic cohort® and different from the Man-
chester cohort wherein 4 primary progressive aphasia
cases had the expansion.’! Wide clinical variability in ex-
pansion carriers has been previously described (eg, age
at onset and disease duration),?*** and future character-
ization of such data in a large cohort of carriers could
generate a clinically useful algorithm to prioritize pa-
tients for mutation analysis of C9orf72.%*

In our study, a variable phenotype in expansion car-
riers (ALS vs FTLD) was not associated with the APOE
alleles or the extended MAPT H1/H2 haplotypes. How-
ever, only an evaluation of a large data set could reach a
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Figure 2. Comparison of the allele frequencies (repeats <30) between controls and cases in each disease cohort (AD indicates Alzheimer disease; ALS,
amyotrophic lateral sclerosis; FTLD, frontotemporal lobar degeneration; and PD, Parkinson disease). Asterisks indicate a significant P value (nominal P < .05). In
comparison with controls, there were 2 significant differences observed for the allele frequencies for the patients with FTLD, 4 for the patients with ALS, 2 for the
patients with AD, and 2 for the patients with PD. A similar pattern was observed for all 4 diseases. The 5-repeat allele was significantly lower in FTLD, ALS, and PD
than in controls and the 10-repeat allele in disease was significantly higher in all 4 disease groups than in controls. Expansion carriers were excluded from this
analysis: controls, n = 602; FTLD, n = 488; ALS, n = 353; AD, n = 424; and PD, n = 287.

solid conclusion about APOE and MAPT as phenotype
modifiers. Itis also possible that C90rf72 itself is respon-
sible for the modifying effect because of coding se-
quence variations, repeat size, and/or repeat instability.
We demonstrated that the repeat size of the second al-
lele in expansion carriers was within the normal range
(2-11 repeats) and unlikely to contribute to the variabil-
ity in disease phenotype. In addition, our sequencing
analysis did not reveal variations in regions flanking the
G,C, repeat that could be responsible for repeat insta-
bility or the variable phenotype of expansion carriers. Fu-
ture studies should assess intronic and coding varia-
tions in the entire C90rf72 locus as potential phenotype
modifiers.

Instability of the G4C, repeat region was suggested to
be a possible mechanism for the occurrence of the ex-
pansion.'* However, a founder effect is more likely to be
responsible for the incidence of the mutation, since most
carriers harbor a common haplotype.'”** Despite the meth-
od’s limitation (the size of large expansions could not be
determined), we estimated the stability of 2 to 30 re-
peats in the pedigrees. The number of repeats was stable
across generations.

Given the clinical/pathological overlap between neu-
rodegenerative diseases,”® our study determined whether
the expansion plays a role in AD or PD. Importantly, the

PD samples were previously collected to generate a data
set enriched in genetic predisposition to PD and mainly
consisted of cases with either an early age at onset (mean
[SD], 52.6 [13.04] years) and/or family history of PD
(40%).*° However, the frequency of expansion alleles in
our PD data set was unremarkable (0.7%). Only 2 pa-
tients (without symptoms of ALS or dementia) were car-
riers of 32 and 39 repeats, which is much smaller than
the expansion estimated by Southern blot (700-1600
repeats),'” and segregation analysis did not support the
pathogenic nature of the 39-repeat allele. This raises con-
cern about a reliable cutoff for a pathological repeat num-
ber, which is important in the utility of genetic screen-
ing in patient care. Likely, a higher cutoff or establishing
a gray zone will be proposed in the future based on an
increasing number of observations from case-control and
neuropathological studies.** Among our ALS and FTLD
mutation carriers, only 2 had an allele with question-
able pathological significance (<40 repeats). The con-
nection between the repeat number and pathological sig-
nificance has to be carefully investigated. It is possible
that the pathological cutoff is disease dependent (eg, ALS
vs FTLD) and could be modulated by individual genetic
background. Furthermore, future studies have to test the
possibility of somatic instability of the repeat region (the
disease-related tissues, such as the spinal cord, could have
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larger expansions than blood cells from the same indi-
vidual).

Our results did not suggest that the expansion or in-
termediate alleles are associated with AD. In contrast, there
was a report of 6 expansion carriers in a familial AD co-
hort (<1%), 4 of whom were from the same family.*
However, autopsy indicated that 3 carriers actually had
amnestic FTLD. Whether the remaining carriers were also
clinically misdiagnosed as having AD remains to be seen.
In addition to typical AD pathology, 15 of our patients
with AD had TDP-43 inclusions, which are known to be
associated with the brain pathology of the expan-
sion!7202%3% however, all of these patients with AD have
genotypes within the normal range (2-12 repeats).

Our case-control studies also assessed the frequency
of alleles within the normal range (<30 repeats) and ob-
served a trend toward an association between the 10-
repeat allele and risk for all 4 disorders (odds ratio, 1.72-
2.14). Itis tempting to speculate that this allele is in linkage
disequilibrium with an unknown C9orf72 risk varia-
tion. Further genetic work has to validate this observa-
tion, including follow-up case-control studies and se-
quencing of 10-repeat carriers.
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Expansion mutation in C9ORF72 does not influence plasma progranulin
levels in frontotemporal dementia
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Abstract

A hexanucleotide repeat expansion in chromosome 9 open reading frame 72 (C9ORF72) gene has recently been described as a cause of
familial and sporadic frontotemporal lobar degeneration. The aim of this study was to assess whether plasma progranulin (GRN) levels could
be modulated by the presence of this repeat expansion. Sixty-five patients diagnosed with frontotemporal dementia and 10 family members
with familial aggregation of disease were screened for the presence of the hexanucleotide repeat expansion in C9ORF72 gene, using a
repeat-primed polymerase chain reaction method. Plasma GRN levels were measured in all subjects through enzyme-linked immunosorbent
assay. Seven individuals with the repeat expansion were identified. No differences were found between C9ORF72 repeat expansion carriers
and noncarriers (116.4 = 21 ng/mL and 131.7 = 36 ng/mL, respectively, p = 0.3). Analysis of family members did not disclose any
difference in plasma GRN levels between carriers and noncarriers. In conclusion, plasma GRN levels are not influenced by the
hexanucleotide repeat expansion in C9ORF72 gene, and therefore, cannot be used as a reliable biomarker to detect mutation carriers.
© 2012 Elsevier Inc. All rights reserved.

Keywords: Frontotemporal dementia; Progranulin; C9ORF72; Genetics; Biomarkers

Mutations in the progranulin gene (GRN; MIM: 138945)
are the most common genetic cause of FTLD and are typ-
ically associated with TDP-43 pathology (Cruts et al.,
2006). Most GRN mutations cause protein haploinsuffi-
ciency, leading to a significant decrease in progranulin
(GRN) levels that can be detected in plasma of mutat-

1. Introduction

Frontotemporal lobar degeneration (FTLD) comprises a
group of clinically heterogeneous neurodegenerative dis-
eases with diverse neuropathological and genetic substrates.
Currently, FTLD is pathologically classified based on the

three main proteins that aggregate in the central nervous
system: transactive response (TAR) DNA-binding pro-
teind3 (TDP-43), microtubule-associated protein tau
(MAPT), and fused in sarcoma (Mackenzie et al., 2010).
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ion carriers (Ghidoni et al., 2008). A hexanucleotide
(GGGGCC) repeat expansion in the noncoding region of
chromosome 9 open reading frame 72 gene (C9ORF72,
MIM: 614260) was recently found to be a major cause of
familial and sporadic FTLD (DelJesus-Hernandez et al.,
2011; Renton et al., 2011). All the cases with this mutation
described to date show TDP-43 pathology in the central
nervous system (Murray et al., 2011). The fact that GRN
mutations and C9ORF72 expansions both show TDP-43
pathology suggests they may share some disease mecha-
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nisms. It has been described that plasma GRN levels reflect
mutation status and that they can be modulated by some
additional factors, such as sortilin levels or genetic variation
within TMEM106B gene (MIM: 613413) (Carrasquillo et
al., 2010; Finch et al., 2011). As low levels of GRN might
lead to FTLD, investigating modifiers of GRN levels may
be important for the development of therapeutic strategies.

This study was aimed to test whether C9ORF72 expan-
sion mutation could influence GRN levels in patients with
frontotemporal dementia (FTD). For this purpose, we in-
cluded a series of 65 Spanish patients of Caucasian origin
followed at two referral centers for dementia in Barcelona
(“Sant Pau” Hospital and “Fundacié ACE”). All patients
were evaluated by two neurologists and those who were
testable underwent a thorough neuropsychological assess-
ment. Diagnosis was made using the new international con-
sensus criteria for behavioral variant of frontotemporal de-
mentia (bvFTD) (Rascovsky et al., 2011) and for primary
progressive aphasia (Leyton et al., 2011). Thirty patients
(46.2%) were women, and the mean age at disease onset
was 65.2 = 10 years. Thirty-seven patients (56.9%) met
criteria for bvFTD, 10 (15.4%) for semantic dementia, and
18 (27.7%) for progressive nonfluent aphasia. We also in-
cluded three FTD patients and seven unaffected first-degree
family members from a Spanish family from the Balearic
Islands (referred from the Son Espases Hospital, Mallorca).
All patients or their relatives gave informed consent. This
research was approved by the ethics committee at all three
centers. Mutations in MAPT (MIM: 157140) and GRN
genes were analyzed in all patients with at least one affected
first-degree family member (n = 22; 33.8%) by direct se-
quencing of the coding region and exon—intron boundaries
for exons 2 and 9—-13 of MAPT gene and for the 12 coding
exons of GRN gene. A repeat-primed polymerase chain
reaction method was used to screen all patients for the
presence of the GGGGCC hexanucleotide repeat expansion
in C9ORF72 gene, following a previously described method
with minor modifications (Renton et al., 2011), and a thresh-
old of 30 repeats was used as a cutoff to discriminate
between expansion carriers and noncarriers (DelJesus-Her-
nandez et al., 2011; Renton et al., 2011). Plasma GRN levels
were measured in duplicate in all patients using the Human
Progranulin ELISA Kit (Adipogen, Inc., Seoul, Korea)
following the manufacturer’s instructions. “Interassay”
coefficient of variation was 8.4%. Plasma GRN levels
were compared between expansion carriers and noncar-
riers using a Mann—Whitney test. Data were analyzed
with Statistical Package for Social Science v19.0 (SPSS,
Inc., Chicago, IL).

A hexanucleotide repeat expansion in C9ORF72 gene
was found in seven individuals. Three of them belonged to
the 65 patients included in the FTD series and all had
positive family history of dementia, thus representing
13.6% of familial cases. The repeat expansion was also
found in 4 of the 10 Balearic Islands family members, one
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Fig. 1. Plasma progranulin (GRN) levels (ng/mL) of carriers (n = 7) and
noncarriers (n = 62) of the hexanucleotide repeat expansion in C9ORF?72
gene. The horizontal line represents the median plasma GRN levels in each
group, the white circle designates the asymptomatic expansion carrier, the
arrow indicates the patient carrying the GRN mutation (c.709-1 G>A), and
the dashed line represents the cutoff threshold (61.55 ng/mL), which has
been reported to best correlate with GRN haploinsufficiency (Ghidoni et
al., 2012).

being a 25-year-old asymptomatic individual. All patients
carrying the expansion mutation presented with bvFTD.
Additionally, one patient with semantic dementia carried a
GRN mutation (c.709—1 G>A), which has been previously
described as a pathogenic mutation resulting in GRN hap-
loinsufficiency (Lépez de Munain et al., 2008). Patients not
carrying the expansion had a maximum of 14 hexanucle-
otide repeats.

Analysis of plasma GRN levels in all FTD patients
(excluding the GRN mutation carrier) disclosed an overall
average of 130.1 = 35 ng/mL. GRN levels were not influ-
enced by age at blood draw or gender. Carriers of the
hexanucleotide repeat expansion (n = 7) had average
plasma GRN levels of 116.4 = 21 ng/mL. These levels did
not differ from those in patients not carrying the expansion
mutation (131.7 = 36 ng/mL, p = 0.3, n = 61) (Fig. 1). No
differences in plasma GRN levels were found between the
four carriers and the six noncarriers of the Balearic Islands
family either (p = 0.5). Only the patient carrying the GRN
¢.709—-1 G>A mutation showed plasma GRN levels lower
than 61.55 ng/mL, the level proposed as the cutoff threshold
that best correlates with GRN haploinsufficiency (Ghidoni
et al., 2012).

In summary, our results support that CO9ORF72 hex-
anucleotide expansion does not influence plasma GRN lev-
els and suggest that plasma GRN levels do not appear to be
a reliable biomarker for the detection of FTD associated to
C90ORF?72 repeat expansion.
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Plasma phosphorylated TDP-43 levels are elevated
in patients with frontotemporal dementia carrying
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ABSTRACT

Objectives About a half of patients with
frontotemporal dementia (FTD) has deposition of
phosphorylated TDP-43 protein (pTDP-43) in the brain.
We studied pTDP-43 and total TDP-43 levels in plasma
and cerebrospinal fluid (CSF) in healthy controls and
patients with FTD, including those carrying a repeat
expansion in the Corf72 gene or a mutation in GRN.
Methods We included 88 plasma samples of 10
C9orf72 expansion carriers, 5 GRN mutation carriers, 51
patients with FTD without a known mutation and 22
healthy controls. We also obtained CSF samples from 25
patients with FTD (2 with C90rf72 expansion and 3 with
a GRN mutation) and 22 healthy controls. We measured
pTDP-43 and total TDP-43 levels using sandwich ELISA.
Results Patients carrying the C90rf72 repeat expansion
or a GRN mutation had significantly higher plasma and
CSF levels of pTDP-43 than the remaining patients with
FTD (p<0.05). In addition, plasma pTDP-43 levels were
higher in patients with FTD carrying a C90rf72 expansion
or GRN mutations than in healthy controls (p<0.05).
Conclusions Our study shows that plasma pTDP-43
levels may be increased in some genetic forms of FTD
known to be associated with TDP-43 proteinopathies.

INTRODUCTION

Frontotemporal dementia (FTD) comprises a group
of clinical syndromes characterised by varying
degrees of behavioural disturbances, personality
changes and language impairment.’ Based on the
topographical distribution and networks involved,
three syndromes have been described: behavioural
variant FTD (bvFTD), semantic dementia (SD) and
progressive non-fluent aphasia (PNFA).> These clin-
ical syndromes overlap with some extrapyramidal
syndromes and motor neuron disease (MND). FTD
syndromes are associated with a spectrum of under-
lying histopathologies usually grouped under the
umbrella term of frontotemporal lobar degener-
ation (FTLD).> The neuropathology of FTLD is
heterogeneous and most cases can be classified
according to the protein deposited in inclusion
bodies in the central nervous system.* According to
this nomenclature, cases can be assigned to one of
three major molecular subgroups: FTLD-TDR
FTLD-tau or FTLD-fused in sarcoma (FUS),

depending on whether inclusions contain TAR
DNA-binding protein-43 (TDP-43), tau, or FUS,
respectively. Family history is common in FID, sug-
gesting a strong genetic influence.’ Mutations in
GRN (MIM: 138945) and MAPT (MIM: 157140)
genes have been described to cause FTD.? ¢
Recently, a hexanucleotide repeat expansion in
C9orf72 (MIM: 614260) has been shown to be the
most common genetic cause of FTD and MND.?!2

TDP-43 was identified in 2006 to be one of the
major protein components of the ubiquitinated inclu-
sions present in approximately half of the cases of
FTLD and most cases of amyotrophic lateral sclerosis
(ALS)."* ' Mutations in the TARDBP (MIM:
605078) gene, which encodes for TDP-43, were sub-
sequently identified in a few cases of ALS and
FTD-MND." ' In spite of their low frequency,
mutations in TARDBP confirm the primary role of
the protein in disease pathogenesis. The presence of
TDP-43 inclusions as a protein signature across
several neurodegenerative disorders has led to the
adoption of the term TDP-43 proteinopathies.
Despite the varying clinical presentation of each
TDP-43 proteinopathy, they possibly share a
common disease mechanism, biomarkers and thera-
peutic strategies. It is still difficult, however, to accur-
ately predict the presence of a TDP-43 proteinopathy
based on the clinical syndrome alone. Therefore, the
search for biomarkers for TDP-43 proteinopathies
would greatly facilitate early diagnosis and help in
the differential diagnosis of FTLD-TDP with other
forms of FTLD or other neurodegenerative diseases,
a critical step for the introduction of disease-
modifying drugs.'” Previous studies have investigated
the role of plasma and cerebrospinal fluid (CSF)
TDP-43 levels as a biomarker in patients with FTD
or ALS, with variable results.'®! In one of these
studies,'® an ELISA was also developed to measure
TDP-43 protein phosphorylated at the residues S409/
410, which appeared to be more reliable than total
TDP-43 to distinguish FTLD-TDP from other forms
of FTLD or from Alzheimer’s disease (AD).
However,  whether  phosphorylated =~ TDP-43
(pTDP-43) is increased in CSF or in plasma of
genetic forms of FTD remains unknown.

In the present study, we measured pTDP-43 and
total TDP-43 levels in plasma and in CSF in a
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group of patients with FTD and in controls. We included sub-
jects with mutations in GRN and subjects with the hexanucleo-
tide repeat expansion in the C9orf72 gene, both disorders
known to be TDP-43 proteinopathies.

PATIENTS AND METHODS
Patients
We included patients diagnosed with FTD followed in four spe-
cialised neurological referral centres in Spain (HSCSE HC,
FACE, HSE). Some of the samples were obtained from patients
enrolled in the Genetic Counselling Program for familial
dementias at Hospital Clinic, Barcelona.?* All patients diag-
nosed with bvFTD fulfilled the new revised criteria*® and those
with SD or PNFA accomplished the primary progressive aphasia
international consensus criteria.** All patients and their care-
givers were evaluated by a neurologist with experience in neuro-
degenerative diseases, who reviewed the medical and
neurological history, and performed a complete neurological
examination. Healthy control subjects were selected among the
patients’ caregivers. The control subjects had no known neuro-
logical or psychiatric illness or memory or other cognitive com-
plaints, and they showed normal performance for age in
neuropsychological testing. Plasma pTDP-43 levels were deter-
mined in 88 subjects: 10 carriers of the C9orf72 repeat expan-
sion (7 bvFTD, 2 FTD-MND and 1 asymptomatic individual),
5 symptomatic GRN mutation carriers (two cases with GRN p.
C366fsX1, one with GRN p.V279GfsX5, one with GRN
¢.709-1G>A and another with GRN p.C139R), 51 patients with
a clinical diagnosis of FTD and 22 healthy controls (table 1).
Among the 51 patients with FTD, 27 (52.9%) had bvFTD (two
with byFTD-MND), 7 (13.79%) had SD and 17 (33.3%) had
PNFA. In this group, a C90rf72 repeat expansion had been
excluded and mutations in GRN and MAPT had been discarded
in those with family history of dementia. Among the five patients
with a GRN mutation, three fulfilled criteria for bvFTD, one for
SD and the other for PNFA. Some of these cases have been pub-
lished previously.>~>"

CSF samples from 25 patients with a clinical diagnosis of
FTD and 22 control subjects were also included. Two patients

with FTD carried a C9orf72 repeat expansion and three subjects
carried a GRN mutation (two cases with the GRN p.C366fsX1
and one with the GRN p.C139R mutation, table 2).

Plasma and/or CSF samples were obtained after written
informed consent was given by the subjects or their relatives.
The local ethical standards committee on human experimenta-
tion approved the study.

Plasma and CSF collection and processing

Blood samples were drawn and processed as previously
described.”® CSF was obtained by lumbar puncture following
standard procedures, collected in a 15 mL polypropylene tube,
and processed in less than 30 min. Samples were centrifuged at
1700 g for 10 min (4°C) and immediately frozen at —80°C until
use. All CSF samples were analysed for total tau (t-tau),
phospho tau (p-tau), and amyloid-Bs, (ABsy) by ELISA
(INNOTEST, Innogenetics, Ghent, Belgium) following the man-
ufacturer’s instructions. None of the patients or control subjects
included had an AD CSF profile defined by Mattsson et al*®
equation (AB4y/p-tau)/(3.694+0.0105x t-tau).

Phosphorylated TDP-43 ELISA assay

Plasma and CSF pTDP-43 levels were measured in duplicate
using a commercially available ELISA kit (pTDP-43 ELISA Kit,
E9442h EIAab, Wuhan, China) following the manufacturer’s
instructions. This assay uses a rabbit polyclonal antibody raised
against human TDP-43 protein as a capture antibody and a bio-
tinylated rabbit polyclonal antibody against TDP-43 phosphory-
lated at Ser409 (antiphospho-TDP-43 (pSer409), Cat. Num.
SAB4200223 Sigma-Aldrich, Saint Louis, Missouri, USA) as a
detection antibody. The standard provided by the manufacturer
consists of recombinant human TDP-43 phosphorylated at
Ser409. Due to the absence of a well-established assay for
TDP-43, we expressed the results as relative units generated
from concentration values normalised to a control sample
(plasma or CSF) loaded onto all plates. The interassay coeffi-
cients of variation for plasma and CSF measurements were
25.4% and 17.1%, respectively. The plasma and CSF samples
were tested undiluted. We performed a 4-parameter logistic fit

Table 1 Characteristics of the study patients with plasma measurements
Variable CONTROL (n=22) FTD (n=51)* C90rf72 (n=10) GRN (n=5) p Value
Gender M/F—no. (%) 9 (41)13 (59) 27 (53)/124 (47) 7 (70)/3 (30) 1 (20)/4 (80) 0.230
Age—year (mean=SD) 70.1+9.6 67.8+8.8 52.4+9.2 65.2+6.1 <0.001t
Age of onset of the disease—year (mean=SD) NA 62.9+9.4 48.8+8.8 61.2+4.3 <0.001t
Disease duration year—(mean=SD) NA 5.0+£3.5 3.7+2.4 4.00+2.7 0.490
MMSE- Median (IQR) 29 (28.75-30) 11 (3-24) 26 (22-27.25) 15 (9.5-27.25) <0.001t
GDS— Median (IQR) 1(1) 5 (4-6) 4.5 (3-5) 4 (4-5) <0.001t
Plasma pTDP-43 levels (relative units)
Median 0.052 0.120 1.574% 2.970% 0.002t
(IQR) (0.000-0.279) (0.020-0.829) (0.329-9.732) (1.014-8.706)
Total TDP-43 levels (relative units)
Median 4370 5.896 1.4388 0.755§ 0.008t
(IQR) (3.190-6.925) (3.588-9.396) (1.012-7.225) (0.454-5.254)

Data are expressed as mean+SD, number of patients (per cent) or median (IQR), as appropriate. Plasma pTDP-43 and total TDP-43 levels are expressed as values relative to an internal
control sample. Probability values (p) denote differences between control, FTD, C90rf72 and GRN patients groups, except for ‘age of onset of the disease’ and ‘disease duration’ where
control group is excluded of the analysis. In these variables, the asymptomatic patient in the C90rf72 was not included. y? statistics were used for categorical variables. One-way
ANOVA was used to compare continuous variables between groups. MMSE, GDS, pTDP-43 and total TDP-43 were evaluated by non-parametric statistical analysis (Kruskal-Wallis).

*Total TDP-43 levels were measured in 50 patients with FTD.
tSignificant difference (p<0.05).

$p<0.05 in post hoc comparison between C9orf72 or GRN with control and FTD groups (Mann-Whitney).
§p<0.05 in post hoc comparison between GRN and control or FTD groups and C9orf72 and FTD group (Mann-Whitney).
ANOVA, analysis of variance; FTD, frontotemporal dementia; GDS, Global Deterioration Scale; MMSE, Mini-Mental State Examination; IQR, interquartile range; NA, not applicable.

2 Suarez-Calvet M, et al. J Neurol Neurosurg Psychiatry 2013;0:1-8. doi:10.1136/jnnp-2013-305972
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Table 2 Baseline characteristics of the study patients with CSF measurements.

Variable CONTROL (n=22)* FTD (n=20) C90rf72 (n=2) GRN (n=3) p Value
Gender M/F—no. (%) 13 (59)/9 (41) 13 (65)/7 (35) 2 (100)/0 (0) 1 (33)/2 (67) 0.490
Age—year (mean=SD) 64.82+8.3 63.65+10.1 57.50+9.2 62.00+4.6 0.710
Age of onset of the disease—year (mean+SD) NA 59.90+10.7 55.00+7.1 58.33+2.1 0.794
Disease duration year—(mean=SD) NA 3.73+2.8 2.50+2.1 3.67+2.9 0.842
MMSE- Median (IQR) 29 (28-29) 22.5 (15.5-26.75) 26-27 25(15-30) <0.001t
GDS- Median (IQR) 1(1-1) 4 (4-5) 3-4 4(4-5) <0.001t
CSF biomarkers
AB 1-42—pg/mL (mean=SD) 639+248 548+204 577.9+14 640+193 0.609
P-tau—pg/mL (mean+SD) 48.8+13 38.8+16 48.5+3 38.2+3 0.122
T-tau—pg/mL (mean=SD) 238+80 225+94 228+74 231+40 0.968
CSF pTDP-43 (relative units)
Median 1.267 1.183 1.781 1.749 0.028t
(IQR) (1.12-1.60) (1.01-1-40) NA NA
CSF total TDP-43 (relative units)
Median 0.569 0.290 0.601 0.825 0.466
(IQR) (0.067-0.960) (0.000-0.861) NA NA

Data are expressed as mean+SD, number of patients (per cent) or median (IQR), as appropriate. CSF pTDP-43 and total TDP-43 levels are expressed as values relative to an internal
control sample. Probability values (p) denote differences between control, FTD, C90rf72 and GRN patient groups, except for ‘age of onset of the disease’ and ‘disease duration’ where
control group is excluded of the analysis. 2 statistics were used for categorical variables. One-way ANOVA was used to compare continuous variables between groups. MMSE, GDS,
pTDP-43 and total TDP-43 levels were evaluated by non-parametric statistical analysis (Kruskal-Wallis).

*Total TDP-43 levels were measured in 16 control subjects.
tSignificant difference (p<0.05).
NA, not applicable.

ANOVA, analysis of variance; CSF, cerebrospinal fluid; FTD, frontotemporal dementia; GDS, Global Deterioration Scale; MMSE, Mini-Mental State Examination; IQR, interquartile range;

NA, not applicable.

to generate the standard curve, following the manufacturer’s
recommendations (see online supplementary figure S1).
MasterPlex ReaderFit software (MiraiBio Group, Hitachi
Solutions America, San Francisco, USA) was used for ELISA
calculations.

In order to characterise this ELISA assay, we measured
pTDP-43 levels in brain homogenates from two cases with con-
firmed FTLD-TDP and two controls without any evidence of
TDP-43 pathology (see online supplementary figure S2A-F).
Brain samples were processed, and soluble and insoluble frac-
tions were obtained. We observed a marked increase in
pTDP-43 levels in the insoluble fraction in brain homogenates
from FTLD-TDP compared with controls, whereas no differ-
ence was found in the soluble fraction (see online
supplementary figure S2G).

Total TDP-43 ELISA assay

Total TDP-43 was measured in plasma and CSF using a com-
mercially available ELISA kit (Human TDP-43, KE00005,
Proteintech Group, Chicago, USA) following the manufacturer’s
instructions. The assay uses a rabbit polyclonal antibody raised
against amino acids 1-262 of human TDP-43 protein (CatNo.
10782-2-AB, Proteintech Group, Chicago, USA) as a capture
antibody and a mouse monoclonal antibody raised against
amino acids 203-212 of human TDP-43 (CatNo. 60019-2-Ig,
Proteintech Group, Chicago, USA) as a detector antibody. The
standard provided by the manufacturer consists of a His-tag
recombinant human full-length TDP-43 protein (CatNo.
agl13119, Proteintech Group, Chicago, USA). Due to the
absence of a well-established assay for TDP-43, we expressed
the results as relative units generated from concentration values
normalised to a control sample (plasma or CSF) loaded onto all
plates. The interassay coefficients of variation for plasma and
CSF measurements were 14.3% and 15.8%, respectively. Total
TDP-43 levels in human brain homogenates were also measured

using this assay. We did not find differences in total TDP-43
levels in either soluble or insoluble fractions between
FTLD-TDP cases and controls (see online supplementary figure
S2H).

Human brain samples and immunochemistry procedures
Human brain samples were obtained from the ‘Institut de
Neuropatologia’, Hospital Universitari de Bellvitge, Barcelona.
We included brain samples from two patients with neuropatho-
logical criteria for FTLD-TDP* and two age-matched controls
(see online supplementary figure S2).

For immunochemistry purposes, dewaxed sections were
boiled in citrate buffer (20 min) to retrieve antigenicity.
Endogenous peroxidases were blocked by incubation in 10%
methanol-1% H,O, solution (15 min) followed by 3% normal
horse serum solution. Primary antibodies against TDP-43
(Abnova) and TDP-43 phospho 403-404 (TDP-43P; Cosmo
Bio) were used at dilutions of 1:600 and 1:2500, respectively, at
4°C overnight. Following incubation with the primary antibody,
the sections were incubated with EnVision+ system peroxidase
(Dako Corporation, Glostrup, Denmark) for 30 min at room
temperature. The peroxidase reaction was visualised with diami-
nobenzidine and H,O,. The immunoreaction results in a brown
precipitate. Sections were slightly counterstained with haema-
toxylin, dehydrated and coversslipped for microscopic
observation.

For pTDP-43 and total TDP-43 ELISA assays, frozen samples
of the frontal cortex from two patients with FTLD-TDP and
two controls were used. Tissue was processed using previously
described procedures*® with some modifications. In brief,
100 mg of frozen tissue was homogenised with a mechanical
homogeniser in 1 mL of Tris-Triton extraction buffer (Tris
50 mmol/L, pH 7.4, 400 mmol/L NaCl, 2 mmol/L EDTA, 0.1%
Triton X-100) with protease inhibitors (Complete; Roche,
Indianapolis, Indiana, USA). The soluble fraction was obtained
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after centrifugation at 14 000 rpm for 5 min at 4°C. The result-
ing pellet was resuspended in 70% formic acid and then recen-
trifuged at 22 000 rpm for 5 min at 4°C. The supernatant was
then neutralised with 1 mol/L Tris buffer (pH 11), and used for
the ELISA assays. Protein concentration in these samples was
determined using the Bradford assay. Soluble fractions were
diluted at 1:1000 in the pTDP-43 ELISA assay and at 1:500 in
the total TDP-43 ELISA assay. Insoluble fractions were diluted
at 1:100 in both assays.

DNA extraction, genetic analysis and Southern blotting
DNA was extracted from whole blood using previously
described standard protocols. All patients had been previously
investigated for the presence of the GGGGCC hexanucleotide
repeat expansion in C9orf72 gene, and those with a positive
family history of dementia were screened for mutations in GRN
and MAPT genes, as previously described.>®

A non-radioactive Southern blotting protocol was used to esti-
mate the hexanucleotide repeat expansion size.*? Briefly, a total
amount of 20 pg of blood-derived DNA was digested with Xbal
and electrophoresed on a 0.8% agarose gel. DNA was trans-
ferred to a positively charged nylon membrane (Roche Applied
Science) by capillary blotting. Hybridisation was carried out at
45°C overnight using a 954 base pairs probe labelled with
digoxigenin. Ready-to-use CDP-Star (Roche Applied Science)
was used as the chemiluminescent substrate through the trans-
parency technique and signals were visualised on a KODAK
Image Station 4000MM PRO (Carestream Health, Rochester,
New York, USA). The median number of repeats was used for
statistical analysis.

Statistical analysis

The x> test was used to compare differences in categorical vari-
ables and one-way analysis of variance (ANOVA) was used to
compare age and age at onset between groups. Mini-Mental
State Examination (MMSE), Global Deterioration Scale (GDS),
pTDP-43 and total TDP-43 levels were evaluated by non-
parametric statistical analysis (Kruskal-Wallis and Mann-Whitney
post hoc test). Correlation analysis of plasma and CSF pTDP-43
and total TDP-43 levels, age, age of onset, disease duration,
MMSE, GDS and median C90rf72 GGGGCC hexanucleotide
repeat number were performed using the Spearman’s r test.
Statistical significance for all the analyses was set at 5%
(@=0.05). All data were analysed using Statistical Package for
the Social Sciences (SPSS, Chicago, USA).

RESULTS

Plasma pTDP-43 and total TDP-43 levels in patients

with FTD and controls

Table 1 summarises demographic and clinical data of all patients
with plasma sample included in this study.

Family history of dementia was present in 39.2% of patients
in the FTD group, and in 100% of subjects with the C9orf72
expansion and GRN mutations. Patients carrying the C9orf72
expansion were significantly younger than the other patients
(p<0.001, one-way ANOVA). Their age of onset of the disease
was also earlier than that of patients with FTD without muta-
tions (p<0.001, one-way ANOVA). The three groups (C9orf72,
GRN and FTD) did not differ in disease duration or GDS score,
but patients with FID had a lower MMSE, suggesting a more
advanced stage of the disease (table 1).

We next investigated whether pTDP-43 plasma levels were
influenced by demographic variables. In the entire cohort
(n=88), plasma pTDP-43 levels were not influenced by gender

(p=0.983, Mann-Whitney) but they correlated inversely with
age (Spearman’s r=—0.318, p=0.003). In symptomatic subjects
(we excluded healthy controls and the C90rf72 asymptomatic
patient, n=635), plasma pTDP-43 levels were not influenced by
disease duration (p=0.500, Spearman), MMSE (p=0.070,
Spearman) or GDS (p=0.242, Spearman) scores, but they corre-
lated inversely with age of disease onset (Spearman’s r=—0.37,
p=0.002). No differences in plasma pTDP-43 levels were
observed between the three syndromes of FID (bvFTID, SD,
PNFA). When we analysed plasma pTDP-43 levels according to
genetic status, we found that levels differed between groups,
although there was considerable variability and overlap (p=0.002,
Kruskal-Wallis). Subjects carrying a C9orf72 repeat expansion
(n=10) or GRN mutations (n=5) had significantly increased
levels of plasma pTDP-43 compared with subjects with FTD
without a mutation (n=>51) and with controls (n=22) (p<0.03,
Mann-Whitney, figure 1A, table 1). An ANOVA adjusted for age
and age of onset confirmed the statistically significant difference
in pTDP-43 levels between patients with the mutation and those
without the mutation. We also calculated the upper 99% CI of
the control group and found that 6 out of 10 (60%) subjects in
the C90rf72 group and 4 out of 5 (80%) subjects in the GRN
group were above this value compared with 8 out of 51 (15.7%)
in the FTD group (figure 1A). The levels of pTDP-43 in the
C90rf72 and the GRN groups did not correlate with age, age of
onset, disease duration, FTD subtype or MMSE score. Noticeably,
the only asymptomatic subject carrying the C90rf72 expansion
had the lowest plasma pTDP-43 levels (figure 1A).

Next, we measured total TDP-43 levels in plasma in this
cohort (except 1 patient with FTD for whom no sample was
available; n=87). In the entire group, plasma total TDP-43
levels were not influenced by gender (p=0.610,
Mann-Whitney) but they showed a trend towards a positive
correlation with age (Spearman’s r=+0.21, p=0.051). In
symptomatic subjects (n=64), plasma total TDP-43 levels were
not influenced by disease duration (p=0.119, Spearman),
MMSE (p=0.391, Spearman) or GDS (p=0.966, Spearman)
scores, but they correlated positively with age of disease onset
(Spearman’s r=+0.26, p=0.037). No differences in plasma
total TDP-43 levels were observed between the three syn-
dromes of FTD (bvFTD, SD, PNFA). When we analysed
plasma total TDP-43 levels according to genetic status, we
found that, unlike pTDP-43, total TDP-43 levels were slightly
decreased in the C90rf72 (n=10) and the GRN groups (n=35)
compared with the FTD group (n=50, p=0.016 and p=0.015,
respectively, Mann-Whitney, figure 1B, table 1). Subjects with
GRN mutations also showed decreased levels of plasma total
TDP-43  levels compared with controls (p=0.046,
Mann-Whitney). Plasma pTDP-43 levels correlated inversely
with plasma total TDP-43 levels in the entire group
(Spearman’s r=-0.23, p=0.030).

We next tested whether plasma pTDP-43 or total TDP-43
levels were associated with the number of GGGGCC repeats in
subjects with the C90rf72 expansion. To address this issue, we
applied a non-radioactive Southern blot technique in blood-
derived DNA samples from the 10 subjects carrying the
C901f72 expansion.’® We did not find any correlation between
plasma pTDP-43 or total TDP-43 levels and the median number
of repeats (see online supplementary figure S3).

CSF pTDP-43 and total TDP-43 levels in patients

with FTD and controls

We subsequently investigated the differences in pTDP-43 and
total TDP-43 levels in CSE Table 2 shows demographic and
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Figure 1 Plasma pTDP-43 and total TDP-43 levels in control subjects, patients with frontotemporal dementia (FTD) without mutations and subjects
with the C90rf72 repeat expansion or GRN mutations. (A) pTDP-43 levels are higher in C90rf72 and GRN groups than in controls and FTD groups
(p<0.05, Mann-Whitney). Significant differences between control versus C9orf72 (p=0.002), control versus GRN (p=0.026), FTD versus C9orf72
(p=0.004) and FTD versus GRN (p=0.022) groups. No differences were found between control versus FTD (p=0.204) and C9orf72 versus GRN
(p=0.903) groups. (B) Patients carrying GRN mutations had statistically significant decreased plasma total TDP-43 levels compared with controls and
FTD groups (p=0.046 and p=0.015, respectively, Mann-Whitney). Patients carrying the C9orf72 repeat expansion had statistically significant
decreased plasma total TDP-43 levels compared with FTD group patients (p=0.016, Mann-Whitney) and a trend towards decreased levels compared
with controls (p=0.096, Mann-Whitney). The short horizontal bars indicate the median pTDP-43 or total TDP-43 levels per group. The arrow
corresponds to the asymptomatic subject carrying a C9orf72 repeat expansion. The dashed horizontal line indicates the 99% upper confidence level
for the control group. *p<0.05; **p<0.01.

clinical data and CSF AD biomarkers. pTDP-43 and total We also measured total TDP-43 levels in CSF samples and we
TDP-43 levels in CSF were not influenced by gender or age in did not find differences between groups (p=0.466,
the entire group or by the age of onset, disease duration, Kruskal-Wallis, figure 2B, table 2). No correlation was observed
MMSE or GDS scores in FTD cases. CSF pTDP-43 levels in between pTDP-43 and total TDP-43 levels in CSE.

C901f72 expansion or GRN mutation carriers were slightly

increased compared with the remaining patients with FTD Association between plasma and CSF pTDP-43 levels
(p=0.022 and p=0.014, respectively, Mann-Whitney; figure 2A, We next examined pTDP-43 levels in the subset of patients with
table 2) but not compared with controls (p=0.144 C90rf72 vs FTD (n=20) for whom plasma and CSF were drawn at the
control; p=0.094 GRN vs control). Four out of § (80%) muta- same time point. Despite the reduced number of samples,
tion carriers were above the upper 99% CI of the control group plasma and CSF pTDP-43 levels correlated with each other
compared with 2 out of 20 (10%) subjects in the FTD group. (Spearman’s r=+0.673, p=0.001, figure 3). However, plasma
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Figure 2 Cerebrospinal fluid pTDP-43 and total TDP-43 levels in control subjects and patients with frontotemporal dementia (FTD). (A) pTDP-43
levels in patients carrying the C9orf72 expansion or GRN mutations are higher than those in patients with FTD without mutations (p=0.022 and
p=0.014, respectively, Mann-Whitney). (B) No differences in total TDP-43 levels were found between groups. Patients with C9orf72 (n=2) are
depicted with a white circle and those with a GRN mutation (n=3) with a white triangle. The dashed horizontal line indicates the 99% upper
confidence level for the control group. *p<0.05.
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and CSF total TDP-43 levels did not correlate with each other
(Spearman’s r=+0.096, p=0.688, n=20).

DISCUSSION

The main finding in this study is that patients with FTD with
the C90rf72 repeat expansion or GRN mutations had higher
plasma levels of pTDP-43 than patients with FTD without
mutations or healthy controls. Conversely, subjects with the
C90r1f72 repeat expansion or GRN mutations had lower plasma
levels of total TDP-43 than patients with FTD without muta-
tions. CSF pTDP-43 levels were also higher in patients with
FTD with mutations than in those without mutations. Another
relevant finding in our study is that plasma and CSF pTDP-43
levels correlated positively with each other, although plasma
and CSF total TDP-43 did not.

The discovery of a reliable biomarker to detect FTLD-TDP is
an essential step to perform an accurate diagnosis and ultimately
to develop therapeutic strategies aimed at altering the natural
course of the disease. This is particularly important in FTLD
since this condition is known to be associated with several under-
lying pathologies that can present with the same clinical syn-
drome.>! The search for biomarkers in neurodegenerative
diseases over recent decades has yielded some positive results.
The measurement of plasma and serum progranulin levels in
FTD has proved to be a reliable biomarker to identify symptom-
atic and asymptomatic carriers of GRN mutations.*>~>* However,
we have recently shown that plasma progranulin levels are not
influenced by the C90rf72 repeat expansion.2® Progranulin prob-
ably represents the most reliable plasma marker in neurodegen-
erative diseases, but other promising biomarkers are being
investigated. CSF analysis has shown to be useful in the diagnosis
of AD. The pattern of reduced APy, and increased t-tau and
p-tau levels accurately predicts AD pathology.?® *° CSF examin-
ation can also be used to differentiate AD from FTLD with
acceptable specificity.>*® However, in FTD, current CSF bio-
markers are more useful to exclude AD than to confirm the
pathophysiological process characteristic of FTLD. In our study,
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Figure 3  Correlation between plasma and cerebrospinal fluid (CSF)
pTDP-43 levels. The y-axis represents plasma pTDP-43 and the x-axis
represents CSF pTDP-43. A positive correlation between plasma and
CSF levels was detected (Spearman’s r=+0.673, p=0.001). Plasma and
CSF samples of each patient were obtained at the same time.

we only included cases without an AD CSF profile that could
have biased our sample. Some other CSF biomarkers that have
been tested in FTLD vyielded variable results.'” There is, there-
fore, a great need to develop markers to diagnose FTLD, detect
the underlying pathology in vivo, and eventually better guide the
future application of specific disease-modifying therapies.

TDP-43 is a 414-aminoacid protein that is usually located in the
cell nucleus. It belongs to the heterogeneous ribonucleoprotein
family and it presumably participates in several cell functions such
as DNA transcription, mRNA splicing, mRNA export/import or
miRNA synthesis and regulation.>® TDP-43 inclusions in the brain
and/or spinal cord in FTLD consist of abnormally aggregated, ubi-
quitinated and hyperphosphorylated TDP-43.'% * In particular,
the importance of phosphorylation of the serine residues S409/
410 of TDP-43 has been highlighted as a consistent feature in
pathological inclusions of all TDP-43 proteinopathies.*’

Previous studies have measured plasma TDP-43 and pTDP-43
in FTD."® ¥ They mainly found that levels of TDP-43 (total
and pTDP-43) in plasma are elevated in subjects with
FTLD-TDP. More importantly, they demonstrated a good correl-
ation between plasma pTDP-43 levels and brain deposition of
pTDP-43." These results suggest that plasma pTDP43 levels
could represent a good in vivo biomarker of TDP-43 pathology.

In this study, we found that subjects carrying a repeat expansion
in C9orf72 or a GRN mutation had significantly higher plasma
pTDP-43 levels than those from control subjects and the remaining
patients with FTD. In contrast, total TDP-43 levels in plasma were
decreased in subjects carrying a repeat expansion in C90rf72 or a
GRN mutation. Three different hypotheses can be postulated to
explain these results. First, since C90rf72 expansion and GRN
mutation carriers are known to be FTLD-TDP and plasma
pTDP-43 correlates with brain pTDP-43 deposition,'” higher
levels of plasma pTDP-43 may consequently reflect an increase in
brain pTDP-43 burden compared with the remaining FTD cases
(in whom other underlying pathologies such us FTLD-tau or
FTLD-FUS may be present). Second, as we found a correlation
between age and plasma TDP-43 levels, higher levels of pTDP-43
in younger subjects may be the result of age rather than mutation
status or brain pathology. This seems unlikely, however, since our
results remained significant after adjusting for age. Finally, the
C9orf72 expansion and GRN mutations could elevate directly or
indirectly pTDP-43 levels regardless of the burden of brain depos-
ition of pTDP-43. Our data favour this last hypothesis and suggest
that phosphorylated and non-phosphorylated forms of TDP-43
are in equilibrium as they correlate inversely in plasma. It could be
speculated that the C907f72 expansion or mutations in GRN alter
the balance between phosphorylated and non-phosphorylated
forms of TDB promoting the former one. This imbalance would
consequently explain the increase of plasma pTDP-43 together
with the decrease in plasma total TDP-43 levels found in subjects
with the C90rf72 expansion or mutations in GRN. Further studies
are needed to explain the lack of correlation between pTDP-43
and total TDP-43 levels in the CSF and to explore why levels of
CSF total TDP-43 in subjects with the C90rf72 expansion or
mutations in GRN are similar to those in other groups.

Our results in patients with FTD without mutations differ
from previous studies that have examined TDP-43 in patients
with FTD. Two studies in particular have shown an increase in
total TDP-43 levels in plasma and CSF in FTD cases compared
with controls.'® 2! Although in our study the levels of total
TDP-43 in plasma were slightly increased in FID compared
with controls, none of the comparisons were significant.
Differences in the assays used, sample size and study design may
explain the discrepancies among findings.
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Our study also addresses, for the first time, the relationship
between levels of pTDP43 and total TDP-43 in plasma and CSF
in FTD cases and controls. The values obtained in CSF were far
more homogenous that those in plasma and we did not find dif-
ferences in pTDP-43 or total TDP-43 levels between FTD cases
and controls. The only significant finding was an increase in
pTDP-43 levels in subjects with C90rf72 or GRN mutations
compared with the remaining patients with FID. These results
should be interpreted with caution due to the low number of
patients with the C90rf72 expansion (n=2) and GRN mutations
(n=3) and the fact that most values in the whole FTD group
were below the upper 99% CI limit of the control group. Of
interest, CSF and plasma pTDP-43, but not total TDP-43, corre-
lated in patients for whom both samples were available (n=20).
This finding would suggest that plasma and CSF pTDP-43 levels
are in equilibrium and would support the role of plasma as a
reliable source of biochemical signatures. However, the lack of
correlation between total TDP-43 in plasma and CSF remains
unclear and deserves further investigation.

The strengths of this study are the inclusion of a well-
characterised patient sample of mutation carriers, the use of CSF
biomarkers to exclude AD, and the simultaneous measure of
plasma and CSF in some patients. Nevertheless, this study has
some limitations. First, the reduced sample size may have limited
the power to detect differences, especially regarding CSF measure-
ments. Second, the lack of neuropathological confirmation may
have biased our results. Finally, the ELISA assays used show large
interassay variability, particularly when using plasma samples. This
high variability and the overlap among groups in plasma pTDP-43
levels may preclude the application of this assay in clinical settings.
Conversely, CSF values were more homogenous and the interassay
variability was lower. We acknowledge that these results are pre-
liminary and should be confirmed in larger samples, preferably
with pathologically or genetically confirmed cases, and with the
use of other assays. To further determine whether pTDP-43 can be
used as a reliable plasma biomarker for FTLD-TDE patients with
the C90rf72 expansion or GRN mutations should be compared
with patients with mutations in MAPT, known to cause FTLD-tau.

In conclusion, our results suggest that plasma pTDP-43 levels
are increased in patients carrying the C90rf72 repeat expansion
or GRN mutations, conditions associated with TDP-43 protei-
nopathies. If confirmed, pTDP-43 levels may represent a reliable
plasma biomarker for FTLD-TDR
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Hexanucleotide repeat expansions within the C9orf72gene are the mostimportant genetic cause of amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD). The difficulty of developing a precise method to de-
termine the expansion size has hampered the study of possible correlations between the hexanucleotide repeat
number and clinical phenotype. Here we characterize, through a new non-radioactive Southern blot protocol, the
expansion size range in a series of 38 ALS and 22 FTD heterozygous carriers of >30 copies of the repeat.
Maximum, median and modal hexanucleotide repeat number were higher in ALS patients than in FTD patients
(P <0.05 in all comparisons). A higher median number of repeats correlated with a bigger range of repeat
sizes (Spearman’s p = 0.743, P = 1.05 x 10~'"). We did not find any correlation between age of onset or disease
duration with the repeat size in neither ALS nor FTD mutation carriers. Clinical presentation (bulbar or spinal) in
ALS patients did not correlate either with the repeat length. We finally analyzed two families with affected and
unaffected repeat expansion carriers, compared the size of the repeat expansion between two monozygotic
(MZ) twins (one affected of ALS and the other unaffected), and examined the expansion size in two different tis-
sues (cerebellum and peripheral blood) belonging to the same FTD patient. The results suggested that the length
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of the C9orf72repeat varies between family members, including MZ twins, and among different tissues from the

same individual.

INTRODUCTION

A non-coding (GGGGCC) hexanucleotide repeat expansion
within the first intron of the chromosome 9 open reading frame
72 (C90rf72) gene (GenBank reference NM_001256054.1;
MIM# 614260) has been identified as the most frequent cause
of amyotrophic lateral sclerosis (ALS) and frontotemporal de-
mentia (FTD) (1-3). Typically, a standard repeat-primed PCR
(rpPCR) method is used to identify expansion carriers, but this
technique cannot size genomic DNA expansions beyond 30 hex-
anucleotide repeats and therefore is ineffective to estimate larger
repeat lengths of this dynamic mutation (1,2). Recently, the ex-
pansion size was characterized by Southern blotting through a
non-radioactive approach using a hybridizing probe composed
of five hexanucleotide repeats (4). This genotyping approach
allowed the detection of expansions >275 repeats and showed
that DNA isolated from lymphoblast cell lines is not reliable
for sizing the C90rf72 expansion. Comparisons of the repeat
length across six disease cohorts from UK, including 11 periph-
eral blood (PB) specimens from FTD patients and 17 PB samples
from ALS patients, did not reveal any significant differences (4).
A Southern blot protocol using a radioactive probe has also been
recently published, but the study did not include any phenotype
correlation analysis (5).

In the present study, we show an optimized protocol for South-
ern blot hybridization using a 954-bp non-radioactive probe that
is capable to accurately size the whole range of the C90rf72 hex-
anucleotide repeat expansion. We also characterized pathogenic
expansions through Southern blotting in a series of ALS and FTD
patients, and assessed for possible correlations between the
repeat expansion length and clinical features of these two neuro-
degenerative disorders.

RESULTS

Table 1 shows the demographic and clinical characteristics of the
analyzed index patients. No differences in the proportion of
gender or in the age of onset were found between ALS and
FTD patients. In order to allay concerns that our Southern blot
protocol might identify nonspecific bands, we first assessed

Table 1. Demographic, clinical and C9orf72 hexanucleotide repeat number
comparisons between ALS and FTD index patients

ALS (n=38) FID((n=22) P-value
Gender (% female) 47.4 50 1
Age at onset (mean years + SD)  55.42 + 8.7 5445+ 7.1 0.591
Positive family history (%) 60 66.7 0.777
Site of onset (bulbar/spinal) 13/25 NA NA
Hexanucleotide repeat number
Median + SD 1642 + 607 1291 + 637 0.020
Minimum (median + SD) 1082 + 427 916 + 475 0.090
Maximum (median + SD) 2245 + 872 1666 + 838 0.012
Mode (median + SD) 1849 + 808 1338 + 671 0.010

eight DNA samples that did not carry the expansion mutation
(Supplementary Material, Fig. S1). The resulting blot clearly
demonstrated that our protocol did not detect any unexpected
signals above the number of repeats determined by rpPCR geno-
typing. As presented in the Supplementary Material, Fig. S1, the
protocol also showed a high sensitivity for the discrimination of
low copy, non-pathogenic number of repeats (see control
samples in Lanes VII and VIII carrying 7/25 and 2/19 repeats, re-
spectively). All cases with a pathological repeat expansion in one
allele resulted in higher molecular weight signals on the mem-
brane, thus demonstrating the high specificity of the Southern
blot protocol (Fig. 1). This pattern was seen in genomic DNA
extracted from PB (N = 64) and cerebellum (N = 5).

Figure 2 shows the estimation of hexanucleotide repeat
number and size range for all expansion mutation carriers. For
statistical analyses, we considered four different metrics of the
repeat length that included minimum, maximum, median and
modal number of repeats for those patients in which a dense
smear fragment appeared beyond the average allele length.
None of these metrics correlated with gender or family history
of disease in either the entire cohort or the two clinical pheno-
types, independently. Likewise, the four expansion size mea-
sures did not correlate with age of clinical onset or disease
duration (from onset to death) in FTD nor in ALS patients
(data not shown). Of note, ALS patients had larger expansions
than FTD patients, with significantly higher maximum,
median and modal number of hexanucleotide repeats (P =
0.012, 0.02 and 0.01, respectively; Table 1). None of the four
estimates were different between ALS cases with bulbar or
spinal onset (i.e. median, 1693 + 755 versus 1615 + 530, re-
spectively, P =0.377). The median hexanucleotide repeat
number significantly correlated with the range of repeat sizes
(Spearman’s p=0.743, P =1.05x 10~'"; Supplementary
Material, Fig. S2), thus indicating that larger expansions pre-
sented greater hexanucleotide repeat ranges.

The expansion size was then determined in a family in which
the mutation segregated with FTD (Supplementary Material,
Fig. S3A). The three affected siblings had a median repeat ex-
pansion size of 143, and ranged from 128 to 154. However, ex-
pansion mutation carriers from the second generation,
composed of two asymptomatic first cousins, carried a median
of 120 and 1401 repeats. Besides, the repeat expansion was
also assessed in an ALS patient, who started the disease at the
age of 57 years old, and his three unaffected sons (two males
and one women) who were also mutation carriers (Supplemen-
tary Material, Fig. S3B). In this case, the father presented a
median of 1898 hexanucleotide repeats, which was slightly
larger to the number presented by the three siblings (1516,
1451 and 1127 repeats).

We also compared the repeat expansion size between a
50-year-old index ALS patient with symptoms beginning at
the age of 47, and his unaffected MZ twin. All hexanucleotide
repeats metrics were higher in the affected ALS patient com-
pared with his sibling (Supplementary Material, Table S1).
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Figure 1. Representative Southern blots of small and large repeat expansions. Nine cases carrying repeat expansion (Lanes 2—10) and a control DNA without an
expansion (first lane) are shown. Lane 7 (corresponding to case 46 in Fig. 2) shows an example of median and mode determination, represented with a triangle
and a round, respectively, within the smear range.
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Figure 2. Representation of Southern blot data for ALS (n = 38) and FTD (n = 22) patients. Individual blot data are shown with approximated hexanucleotide repeat
number range (minimum to maximum), median represented with a triangle and modal point as a black dot. DNA samples extracted from PB tissue and cerebellum
tissue are represented with a black or gray line, respectively. Cases 13 and 14 represent repeat expansion size parameters of PB and cerebellum tissue from the same
individual, respectively (Case 14 is not included in the statistical analysis). Note that Cases 1 and 2 are FTD patients belonging to the FTD family (individuals II and IIT
from the FTD family pedigree represented in Supplementary Material, Fig. S3A) and are not included for statistical purposes.
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Finally, the hexanucleotide repeat number was determined in
DNA samples from cerebellum and PB tissue belonging to the
same FTD patient. Expansion size estimates showed a moderate-
ly higher number of hexanucleotide repeats in the cerebellum
compared with PB tissue (Supplementary Material, Table S1).

DISCUSSION

We have developed a non-radioactive Southern blotting protocol
using a 954-bp probe to characterize the hexanucleotide repeat
expansion size range in a series of ALS and FTD patients (Sup-
plementary Material, Fig. S4). Our method allows the detection
of hexanucleotide repeats in C9orf72 ranging from 2 to ~4500
repeat units, thus covering the whole expansion size range and
enabling the identification of both small and large pathogenic
repeat expansions. Our results suggest that ALS patients harbour
a higher number of hexanucleotide repeats than FTD patients.
This is not in accordance with a recent report in which authors
did not find repeat size differences between different neurode-
generative diseases, including ALS and FTD (4). One possibility
for this discrepancy is that their methodology, based on a hybrid-
ization probe composed of five DIG-labelled hexanucleotide
repeats, was not sensitive to detect expansions at the low edge
of the mutation spectrum (from 30 to ~ 275 repeats), and there-
fore DNA samples with low number of repeats could have been
missed. This outcome clearly emphasizes the need of a genotyp-
ing technique with enough sensitivity to cover the whole patho-
genic expansion size range. Another explanation could be that
we have analyzed a greater number of ALS and FTD patients,
thus increasing our power to detect differences between both
neurodegenerative diseases.

A possible mechanistic explanation for the difference in the
repeat length between ALS and FTD in our study might be
related to the recently described repeat-associated non-ATG-
initiated (RAN) translation that occurs in C90rf72 expansion
mutation carriers. This alteration in the translation process
leads to the accumulation of insoluble dipeptide-repeat (DPR)
protein aggregates in the central nervous system (6,7). Interest-
ingly, the formation of incorrectly translated products seems to
occur in a hexanucleotide repeat length-dependent manner.
That s, the longer the repeat size the greater quantity of aberrant-
ly translated dipeptides will be produced. Furthermore, longer
repeat tracts can express multiple RAN-translated homopoly-
meric proteins whereas shorter repeats only express a unique
DPR (7). Taking all these novel data into account, it could be
expected that the length of the repeat could determine, to some
extent, the molecular mechanisms driving the disease to either
FTD or ALS. Nevertheless, our results should be interpreted cau-
tiously as there is a substantial overlap of hexanucleotide repeat
sizes between ALS and FTD index patients, and a threshold to
differentiate between ALS and FTD cannot be defined based
on our data. For example, index cases number 3, 4 and 26
(Fig. 2), with estimated median allele sizes of 148, 130 and
192 repeats, suffered from either FTD (Patients 3 and 4) or
ALS (Patient 26).

Ourresults also suggest that the hexanucleotide repeat number
does not correlate with disease duration or age at onset. This lack
of correlation might be due to environmental, genetic or epigen-
etic factors. In this sense, a recent study has reported that higher

levels of DNA methylation near the hexanucleotide repeat sig-
nificantly correlated with shorter disease duration in ALS
patients (8).

We found a striking positive correlation between the median
number of hexanucleotide repeats and the range of the observed
repeat sizes. This might reflect a greater disruption of replication,
repair and/or recombination machineries as the number of
repeats increases, thus contributing to genetic instability (9).
We also show a family in which the expansion mutation segre-
gates with FTD and present evidence of an unstable hexanucleo-
tide repeat number transference through generations. On the
contrary, we also present a family with an ALS affected father
and his three healthy sons who carry similar, although slightly
lower, expansion sizes. Similar expansion sizes (ranging from
1000 to 1600 repeats) have been previously reported across
four family members suffering from FTD (10). These data
could explain the clinical heterogeneity between family
members that has been described in related individuals carrying
this dynamic mutation (11), and clearly indicates the impossibil-
ity to predict the expansion size carried by descendants of muta-
tion carriers.

Finally, the fact that we have found subtle discordances in the
repeat length between two tissues (PB and cerebellum) from
the same patient, and also between MZ twins discordant for
the disease, strongly suggests that stochastic expansion events
during cell division, which results in somatic and/or germline
mosaicism, contributes to the intra- and inter-individual repeat
expansion variation.

In conclusion, we have developed a reproducible and opti-
mized protocol of Southern blot hybridization that allows a reli-
able method to approximate the whole repeat expansion size
range in C9orf72 in DNA samples extracted from PB and brain
tissue. Our results suggest that larger expansions occur in ALS
compared with index FTD patients. We also demonstrate that
inter-individual differences in repeat lengths might exist not
only between unrelated patients but also between family
members, including MZ twins, and different tissues from the
same individual. These results could explain the high heterogen-
eity of the phenotype presented by patients carrying the C9orf72
expansion.

MATERIALS AND METHODS
Samples

DNA samples extracted from PB of 38 index ALS patients and
18 index FTD patients were included in the analysis. Additional-
ly, DNA samples extracted from cerebellum tissue of four
patients with pathologically confirmed frontotemporal lobar
degeneration were collected. PB-derived DNA samples of two
families, one consisting of three FTD affected siblings and two
non-affected first cousins, and the other composed of one ALS
patient and his four unaffected sons, were also recruited. DNA
from the cerebellum of an index FTD patient was also analyzed
in order to compare the expansion size with its corresponding PB
tissue. Finally, we included DNA from an unaffected monozy-
gotic (MZ) twin of an index ALS patient in order to compare
the number of hexanucleotide repeats between identical twins.
ALS patients were diagnosed with definite or probable ALS,
as defined by the El Escorial research criteria (12). FTD
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diagnoses were made according to the international consensus
criteria (13,14). All patients were previously identified as hetero-
zygous carriers of a C9orf72 hexanucleotide expansion >30
repeats through an rpPCR method (10,15—18). Written informed
consent was obtained from all participants and research ethics
committees from the respective participating centres approved
the study.

Southern blotting

A total of 15 g of gDNA was digested overnight with Xbal re-
striction enzyme (New England Biolabs, Ipswich, MA, USA).
Electrophoresis of digested DNA samples was carried out in
0.8% agarose gel with 1 x tris—borate—EDTA buffer for 22 h
at 1.4 V/cm. DNA was transferred to a positively charged
nylon membrane (Roche Applied Science) by capillary blotting
and was baked at 80°C for 2 h. A 954-bp probe was synthesized
through a nested PCR method with FastStart PCR Master Mix
(Roche Applied Science) using two PCR rounds and four oligo-
nucleotide primers. The first PCR round was performed with the
primers CAACTGGTGAGTGATGGTGGTAG and CTGAG
TTCCAGAGCTTGCTACAG. The 1350 bp PCR product was
then purified and used as a template for a second PCR using
the FastStart PCR Master Mix (Roche Applied Science) and
the oligonucleotides CAGAAGGTGTAGACGTTGAGAGC and
CAGCGAGTACTGTGAGAGCAAG. Digoxigenin (DIG)-
dUTP labelling was performed with 2.8 pl of the Vial 2, con-
tained in the DIG probe synthesis kit (Roche Applied Science).
Prehybridization was carried out at 48°C for 3 h and hybridiza-
tion at 45°C overnight. Blots were then washed in 2 x standard
sodium citrate (SSC) and 0.1% sodium dodecyl sulphate
(SDS) at room temperature for 10 min twice. High stringency
washes (0.1 x SSC and 0.1% SDS) were carried out at 68°C
for 10 min five times. Ready-to-use CDP-Star (Roche Applied
Science) was used as the chemiluminescent substrate through
the transparency technique and signals were visualized on a
KODAK Image Station 4000MM PRO (Carestream Health
Inc., Rochester, NY, USA).

Assessment of the number of repeats

Hexanucleotide repeat size was estimated by interpolation with a
plot of log 10 bp number against migration distance. Minimum,
maximum, median and modal sizes of the repeat expansion were
assessed and used for statistical analyses. DIG-labelled DNA
molecular weight marker III (Roche Applied Science) was
used as a ladder.

Statistical analyses

Chi-square analyses were performed for categorical data.
Mann—Whitney test was used to compare disease phenotypes
and clinical outcomes with minimum, maximum, median and
modal size of the repeat expansion. Spearman’s correlations
were performed between the four expansion size parameters
and the clinical features of the disease. Data were analyzed
with the Statistical Package for Social Science v19.0 (SPSS
Inc., Chicago, IL, USA).
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ARTICLE INFO ABSTRACT

Article history: A non-synonymous genetic rare variant, rs75932628-T (p.R47H), in the TREM2 gene has recently been
Recefved 8 May 2013 reported to be a strong genetic risk factor for Alzheimer’s disease (AD). Also, rare recessive mutations
Received in revised form 5 August 2013 have been associated with frontotemporal dementia (FTD). We aimed to investigate the role of p.R47H

Accepted 10 August 2013 variant in AD and FTD through a multi-center study comprising 3172 AD and 682 FTD patients and 2169

healthy controls from Spain. We found that 0.6% of AD patients carried this variant compared to 0.1% of
controls (odds ratio [OR] = 4.12, 95% confidence interval [CI] = 1.21—-14.00, p = 0.014). A meta-analysis
comprising 32,598 subjects from 4 previous studies demonstrated the large effect of the p.R47H variant
in AD risk (OR = 4.11, 95% Cl = 2.99—5.68, p = 5.27x10'8). We did not find an association between

Keywords:
Alzheimer’s disease
Frontotemporal dementia

TREM2 p-R47H and age of onset of AD or family history of dementia. Finally, none of the FTD patients harbored
Genetic association this genetic variant. These data strongly support the important role of p.R47H in AD risk, and suggest that
p.R47H this rare genetic variant is not related to FTD.

Rare variant © 2013 Elsevier Inc. All rights reserved.

1. Introduction

* Corresponding author at: Genetics of Neurodegenerative Disorders Unit, IIB- The rapid population growth in recent centuries and the
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Antoni M? Claret 167, 08025 Barcelona, Spain. Tel.: +34 932919050 extg230;  Cvolutionary forces that shape allelic variation over time have led to
fax: +34 935565602. a large number of rare genetic variants in the human genome,
E-mail address: jclarimon@santpau.cat (J. Clarimén). and they seem to vastly exceed the number of common alleles
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(Tennessen et al., 2012). A substantial fraction of these rare variants
may have functional consequences and therefore can contribute to
the allelic architecture of complex diseases (Pritchard, 2001). Avery
recent example of a rare genetic variant with large individual
effect is the non-synonymous amino acid substitution p.R47H
(rs75932628) in the gene encoding the triggering receptor
expressed on myeloid cells 2 (TREM2) and its association with the
risk for sporadic Alzheimer’s disease (AD) (Guerreiro et al., 2013a;
Jonsson et al., 2013). This association has also been replicated in a
cohort of French patients with an early-onset form of AD (age of
onset <65 years) (Pottier et al., 2013), and in a Spanish study with a
series of patients that comprised AD patients with both late-onset
and early-onset disease (Benitez et al., 2013). Interestingly, homo-
zygous mutations in TREM2 have been described in patients with an
unusual early-onset frontotemporal dementia (FTD) from consan-
guineous families living in the Anatolian region of Turkey
(Guerreiro et al., 2013b) and in a Colombian family (Giraldo et al.,
2013), thus broadening the clinical heterogeneity spectrum
caused by mutations in this particular locus. In addition, homozy-
gous mutations in TREM2 are also the cause of Nasu-Hakola disease,
which is mainly characterized by pre-senile FTD and cystic bone
lesions (Paloneva et al., 2002).

In the present work, we aimed to evaluate how this non-
synonymous amino acid change contributes to the risk of early-
and late-onset forms of AD or FID by studying a large cohort of
patients and controls from Spanish origin.

2. Methods
2.1. Study subjects

A total of 3,172 AD patients (mean age at onset 74.8 4 9.9 years,
68.5% women), 682 FTD patients (mean age at onset 64.8 & 9.9 years,
46.8% women), and 2169 healthy controls (mean age at clinical
assessment 75.4 + 10.3 years, 58.2% women) were collected through a
collaborative effort involving 11 specialized centers across the country.
All individuals were Spanish and of European origin. Among AD pa-
tients, 466 were classified as having early-onset AD (EOAD; age of
onset <65 years). Patients were diagnosed using established clinical
criteria for AD (McKhann et al., 1984) or FTD (Neary et al., 1998). All
participants or their families provided written informed consent, and
the study was approved by the respective ethics committees.

2.2. Genotyping

Genotyping of the rs75932628 (p.R47H) variant was performed
using 3 approaches: TagMan SNP Genotyping Assays (Applied Bio-
systems, Foster City, CA), High Resolution Melting (Eco-PCR, [llumina,
San Diego, CA), and KASPar (KBioscience, Berlin, Germany). A human
DNA sample carrying a T-allele (rs75932628-T) in a heterozygous
state was distributed to all genotyping centers and was included as a
positive control in all genotyping plates. Given that 3 different gen-
otyping methods were used and different genotyping centers
contributed data for this study, the concordance rate was analyzed
for the distributed control and internal blanks included on each
plate. Specifically, the same positive (heterozygous) DNA was
included in thirty 48-well Eco PCR plates (Illumina) and twelve 384-
well plates (for KASPar and Tagman technologies). Perfect concor-
dance between observed and expected results was obtained for all
positive and blank controls (80/80 experiments; 100%).

2.3. Statistical analysis

Genotype frequency comparisons were performed by the Fisher
exact test. Differences between groups were analyzed by the

Student t test for continuous data. Multiple logistic regression
models were used to adjust for covariates such as age, sex, and
APOE-£4 status (presence/absence). Unadjusted and adjusted (sex
and APOE-¢4 status in a dominant model) linear regression models
were used to explore the effect of p.R47H variant in the age at onset
of AD. Data were analyzed using the Statistical Package for the
Social Sciences, version 19.0.0 (SPSS Inc, Chicago, IL). Genetic in-
teractions (epistasis) were assessed by the synergy factor analysis
(Cortina-Borja et al., 2009). Meta-analysis was conducted using the
inverse variance method (fixed-effects model) in Episheet Excel
application according to Fleiss (Fleiss, 1993). Fixed- and random-
effects meta-analyses were automatically generated by Episheet.
The weighting of each study was calculated using the estimated
standard errors. The final meta-analysis results and forest plot for
TREM2 p.R47H showing association results in all available data
were derived using OpenMeta (Wallace et al., 2009). Power calcu-
lations were performed with PS software (version 2.1.30).

3. Results

A total of 6023 individuals were genotyped for the p.R47H
polymorphism, and distribution of genotype frequencies across
phenotypes is presented in Table 1. The T allele at the rs75932628
biallelic polymorphism was carried by 0.6% of AD patients and 0.1%
of controls (p = 0.014), and yielded an odds ratio (OR) of 4.12 (95%
confidence interval [CI] = 1.21-14.00), almost identical to the risk
conferred by the APOE-¢4 allele (4.2, Table 1). Although not statis-
tically significant, age at onset of AD was slightly less in
1s75932628-T carriers than in non-carriers (70 + 6.0 and 74.8 + 9.9
years, respectively, p = 0.08). To effectively detect whether the
rs75932628-T variant has a role in the age at onset of AD, linear
regression—based analyses were conducted. Unadjusted linear
regression revealed a trend toward association between age at
onset of AD and TREM2 p.R47H carrier status (B = —4.41; 95%
Cl = —9.28 to 0.47; p = 0.078). Sex and APOE-¢4 (dominant model)
adjusted linear regression analysis yielded similar results
(B=-3.87;95% Cl = —8.55 t0 0.81; p = 0.11). Data regarding family
history of dementia were available for 14 of 18 AD patients carrying
the rs75932628-T allele. Of these patients, only 5 (35.7%) reported a
positive family history of dementia. This percentage was almost
identical to the prevalence of family history of dementia in
rs75932628-T noncarriers (35.3%, p = 0.974). To further address the
association between the p.R47H variant and the risk of AD, and to
compare the observed effect size of p.R47H among different pop-
ulations, we conducted a meta-analysis using our data and the
available data from the literature (Benitez et al., 2013; Guerreiro
et al., 2013a, 2013b; Jonsson et al., 2013; Pottier et al., 2013). In
total, we analyzed the genotypes of 32,598 subjects comprising
12,967 patients and 19,631 controls. The summary OR under a
fixed-effect model showed that individuals with the p.R47H variant
were 4.11 times more likely to develop AD than noncarriers (95%

Table 1
Frequency of TREM2 p.R47H and APOE-¢4 carriers across phenotypes
TREM2 p.R47H APOE-¢4
n (frequency %) n (frequency %)
Controls 3(0.14) 257 (16.1)
AD patients 18 (0.57) 1,264 (44.8)
FTD patients — 64 (24.5)
OR [95% CI] (AD vs. C) 4.12 [1.21-14.00], 4.23 [3.61-4.93],
p=0.014 p=69%x10"%
OR [95% CI] (FTD vs. C) —p=1 1.69 [1.24—-2.31], p = 0.001

Key: AD, Alzheimer’s disease; Cl, confidence interval; FTD, frontotemporal demen-
tia; OR, odds ratio.
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Cl = 2.99-5.68, p = 5.27x107 8, Fig. 1). No evidence of heteroge-
neity between studies was detected (Q = 2.17, p > 0.98 with 9 df).

We next assessed the effect of the APOE-¢4 allele on the asso-
ciation between rs75932628-T and the risk of AD. The risk of the
p.R47H variant was no longer significant after adjustment for the
APOE-£4 allele (p = 0.34). Since there were significant differences
between the frequency of rs75932628-T in carriers of the APOE-¢4
allele compared to noncarriers (1.1% and 0.3%, respectively,
p = 0.007), we then evaluated whether the TREM2 association was
indeed confounded by the presence of APOE-e4 in rs75932628-T
carriers through a meta-analysis that included 2 previous studies
with 6 populations (Jonsson et al., 2013; Pottier et al., 2013). This
analysis showed no difference in the frequency of rs75932628-T
carriers according to APOE-¢4 status (p = 0.28, Supplementary.
Fig. 1). No significant interaction between APOE-e4 and
rs75932628-T resulted from the logistic regression model (p =
0.577). Evaluation of this interaction by the synergy factor (SF)
analysis, which measures both the size and significance of genetic
interactions (Cortina-Borja et al., 2009), corroborated the lack of
synergy between APOE-¢4 and rs75932628-T (SF = 1.31, p = 0.43).

The study of the p.R47H variant in the FTD group (n = 682) did
not disclose any carrier of this genetic variant.

4. Discussion

The role of rare genetic variants in common disorders has been
fueled in the last few years by the appearance of next-generation
sequencing technologies. Two independent works have recently
demonstrated the power of these techniques. After a large-scale
analysis of sequencing data, they identified the rare p.R47H substi-
tution as a major genetic risk factor for AD (Guerreiro et al., 2013a;
Jonsson et al., 2013). In the present work, we were able to replicate
this finding by analyzing a large case-control cohort comprising
more than 6000 individuals. The effect size of the TREM2
1s75932628-T rare variant was consistent with those reported pre-
viously (Benitez et al., 2013; Guerreiro et al., 2013a; Jonsson et al.,
2013), and reached the same magnitude as the APOE-¢4 allele, the
most important genetic risk factor for AD. Our meta-analysis
comprising >32,000 subjects strongly supports the important role
of the p.R47H non-synonymous variant in AD risk.

We were not able to replicate the recently reported association
0f rs75932628-T and EOAD risk in a French population (Pottier et al.,
2013), despite the frequency of EOAD patients carrying the p.R47H
variant being slightly higher than that in controls (0.4% and 0.1%,

Studies Estimate (85% i
France. Poltlier 2013 4.070 {0.%80, 16&.900)
leeland, Jorsson 2013 4. B60 (2.376, 9.1400
USA (Emory), Jonsson 2013 3.030 {0.117, TE.345) =
Garmany, Jorsson 2013 3.150 {0.954, 10.400)
Metherdands, Jonsson 2013 2.450 (0.945, « 350)
Norway, Jonsson 2013 3.520 {0 T.209)

US4 (Mayo Chiic), Guarraing 2013 0 | ] 3
Caucasian (Mixed), Guemelro 2013 4.500 (1.702, 11.%00)
i

-

Span, Benilez 2013 T.690 (1.323, 44.7093)

Spain (present siudy) 4.120 {1.212, 14.000)

Cwerall {I*2=0 , P=0.988) 4.118 (Z.98B@, 5.6T6)
ISIE"\-

respectively). A possible explanation for this lack of replication is
that the frequency of the rs75932628-T variant in the Spanish
population is much lower than that in the French population (0.14%
and 0.5%, respectively, in controls, and 0.4% and 2.0% in patients).
Therefore, even though our sample size was almost double that of
Pottier et al., the much lower frequency of the rs75932628-T in our
population could have led to an insufficient statistical power. The
present study had a power of 46% (o = 0.05) to detect a risk equal to
that reported in the French analysis. It is important to note, how-
ever, that patients carrying the rs75932628-T variant had a slightly,
although not significantly, earlier age of onset, thus raising the
question as to whether this genetic variant could modulate the age
of onset of AD.

We did not find any interaction between the ¢4 allele of the
APOE gene and the p.R47H variant. Nevertheless, the APOE-¢4
adjusted risk of the rs75932628-T variant resulted in a loss of
statistical significance. The high prevalence of the APOE-E4 iso-
form in AD patients, in conjunction with its prominent effect on
AD risk, may explain this somewhat unexpected outcome. How-
ever, our meta-analysis to evaluate the effect of APOE-¢4 on the
association of rs75932628-T with AD strongly indicates the in-
dependence of both genes in the risk of AD. Therefore, co-
occurrence of both alleles (rs75932628-T and APOE-¢4) in our AD
series was not confirmed in other populations and might be due to
random effects.

Our results suggest that the p.R47H variant does not contribute
to the risk of common forms of FTD in the Spanish population. This
outcome does not agree with recent data that included 609 North
American FID patients (Rayaprolu et al.,, 2013). In that case, the
association was found within the clinical series but not among the
pathologically confirmed cases. One possible explanation for this
discrepancy could be confounder factors that are inherent to clin-
ical diagnosis in neurodegenerative dementias. Another possible
reason could be related to population stratification in the North
American series. Because rare genetic variants are more prone to
geographic stratification, studies that do not include a very ho-
mogenous population might be more prone to false-positive out-
comes (Tennessen et al., 2012). Finally, discrepancies between our
data and those of Rayaprolu et al. could pertain to population-
specific genetic causes related to complex diseases such as FTD.
Therefore, population-specific catalogs of variants, as well as careful
collection of information about ancestry, will be mandatory to
evaluate the role of rare variants within TREM2 gene in neurode-
generative disorders.
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Fig. 1. Forest plot with the rs7593268-T allelic odds ratios from published studies and overall odds ratio.
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Frontotemporal dementia and its subtypes: a genome-wide
association study
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Summary

Background Frontotemporal dementia (FTD) is a complex disorder characterised by a broad range of clinical
manifestations, differential pathological signatures, and genetic variability. Mutations in three genes—MAPT, GRN,
and C9orf72—have been associated with FTD. We sought to identify novel genetic risk loci associated with the
disorder.

Methods We did a two-stage genome-wide association study on clinical FTD, analysing samples from 3526 patients
with FTD and 9402 healthy controls. To reduce genetic heterogeneity, all participants were of European ancestry. In
the discovery phase (samples from 2154 patients with FTD and 4308 controls), we did separate association analyses
for each FTD subtype (behavioural variant FTD, semantic dementia, progressive non-fluent aphasia, and FTD
overlapping with motor neuron disease [FTD-MND)]), followed by a meta-analysis of the entire dataset. We carried
forward replication of the novel suggestive loci in an independent sample series (samples from 1372 patients and
5094 controls) and then did joint phase and brain expression and methylation quantitative trait loci analyses for the
associated (p<5x1078) single-nucleotide polymorphisms.

Findings We identified novel associations exceeding the genome-wide significance threshold (p<5x10-8). Combined
(joint) analyses of discovery and replication phases showed genome-wide significant association at 6p21.3, HLA locus
(immune system), for rs9268877 (p=1-05x103; odds ratio=1-204 [95% CI 1-11-1-30]), rs9268856 (p=5-51x10"9;
0-809 [0-76-0-86]) and rs1980493 (p value=1-57x108, 0-775 [0-69-0-86]) in the entire cohort. We also identified a
potential novel locus at 11q14, encompassing RAB38/CTSC (the transcripts of which are related to lysosomal biology),
for the behavioural FTD subtype for which joint analyses showed suggestive association for rs302668 (p=2-44x107;
0-814 [0-71-0-92]). Analysis of expression and methylation quantitative trait loci data suggested that these loci might
affect expression and methylation in cis.

Interpretation Our findings suggest that immune system processes (link to 6p21.3) and possibly lysosomal and
autophagy pathways (link to 11q14) are potentially involved in FTD. Our findings need to be replicated to better
define the association of the newly identified loci with disease and to shed light on the pathomechanisms contributing
to FID.
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MRC Centre on Parkinson’s disease, Alzheimer’s Research UK, and Texas Tech University Health Sciences Center.
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Introduction

Frontotemporal dementia (FID) is the second most
common form of young-onset dementia after
Alzheimer’s disease and comprises about 10-20% of all
dementias worldwide.! FTD occurs in about three to
15 per 100000 individuals aged between 55 years and
65 years.” The disease has a slow and subtle onset: it is
familial in 30-50% of patients and affects men and
women almost equally.’ The main clinical syndromes
are the behavioural variant'* and the language variants
(semantic dementia and progressive nonfluent
aphasia).”” FTD can also co-occur with motor neuron
disease (FTD-MND), and atypical parkinsonian
disorders.” The molecular pathology is heterogeneous
and based on the type of neuronal lesions and protein
inclusions: 40% or more of patients have frontotemporal
lobar degeneration (FTLD) with tau pathology (FTLD-
tau), about 50% have TDP-43 (TAR DNA-binding protein
43) pathology (FTLD-TDP),° and the remaining 10%
have inclusions positive for fused in sarcoma (FUS;
FTLD-FUS) or ubiquitin/p62 (FTLD-UPS [ubiquitin
proteasome system]).” Mutations in three main genes
are commonly associated with FTD: the microtubule-
associated protein tau (MAPT),* granulin (GRN),*® and
Corf72.* Mutations in the charged multivesicular
body protein 2B (CHMP2B), the valosin-containing
protein (VCP), and ubiquilin 2 (UBQLN2) genes are rare
causes of disease.*" Findings from a previous genome-
wide association study (GWAS) of neuropathologically
confirmed FTLD-TDP (515 patients vs 2509 controls)
showed TMEM106B to be a disease risk factor.”

We did a larger GWAS in samples from people with
clinical FTD, and we report results for the discovery,
replication, and joint-phase analyses, as well as for
assessment of the effect on expression and methylation
quantitative trait loci (QTL) exerted by associated or
suggestive SNPs. We aimed to identify novel genetic risk
loci associated with FTD and its subtypes.

Methods

Study population

44 international research groups (appendix) contributed
samples to this two-stage (discovery phase and replication
phase) GWAS of clinical FID. The patients included in
the discovery phase were diagnosed according to the
Neary criteria' for FTD, whereas those included in the
replication phase were diagnosed according to the Neary
criteria,' or the revised criteria for behavioural FTD* and
the language variants of FTD® at every collaborative site.
For each patient, the diagnosis was made by a neurologist
with an interest in FTD or, in a minority (70 [3%)] of 2621
patients), by pathological diagnosis. To cover the most
relevant FTD clinical signatures, we included patients
diagnosed with behavioural FTD, semantic dementia,
progressive nonfluent aphasia, or FTD-MND.® We
reviewed all patients with a diagnosis of language
impairment to exclude cases of the logopenic variant of
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primary progressive aphasia,” most of which are associated
with Alzheimer’s disease pathology. Samples were
obtained from Australia, Belgium, Denmark, France,
Germany, Italy, the Netherlands, North America (USA
and Canada), Spain, Sweden, and the UK and all patients
were of confirmed European ancestry (to reduce genetic
heterogeneity).

DNA was collected at the three institutions leading this
project: the Department of Molecular Neuroscience at
University College London (UCL), UK; the Laboratory of
Neurogenetics of the National Institute on Aging at the
National Institutes of Health (NIH), MD, USA; and the
Laboratory of Neurogenetics at the Texas Tech University
Health Sciences Center (TTUHSC), TX, USA. All
samples were anonymous and stored with a patient-
specific coded identification number. Each DNA sample
was assessed for quality with gel electrophoresis and
DNA concentrations were assessed via spectrophotometer
(Nanodrop; Wilmington, DE, USA) or fluorometer
(Qubit; Life Technologies, Grand Island, NY, USA).
Samples from non-overlapping patients were genotyped
at the Laboratory of Neurogenetics of the National
Institute on Aging, NIH (40%), or at the core facility at
the Institute of Child Health, UCL (60%). We obtained
standardised clinical, pathological, and genetic data for
each patient from all the collaborating groups (appendix).
Sporadic cases along with probands from FTD families
were included in the study. We excluded carriers of
mutations in MAPT and GRN. We did not exclude
individuals with C9orf72 expansions because this locus
was identified subsequent to sample collection. After
quality control of genotyping data and detailed
assessment of the clinical diagnosis, we used 2154 and
1372 samples in the discovery phase and replication
phase, respectively, for association analysis (table 1). In
total, after quality control, we analysed 3526 FID samples
(table 1). Further details about cases included in the study
are provided in the appendix.

Control samples for the discovery phase were taken
from studies previously done at the Laboratory of
Neurogenetics of the National Institute on Aging at the
NIH or at UCL. Control individuals were matched to
patients on the basis of population ancestry and
genotyping platform. Aggregate data for control samples
were merged based on overlapping single-nucleotide
polymorphisms (SNPs). The selected 7444 control
samples were from France, Germany, I[taly, the
Netherlands, Sweden, the UK, and USA, and were used
as controls in previous GWAS;® all individuals had
given consent for their samples to be used as controls.
All were free of neurological illness at the time of
sampling, but most had not been screened for the
absence of a family history of FTD. For each patient, at
least two controls were matched based on compatibility
of genetic ancestry estimates by principal components
analysis to accommodate the lack of precisely matched
clinical controls. After quality control, we included 4308
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Samples collected (n) Samples included in analysis (n) Samples from women (% [n/N]) Mean age at onset (years [range]; N)
Discovery  Replication Total Discovery Replication  Total Discovery phase Replication phase  Discovery phase Replication phase
phase phase phase phase
Australia 0 138 138 0 121 121 NA 36% (44/121) NA 59 (32-77); 112
Belgium 240 51 291 191 42 233 46% (88/191) 29% (12/42) 63(29-90); 191 64 (43-84); 42
Canada 25 37 62 24 29 53 52% (12/23) 57% (8/14) 64 (43-85);15 59 (43-75); 9
Denmark 35 0 35 7 0 7 71% (5/7) NA 57 (40-62); 7 NA
France 238 54 292 205 42 247 44% (91/205) 48% (20/42) 62(39-79);190  NA
Germany 349 34 383 320 33 353 NA 50% (15/30) 61(36-83); 243 57(29-72); 30
Italy 1035 563 1598 564 371 935 53% (297/561) 45% (168/371) 64 (31-83); 429 65 (31-87); 353
Netherlands 333 93 426 250 77 327 52 (129/250) 40% (31/77) 58 (29-76); 250 61 (51-69); 59
Spain 100 330 430 0 309 309 NA 43% (133/309) NA 65 (32-89); 308
Sweden 26 112 138 18 98 116 56% (10/18) 61% (60/98) 57 (38-75); 16 62 (28-78); 93
UK 494 372 866 401 284 685 43% (171/400) 40% (108/272) 60(23-83);372  61(35-86);167
USA 706 209 915 579 175 754 44% (257/579) 49% (85/174) 60 (23-85); 520 63 (24-93); 120
Total 3581 1993 5574 2559 (2154*) 1581 (1372*%) 4140 (3526%)  47% (1186/2552)  44% (684/1550) ~ 61(23-90);2233 62 (24-93); 1293
NA=not applicable. *The number of the samples that passed genotyping data quality control and were used for association analyses.
Table 1: Sample characteristics
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control samples in this study. The genotyping of control
samples for the replication phase was done at the
Laboratory of Neurogenetics of the National Institute on
Aging, NIH (4594 [90%] of 5094) and at the core facility
at the Institute of Child Health, UCL (500 [10%)] of
5094). All control samples used in the replication phase
were collected from the groups participating in the
study (5094 samples passed quality control) and were of
European ancestry from the following countries: France,
Germany, Italy, the Netherlands, Spain, Sweden, the
UK, and USA.

Investigators at every site obtained written informed
consent from patients and control individuals. Every
participating group provided consent for the use of
these samples for the purposes of this study. Each study
site obtained approval from a local ethics committee
(UK ethics committee number 10/HO0716/3) or
institutional research ethics board.

Procedures

For every sample, 2 pg of DNA extracted from either
blood or the brain at each collaborative site was collected
(whole genome amplified DNA samples were excluded).
Samples were securely stored at —20°C. Every sample was
first screened for integrity and purity by means of gel
electrophoresis on 1% agarose gel and concentrations
were analysed by spectrophotometric (Nanodrop) or
fluorometric (Qubit) quantification. The same procedure
was implemented at NIH, UCL, and TTUHSC.

Samples from patients and control individuals
included in the discovery phase were genotyped using
Mlumina human 370K, 550K, and 660K Quad Beadchips
and Omni Express chips (Illumina Inc, CA, USA). We
used Illumina NeuroX custom chips for all samples
included in replication phase genotyping. The NeuroX
chip is a partially custom-designed chip that specifically

targets the main loci associated with several different
neurological disorders obtained from GWAS or whole-
exome sequencing data. The NeuroX chip holds about
267K SNPs, of which 3759 were FTD-specific, being
selected from SNPs that had p values of less than 1x 104
during the discovery phase of the study. These SNPs
were tag SNPs based on European ancestry linkage-
disequilibrium patterns from the most up-to-date data
for samples of European ancestry from the 1000 Genomes
project.” For all GWAS significant hits and candidate
SNPs, five linkage-disequilibrium-based proxies or
technical replicates were included on the array per locus,
tagging associations within +/-250 kb and 2 >0-5 from
the most strongly associated proximal SNP. To replicate
each locus, we picked the tag SNP most significant in
the discovery phase; if no linkage-disequilibrium-based
proxies were available, technical replicates were
included. All genotyping arrays (discovery phase and
replication phase) were assayed on the Illumina
Infinium platform (Illumina, San Diego, CA, USA) at
the Laboratory of Neurogenetics of the National Institute
on Aging, NIH and at the core facility at the Institute of
Child Health, UCL. All genotypes for this project were
called centrally using [llumina Genome Studio and all
3759 SNPs of interest for FTD were manually examined
to ensure high-quality genotype clusters before data
export.

For the purpose of assessing possible biological
relevance for any associated SNPs we used quantitative
trait loci (QTL) data generated by the UK Brain
Expression Consortium (UKBEC) and the North
American Brain Expression Consortium (NABEC) for
brain tissues assayed for genome-wide expression and
methylation. Details about sample collection, RNA and
DNA extraction, and genotyping are provided in the
appendix.
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Statistical analysis

We did standard quality control for GWAS data before
association analyses. Briefly, for the discovery phase, we
extracted overlapping SNPs across all [llumina arrays
used. This was done as a means of dealing with the low
numbers of matched cases and controls per study site or
chip type to facilitate the FTD subtype analyses. We
maximised sample size for the subtype analyses by
pooling as many possible samples while sacrificing
some array content, leaving 228189 autosomal SNPs as a
basis for imputation after the quality control was
completed. We excluded samples possibly mismatched
for sex by assessing X chromosome heterozygosity.
Samples with a call rate of greater than 95% and SNPs
with a minor allele frequency greater than 1% were
filtered and included in the analyses. We calculated
Hardy-Weinberg equilibrium p values (exclusion at
p values <1x1075). We assessed non-random missingness
per SNP by case-control status with exclusion at p values
of less than 1x105 and non-random missingness per
SNP by haplotype at p values for exclusion <1x1075. We
assessed the presence of relatedness by identifying and
excluding first-degree relatives (through identity by
descent for any pairwise with an estimate of less than
0-125) and verified European ancestry by principal
components analysis compared with HapMap3
populations, with European ancestry ascertained at
values for the first two eigenvectors less than six SDs
from the population mean for the combined Europeans
from Utah (CEU) and Tuscans from Italy (T'SI) reference
samples.” After preliminary quality assessment,
principal components analysis as implemented in

controls. Custom coding in R (version 2.7) was used to
match cases to controls. We treated each subtype
(behavioural FTD, semantic dementia, progressive
nonfluent aphasia, and FTD-MND) as a separate group
in which the two most genetically similar unique
controls per case were selected based on eigenvectors 1
and 2 to compensate for a lack of precisely matched
controls at recruitment. In this respect, matched controls
were unique per case and non-redundant across subtype
datasets. Thus, cases and controls were matched for
each subtype (behavioural FTD, semantic dementia,
progressive nonfluent aphasia, and FTD-MND) based
on similarity of the first two eigenvectors from principal
components analysis and did not overlap across
subtypes. We used logistic regression based on imputed
dosages to assess the association between each SNP and
any of the FTD subtypes, adjusting for eigenvectors 1
and 2 from principal components analysis as covariates.
Eigenvectors were generated separately for each subtype
and, as in the overall sample pool, parameter estimates
for the first two were associated with case status at p
values of less than 0-05. We did fixed-effects meta-
analyses to combine results across subtypes and quantify
heterogeneity across subtypes. Genomic inflation was
minimal across subtypes and in the meta analysis across
subtypes (A<1-05), therefore we did not use genomic
control (see appendix for quantile-quantile plots and
A\ values per discovery phase analysis). SNPs were
imputed to August, 2010 release of the 1000 Genomes
haplotypes using default settings of minimac and were
excluded if their minor allele frequency was less than
0-01 or imputation quality (Rsq) was less than 0-30

Weinberg College of Arts and
Sciences, Northwestern
University, IL, USA

(Prof ) Grafman); Newcastle
Brain Tissue Resource, Institute
for Ageing and Health,
Newcastle University, Newcastle
uponTyne, UK (C M Morris,

Prof ) Attems MD,

Prof T D Griffiths FMedSci);
Newcastle University, Institute
for Ageing and Health, Campus
for Ageing and Vitality,
Newcastle uponTyne, UK

(CM Morris, Prof | Attems MD,
Prof AJ ThomasPhD, E Jaros PhD);
Institute of Neuroscience,
Newcastle University Medical
School, Newcastle upon Tyne, UK
(CM Morris, Prof T D Griffiths);
Biomedical Research Building,
Campus for Ageing and Vitality,
Newcastle University, Newcastle
uponTyne, UK

(Prof 1 G McKeith MD); Clinical
Psychology Branch, Pisa
University Hospital, Pisa, Italy,
Laboratory of Clinical
Biochemistry and Molecular
Biology, University of Pisa, Pisa,
Italy (Prof P Pietrini MD); Taub
Institute, Departments of
Psychiatry and Neurology,
Columbia University, New York,
NY, USA 10032 (E D Huey MD);
Behavioral Neurology Unit,
National Institute of
Neurological Disorders and
Stroke, National Institutes of
Health, Bethesda, MD, USA

EIGENSTRAT? was used to assess matching between across all samples, leaving 6026 385 SNPs for analyses. (EMWassermannMD,
cases and controls based on all available cases and We used PLINK (version 1.07) for statistical analyses. M Tierney MSc);
Behavioural variant Semantic dementia Progressive nonfluent aphasia  Frontotemporal dementia Frontotemporal lobar
frontotemporal dementia with motor neuron disease degeneration (unspecified)
Discovery Replication Total Discovery Replication Total Discovery Replication Total Discovery Replication Total Discovery Replication Total
phase phase phase phase phase phase phase phase phase phase
Australia® NA 56 56 NA 26 26 NA 19 19 NA 20 20 NA 0 0
Belgium 135 27 162 13 1 14 22 2 24 21 2 23 0 10 10
Canada 22 5 27 1 1 2 0 5 5 1 7 8 0 11 11
Denmark 2 NA 2 0 NA 0 1 NA 1 4 NA 4 0 NA 0
France 135 30 165 3 0 3 8 3 11 59 8 67 0 1 1
Germany 209 18 227 45 8 53 55 6 61 11 1 12 0 0 0
Italy 443 186 629 28 22 50 69 86 155 24 16 40 0 61 61
Netherlands 159 37 196 47 31 78 24 6 30 20 3 23 0 0 0
Spain NA 194 194 NA 41 41 NA 51 51 NA 13 13 NA 10 10
Sweden 7 53 60 2 20 22 6 10 16 3 8 11 0 7 7
UK* 207 152 359 75 53 128 69 44 113 50 16 66 0 19 19
USA 315 25 340 147 12 159 81 15 96 36 21 57 0 102 102
Total 1634 783 2417 361 215 576 335 247 582 229 115 344 0 221 221
(13771)  (690%) (2061t)  (308t)  (190t) (495t)  (269t)  (2211) (4861)  (200t) (941) (2947) (1771) (1777)
NA=not applicable. *Used the same control samples. 1The number of the samples that passed genotyping data quality control and were used for association analyses.
Table 2: Sample characteristics, by subtype
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Articles

Neuropathology Department,
Walton Centre FT, Liverpool, UK

(A Baborie MD);
Neuropathology/Cellular
Pathology, Royal Victoria

Infirmary, Newcastle upon
Tyne, UK (E Jaros);
Neurogenetics Laboratory,
Division of Neurosciences,
Center for Applied Medical
Research, Universidad de
Navarra, Pamplona, Spain
(P Pastor, C Razquin PhD,
S Ortega-Cubero, E Alonso BSc);
Department of Neurology,
Clinica Universidad de Navarra,
University of Navarra School of
Medicine, Pamplona, Spain

(P Pastor); Neuroepidemiology Chromosome 6:
and Ageing Research Unit, 32360000 32380000 32400000 32420000 32440000 32460000 32480000 32500000
School of Public Health, Faculty L L L L L L L !
of Medicine, The Imperial
College of Science, Technology

A Subtype meta-analysis

[y

U1 O 0L O

_|0910(P)

Chromosome

FqI3eqldid e ngl5e q16.1 & q16.3 Rl 92231 4

92329233244~ -q253-G26- 27

and Medicine, London, UK
(R Perneczky MD); West London 151980493 159268856 159268877
Cognitive Disorders Treatment
and Research Unit, West HLA-DRA TH[A-DRB9 HLA-DRBS
London Mental Health Trust, NM_019111-4 —HH-\ NM_061984-2 NP_002116-2
London TW8 8 DS, UK w BTNL2 w

H——H+-HNM_0196021

(R Perneczky); Department of

Psychiatry and Psychotherapy,

Technische Universitat
Minchen, Munich, Germany
(R Perneczky, | Diehl-Schmid MD, «— Y «——
P Alexopoulos MD, A Kurz MD);
Neurology I, Department of
Neuroscience, University of
Torino, Italy, AO Citta della
Salute e della Scienza di Torino,
Italy (I Rainero MD, E Rubino MD,
Prof L Pinessi MD); Tanz Centre
forResearchin
Neurodegenerative Diseases
and Department of Medicine,
University of Toronto, Toronto,
Ontario, Canada (E Rogaeva PhD,
P St George-Hyslop MD);
Cambridge Institute for Medical
Research and the Department

B Behavioural variant frontotemporal dementia

[Sale I N e )

_|0910(P)

Chromosome

Chromosome 11
www o pl54  opl5.2-pl5d. pl4.3 . pl4.lopl3

=
p12  fpla2. G11.q12.1 (—Cli3ede  14.1 ql4.3 Sg2le q22.1 § 223 feeeneg233eeniq24:2.624:3.q25+

of Clinical Neurosciences,
University of Cambridge, Chromosome 11:
Cambridge, UK 87850000 87900000 87950000 88000000 88050000 88100000
(P St George-Hyslop); Division of ! : . : . !
Neurology V and
Neuropathology, Fondazione
IRCCS Istituto Neurologico Carlo 15302652 1574977128
Besta, Milano, Italy (G Rossi PhD,
F Tagliavini MD, G Giaccone MD);
Cambridge University
Department of Clinical RAB38 v v
Neurosciences, Cambridge CB2 H f | NM_022337:2
0SZ, UK () B Rowe PhD); MRC
Cognition and Brain Sciences - cTSC
Unit, Cambridge, UK () B Rowe);
Behavioural and Clinical — —
Neuroscience Institute,

fH—+—H——— I CTsC

Cambridge, UK (J BRowe);  Figure 1: Manhattan plots identifying regions with genome-wide significant associations
Department of Psychiatry and (A) Single-nucleotide polymorphisms (SNPs) with genome-wide significant p values (p<5x107®) are depicted as red dots and locate to 6p21.3. The associated SNPs
Psychotherapy, University of map to intron 5 of BTNL2 and to the intergenic region between HLA-DRA and HLA-DRB. (B) Manhattan plot for the behavioural variant frontotemporal dementia
Freiburg Medical School, subtype in the discovery phase. SNPs with genome-wide significant p values (p<5x10~) are depicted as red dots and locate to 11q14. The associated SNPs map to
Germany intron 1 of RAB38 and to the intergenic region between RAB38 and CTSC.

690 www.thelancet.com/neurology Vol 13 July 2014



Articles

A Semantic dementia

4|Ogm(P)

‘logm(P)

‘logm(P)

Chromosome

T T T T T T
8 9 10 11 12 13

T T T T T T T1
14 15 16 17 18 19202122

Figure 2: Manhattan plots identifying regions with suggestive associations

Manhattan plots for semantic dementia (A), progressive nonfluent aphasia (B), and frontotemporal dementia with motor neuron disease (C).

For the replication phase, we did standard quality
control as for the discovery phase with slight adjustments
to account for the bias in NeuroX array content (candidate
neurological or neurodegenerative disease SNPs and
exonic content). Standard content variants included on
the NeuroX array that were used for sample quality
control were called using a publicly available cluster file
based on more than 60000 samples.” See the appendix
for details about QTL statistical analysis.** For quality
control, variants with GenTrain scores greater than 0-70
(indicative of high-quality genotype clusters) were
extracted first to calculate call rates. Samples with call
rates greater than 95% were excluded, as were samples
whose genetically determined sex conflicted with that
from the clinical data and samples exhibiting excess
heterozygosity. Next, SNPs overlapping with HapMap
phase 3 samples were extracted from the previous subset
and pruned for linkage disequilibrium (SNPs excluded if
2 >0-50 within a 50 SNP sliding window), and SNPs
with minor allele frequency less than 5%, Hardy-
Weinberg equilibrium p values less than 1x1075, and per
SNP missingness rates greater than 5%. At this stage, we
used pairwise identity-by-descent filtering to remove
samples that were cryptically related and principal
components analysis to identify samples to be excluded
when genetic ancestry was not consistent with European

www.thelancet.com/neurology Vol 13 July 2014

descent based on comparisons with HapMap phase 3
reference populations. For replication analyses and due
to an effort to maximise the restricted power of this
phase compared to the discovery phase, analyses of each
subtype included all control samples available, adjusting
for the first five eigenvectors only from principal
components analysis as covariates in the logistic
regression model. No other adjustments were
implemented. Additionally, we pooled the individual
genotypes from different subsets in the replication phase
to help increase statistical power. For details about QTL
statistical analysis, see appendix. This study used the
high-performance computational capabilities of the
Biowulf Linux cluster at the NIH.

Role of the funding source

The sponsors of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. No pharmaceutical company or other agency
paid to write this Article. The corresponding author had
full access to all the data in the study and had final
responsibility for the decision to submit for publication.

Results
In the discovery phase, we analysed samples from
2154 patients (table 1) and 4308 controls. We first did
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separate association analyses for each subtype
(behavioural FTD, semantic dementia, progressive
nonfluent aphasia, and FTD-MND; table 2) and then
undertook a meta-analysis of the entire dataset. Findings
from the meta-analysis showed 29 SNPs (appendix)
exceeding genome-wide significance (p value <5x108) at
the HLA locus (6p21.3), encompassing the butyrophilin-
like 2 (MHC class II associated) gene (BTNL2) and the
major histocompatibility complex, class II, DR alpha
(HLA-DRA), and DR beta 5 (HLA-DRBS5; figure 1, table 3).
To identify susceptibility loci for the behavioural FTD
subtype we analysed 1377 patient samples (table 2) and
2754 control samples. Two non-coding SNPs at 11q14,
locating to intron 1 of the gene RAB38, member RAS
oncogene family (RAB38; 1s302652) and encompassing
RAB38 and cathepsin C (CTSC; rs74977128), passed the
genome-wide significance threshold (figure 1, table 3).
Similarly, we did analyses on the other subtypes (table 1):
308 semantic dementia versus 616 controls,
269 progressive nonfluent aphasia versus 538 controls,
and 200 FTD-MND versus 400 controls. No SNP reached
genome-wide significance in either subtype, probably

due to the small sample size. However, several SNPs
(appendix) showed suggestive associations (p values
between 1x 106 and 1x107; figure 2) and warrant further
investigation in future screenings.

In the replication phase, we analysed samples from
1372 patients (table 1) and 5094 controls. We assessed the
associated SNPs at 6p21.3 (rs9268877, rs9268856, and
rs1980493) in the whole replication cohort (table 3).
Table 3 shows findings from the surrogate or proxy SNPs
assessed for replication at 11q14 in 690 behavioural FTD
cases: 1s302668 and rs16913634. Combined analyses of
discovery and replication phases showed genome-wide
significant association at 6p21.3 for all SNPs (table 3).
Joint p values of the SNPs at 11q14 only revealed
suggestive association for rs302668 (table 3) possibly
because of decreased power due to proxy-based
replication (12 of r$302652 to rs302668=0-65).

We then assessed biological relevance for the novel
potential loci in human brain cortex tissues assayed for
genome-wide expression and methylation. There was no
eQTL in our dataset, but assessment of Zeller and
colleagues’ dataset® showed a cis-eQTL (p=5-05x10732

Chromosome  Base pair Candidate gene Minor Major Frequency of Imputation Oddsratio (95%Cl) Standard p value
allele allele minorallele  quality error
(r* when
applicable)
Discovery phase
Behavioural variant frontotemporal dementia
15302652 11 87894831 RAB38 A 0-259 0-9296 0-730 (0-65-0-82) 0-057 2.02x10°
1574977128 11 87936874 RAB38/CTSC C 0-118 0-4182 1815 (1-48-2-24) 0-107 3-06x10°
All frontotemporal dementia*
19268877 6 32431147 HLA-DRA/HLA-DRB5 A G 0-440 0-7783 1.331(1-22-145) 0-045 1.65x10™
159268856 6 32429719 HLA-DRA/HLA-DRB5 A C 0-251 0-8563 0-752 (0-68-0-83) 0-050 130x10®
151980493 6 32363215 BTNL2 C T 0-147 0-9642 0-720 (0-69-0-81) 0-060 4-94x10°
Replication phase
Behavioural variant frontotemporal dementia
rs302668 (proxy) 11 87876911 RAB38 C 0-325(0-65) NA 0-877(0.77-0.99) 0-064 0-041
1516913634 (proxy) 11 87934068  RAB38/CTSC A G 0104 (0-54) NA 0-964(0.79-1.17)  0-098 0710
All frontotemporal dementia*
159268877 6 32431147 HLA-DRA/HLA-DRB5 A G 0:449 NA 1.080 (0-98-1-18) 0-047 0-104
19268856 6 32429719 HLA-DRA/HLA-DRB5 A C 0-253 NA 0-878 (0-79-0-97) 0-053 0-014
11980493 6 32363215 BTNL2 C 0-145 NA 0.85 (0:75-0-97) 0-068 0-020
Discovery and replication combined
Behavioural variant frontotemporal dementia
15302668 (proxy) 11 87876911  RAB38 C 0292 (0-65) NA 0-814 (071-0-92)  0-064 2-44x107
1516913634 (proxy)t 11 87934068  RAB38/CTSC A G 0-111(0-54)  NA 1248 (1-14-137) 0-049 8.15x10*
All frontotemporal dementia*
192688771 6 32431147 HLA-DRA/HLA-DRB5 A G 0-4445 NA 1-204 (1-11-1-30) 0-039 1.05x10*°
19268856 6 32429719 HLA-DRA/HLA-DRB5 A C 0-252 NA 0-809 (0-76-0-86) 0-029 5.51x10°
151980493 6 32363215 BTNL2 C T 0-146 NA 0-775 (0-69-0-86) 0-058 1.57x10°
Replication and joint analyses were assessed for the same single-nucleotide polymorphisms (SNPs) at 6p21.3, whereas proxy SNPs were used to assess the association at 11q14 (for which r* values are included).
The odds ratio is shown for the minor allele. NA=not applicable. *Denotes only minimal cross-subtype heterogeneity, with heterogeneity p values ranging from 0-793 to 0-944 based on Cochran’s Q test.
‘tHeterogeneity p value <0-01 in the meta-analyses of the discovery and replication phases combined.
Table 3: Characteristics of single-nucleotide polymorphisms exceeding genome-wide significance in the discovery phase
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appendix) at 11q14 for rs302652 (chr11:87894881, risk
allele T) causing a decreased expression of RAB38
(Mumina ILMN_2134974 located on chr11:87846656-
87846705) in monocytes. These data suggest a role in
transcriptional processes in cis for this SNP. Furthermore,
we identified significant cismQTL at 6p21.3 after
multiple test correction for rs1980493 (risk allele T) that
associated with changes in the methylation levels related
to HLA-DRA in the frontal cortex (table 4).

To assess potential genetic overlap between FTD and
closely related forms of neurodegenerative diseases we
selected relevant SNPs for candidate loci and analysed
them in our dataset. This analysis included published
association studies for amyotrophic lateral sclerosis,”
progressive  supranuclear palsy and corticobasal
degeneration,® Alzheimer’s disease,” and FTLD-TDP.”
We also assessed whether the two loci identified through
this study had also been reported previously in other
studies of neurological disorders.

For the C9orf72 locus (for amyotrophic lateral sclerosis),
the SNP rs3849942 achieved a p value of 2-12x10°6 and an
OR of 1-957 in the FTD-MND subtype consistent with our
post-hoc analyses (about 23% of expansion carriers in this
subtype; table 5, appendix). Association was modest in
behavioural FTD (p=7-38x1073; OR=1-155) as well as in
the entire discovery cohort (p=4-38x104 OR=1-166),
while there was no evidence for association in the semantic
dementia or progressive nonfluent aphasia subtypes
(table 5). These results confirm that the C90rf72 locus
associates mainly with FTD-MND and to a lesser extent
with behavioural FTD (appendix).

For the MAPT locus (PSP/CBD), the SNPs rs242557 and
r$8070723% reached modest p values between 103 and 104
only in the entire cohort and in the behavioural FTD and
progressive nonfluent aphasia subtypes (rs8070723 only;
table 5). The effect was small in our study although in the
same direction as in the GWAS for progressive
supranuclear palsy (5-46" vs about 1-2-1-4 in our study;
table 5). These results reflect the fact that we excluded all
known chromosome 17 mutation carriers and that tau
pathology was a less common feature within our study
population.

For the TOMM40/APOE locus (Alzheimer’s disease),
the SNP rs2075650 reached a p value of 8-81x107 in the
entire dataset and 1-37x10%6 in behavioural FTD,
whereas the semantic dementia, progressive nonfluent
aphasia, and FTD-MND subtype p values were in the
range of 1071 and 102 (table 5). Several Alzheimer’s
disease GWASs reported association with the minor
allele of this SNP with ORs greater than 2-5," but in
our study the OR was about 1-3 (table 5). This
suggestive association might reflect clinical overlap
(about 15%) between patients with clinically diagnosed
FTD and those with Alzheimer’s disease.”

For the TMEM106B locus (FTLD-TDP), we assessed the
three associated SNPs reported by Van Deerlin and
colleagues (rs1990622; 1s6966915; 1rs1020004).” All

www.thelancet.com/neurology Vol 13 July 2014

achieved modest p values in the entire dataset with lowest
p values in the range of 102-103 only in the behavioural
FTD subtype (table 5). Van Deerlin and colleagues’ study”
was done on samples from patients with autopsy-
confirmed FTLD-TDP, whereas our cohort is mainly
clinically defined. Additionally, the previous study
included many GRN mutation carriers, who frequently
present with behavioural FID;” in our study, GRN
mutation carriers were excluded. Biochemical evidence
has suggested that TMEM106B is directly related to GRN
metabolism,” thus we regard our data as a limited
replication of the original finding (ie, they do not
substantiate earlier findings).

Finally, the RAB38 locus previously showed suggestive
association in multiple sclerosis,” whereas the HLA
locus was reported to associate with multiple sclerosis,**
Parkinson’s disease,”* and Alzheimer’s disease.” None
of the SNPs reported in these studies, and which were
assessed in our dataset (table 5),”* showed association
with FTD, probably suggesting that different risk
haplotype sub-structures at the same loci associate with
distinctive phenotypes.

Discussion

We have identified two novel potential loci for FID:
6p21.3, encompassing the HLA locus (immune system),
and 11q14, encompassing RAB38/CTSC (transcripts of
which are related to lysosomal biology). Our data suggest
that these loci might affect expression and methylation
in cis and indicate that immune system processes, and
possibly lysosomal and autophagy pathways, are
potentially involved in the pathogenesis of FID.

FID is characterised by a broad range of clinical
manifestations, differential pathological signatures, and
substantial genetic variability, which imply complex
disease mechanisms.” In the search for novel disease
risk loci associated with FTD we have done an extensive
GWAS on a large cohort of mainly clinically diagnosed
FTD samples from patients of European ancestry. Several
limitations might apply to this study. In view of the
phenotype heterogeneity of FTD, and considering that it
is a rare neurodegenerative disorder’ testing the
hypothesis “common variant, common disease” for
diseases of this kind is challenging and clearly benefits
from large sample sizes. Additionally, our findings might
indicate association with specific loci without necessarily
implying causality; low heritability due to common
variability might also apply. However, the QQ plots and
associated A values (appendix) conformed to GWAS
standards, lending support to our findings.

We included samples from more than 3500 patients
and, thus, we know of no larger GWAS for FTD. We have
identified two novel potential loci for FTD: 11ql4,
encompassing RAB38/CTSC, was suggestive for the
behavioural FTD subtype, and 6p21.3, encompassing the
HLA locus was statistically significant for the entire
cohort.
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For more on the expression of
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Panel: Research in context

Systematic review

We searched PubMed for research and review articles on
frontotemporal dementia using the following terms:
“frontotemporal dementia AND genetics” and
“frontotemporal dementia AND review”. *4>5%75 \We
compared our results to several previously published
genome-wide association studies. We identified only one
directly relevant study that investigated a pathologically
defined subtype of frontotemporal dementia
(frontotemporal lobar degeneration with TDP43-positive
inclusions; FTLD-TDP).” The other studies were of related
diseases such as amyotrophic lateral sclerosis,* Alzheimer's
disease,” progressive supranuclear palsy and corticobasal
degeneration,* multiple sclerosis,** and Parkinson'’s
disease.”4

Interpretation

To the best of our knowledge, ours is the first genome-wide
association study in samples from patients with clinical
frontotemporal dementia. In view of the complexity and
heterogeneity of the disease, mutations in only three main
genes—MAPT, GRN, and C9orf72—have been associated with
frontotemporal dementia, and these explain only a small
proportion of cases. Most importantly, little is known about
the mechanisms involved in the development of this disorder.
Our findings suggest that common variability in loci that
point to immune processes and possibly to lysosomal biology
and autophagy are involved in the pathobiology of the
disease. These findings provide a basis for future replication
and functional studies.

RAB38* encodes the transmembrane protein RAB338,
which is expressed in the thyroid, in elements of the
immune system, and in the brain. From a functional
perspective, RAB38 has been shown to mediate protein
trafficking to lysosomal-related organelles and
maturation of phagosomes.”” CTSC is a lysosomal
cysteine-proteinase that participates in the activation of
serine proteinases in cells involved in immune and
inflammatory processes, including phagocytosis of
pathogens and local activation and deactivation of
inflammatory factors (Online Mendelian Inheritance in
Man [OMIM] number 602365). The SNP rs302652 at
the RAB38/CTSC locus shows an eQTL in monocytes*
associated with decreased expression of RAB38, possibly
indicating that a decreased function of RAB38 might be
the mechanism by which the association at this locus is
mediated. Both RAB38 and CTSC are implicated in
lysosomal biology and an association with lysosomal
and autophagic processes in FTD was previously
suggested in two studies of GRN* and TMEM106B.”* A
possible role for autophagy has also been shown in
Parkinson’s disease.” Our findings will need to be
replicated in other FID cohorts in follow-up studies (eg,
fine-mapping studies) to lend support to the inference

that lysosomal biology and autophagy might be involved
in the aetiology of FTD.*

The genetic association that we identified with the
HLA locus lends support to the notion of a link between
FTD and the immune system. Our mQTL data showed
that risk at this locus is associated with cis-changes in
methylation levels of HLA-DRA in the frontal cortex.
HLA associations have been previously reported in
Alzheimer’s disease,” Parkinson’s disease,”* and
multiple sclerosis.“* Additionally, a general involvement
of the innate and the adaptive immune responses has
been suggested in the pathogenesis of neurodegenerative
diseases,”** lending support to the idea that the immune
system plays an important part within the spectrum of
neurological disorders (panel).

Future studies should aim to replicate our findings and
elucidate the functional basis of FTD. Additionally, our
data indicate that common pathways and processes
might underlie different forms of neurodegenerative
disorders, including Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis, and FTD. Exploring the
possibility of developing therapeutic measures targeting
general damage responses could hold promise—after
replication and validation of our findings—for the
development and implementation of treatment options
for these neurological disorders, including FID.

Contributors
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Abstract Mutations in the gene coding for Seques-
tosome 1 (SQSTMI1) have been genetically associated
with amyotrophic lateral sclerosis (ALS) and Paget
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disease of bone. In the present study, we analyzed the
SOSTM1 coding sequence for mutations in an extended
cohort of 1,808 patients with frontotemporal lobar
degeneration (FTLD), ascertained within the European
Early-Onset Dementia consortium. As control dataset,
we sequenced 1,625 European control individuals and
analyzed whole-exome sequence data of 2,274 Ger-
man individuals (total n = 3,899). Association of rare
SOSTM I mutations was calculated in a meta-analysis of
4,332 FTLD and 10,240 control alleles. We identified
25 coding variants in FTLD patients of which 10 have
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not been described. Fifteen mutations were absent in the
control individuals (carrier frequency <0.00026) whilst
the others were rare in both patients and control indi-
viduals. When pooling all variants with a minor allele
frequency <0.01, an overall frequency of 3.2 % was
calculated in patients. Rare variant association analy-
sis between patients and controls showed no difference
over the whole protein, but suggested that rare muta-
tions clustering in the UBA domain of SQSTMI may
influence disease susceptibility by doubling the risk
for FTLD (RR = 2.18 [95 % CI 1.24-3.85]; corrected
p value = 0.042). Detailed histopathology demonstrated
that mutations in SQSTM1 associate with widespread
neuronal and glial phospho-TDP-43 pathology. With
this study, we provide further evidence for a putative
role of rare mutations in SQSTMI in the genetic eti-
ology of FTLD and showed that, comparable to other
FTLD/ALS genes, SOSTMI mutations are associated
with TDP-43 pathology.
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Introduction

Frontotemporal lobar degeneration (FTLD) represents a
heterogeneous group of progressive neurodegenerative
dementias, caused by local atrophy of frontal and/or tem-
poral lobes. It is one of the most common forms of early-
onset dementia (EOD), with the majority of FTLD patients
developing disease between 45 and 65 years. About 15 %
of FTLD patients present with a motor neuron disease
(MND) syndrome, most commonly amyotrophic lateral
sclerosis (ALS). Like FTLD, ALS is a neurodegenerative
disorder in which loss of motor neurons leads to progres-
sive weakness of the voluntary muscles. FTLD and ALS
show important genetic overlap with mutations identified in
the same genes, e.g., the common G,C, repeat expansion in
the chromosome 9 open reading frame 72 gene (C90rf72)
and less frequently, mutations in the valosin containing
protein (VCP), fused in sarcoma (FUS), TAR DNA-binding
protein (TARDBP) and ubiquilin 2 (UBQLN?2) genes [5, 8,
30, 31, 37].

Sequencing of the gene coding for sequestosome 1
(SOSTMT1) in ALS patients identified several rare mutations
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[7]. Some of these mutations had been associated with
Paget disease of bone (PDB [9, 14, 16]), a localized chronic
bone disorder characterized by abnormalities of bone archi-
tecture and marrow fibrosis, resulting in an osteodystrophia
deformans. Of interest, FTLD, PDB and inclusion body
myopathy (IBM) had previously been genetically linked
by mutations in VCP [13, 36, 38]. Recently, rare mutations
in SOSTM 1 were also reported in FTLD patients [17, 28].
The observation of rare mutations (1-3 %) in both FTLD
and ALS patients suggested an involvement of the protein
SQSTMI, also known as p62, in these pathologies possibly
through a common disease pathomechanism. The p62 pro-
tein is a stress-responsive ubiquitin-binding protein shown
to have a role in degradation of polyubiquitinated pro-
teins via the proteasome pathway or autophagic processes
[26]. It is present in neuronal and glial ubiquitin-positive
inclusions in different tauopathies and synucleinopathies,
including Alzheimer disease, FTLD, dementia with Lewy
bodies, Parkinson disease, Huntington disease and multiple
system atrophy [15, 20, 23]. Also in FTLD, with or without
ALS, p62 co-localizes with TDP-43 and FUS in brain and/
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or spinal cord [2, 6, 32]. Recently, p62 positive but TDP-43
negative immunoreactivity, extending to the pyramidal cell
layer of the hippocampus, basal ganglia and cerebellum,
has been recognized as a distinctive feature of C9orf72-
associated FTLD and ALS [1, 34]. Aggregating dipeptide
repeats (DPRs), translated from the expanded GGGGCC
repeat, were identified as the main component of these
inclusions [21, 22]. In the present study, we aimed at deter-
mining the genetic contribution of mutations in SQSTM I to
the etiology of FTLD. Hereto, we analyzed a large study
population of 1,808 FTLD patients and compared mutation
data to a set of 3,899 European control individuals, as well
as 395 European ALS patients.

Materials and methods

The patient and control cohorts under investigation were
ascertained through the European Early-Onset Demen-
tia (EU EOD) consortium (Supplementary table 1) [35].
For the present study, DNA and medical/demographic
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information on 1,808 FTLD patients, originating from
Belgium, Italy, Germany, Spain, Portugal, Sweden, Czech
Republic, Bulgaria and Austria, was contributed by mem-
bers of the consortium. From this patient cohort, 1,706
patients were clinically diagnosed with FTLD and 102
with concomitant FTLD and ALS (FTLD-ALS) (for the
remainder of the manuscript, the FTLD group will refer to
the 1,706 FTLD patients plus the 102 FTLD-ALS patients).
The research question of this study was whether genetic
variations in SQSTM1 affect FTLD risk. Yet, because of
the close relationship with FTLD, the contributed patient
cohorts also included a number of ALS patients (n = 395).
Patients were evaluated and diagnosed with FTLD accord-
ing to the Lund and Manchester group criteria [25] and
for ALS according to the revised El Escorial criteria [3].
Clinical diagnoses of behavioral variant frontotemporal
dementia (bvFTD) were based on the international con-
sensus criteria by Rascovsky et al. [27] and of progressive
supranuclear palsy (PSP) on the National Institute of Neu-
rological Disorders and the Society for PSP criteria [18].
Neuropathological examination was performed in 105
autopsied patients, including 67 with FTLD-TDP, 2 FTLD-
UPS, 3 FTLD-tau, 1 FTLD-ni, 4 FTLD unspecified, 21
ALS-TDP and 7 ALS unspecified. Genetic mutation profil-
ing of FTLD- and ALS-associated genes was performed for
C90rf72 (n = 2,055), GRN (n = 1,024), MAPT (n = 854),
VCP (n = 159), CHMP2B (n = 153), TARDBP (n = 272)
and FUS (n = 184) and revealed 150 C9orf72 repeat expan-
sion mutations, 24 GRN, 5 MAPT, 2 VCP, 1 CHMP2B, and
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2 FUS mutations. A positive family history was defined for
index patients with first- or second-degree relatives with
symptoms of dementia or MND. Patients were classified
as sporadic when no other affected family members were
reported. Patients from whom no information on family
history could be obtained were classified as ‘family his-
tory undocumented’. As control group, we sequenced 1,625
age- and origin-matched Western-European individuals
with no personal or family history of neurodegenerative
or psychiatric diseases and a Mini Mental State Examina-
tion (MMSE) score >26. We further analyzed whole-exome
sequencing (WES) data of 2,274 German non-demented
individuals [10, 40]. Together, 3,899 control persons were
investigated for coding variants in SOSTM1.

For all participants, informed consent for participation
in the genetic studies was obtained according to sampling
protocols that were approved by the Ethics Committee of
the respective hospitals. The protocols for the genetic stud-
ies were approved by the Ethics Committee of the Univer-
sity of Antwerp, Belgium.

Sample quality control

30 pl at 20 ng/ul of genomic DNA (gDNA) was requested,
and concentration and purity were checked spectrophoto-
metrically using the Trinean DropSense96 UV/VIS drop-
let reader for all consortium samples. Gender and DNA
fingerprint were determined for all DNA samples using an
in-house developed multiplex polymerase-chain reaction
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cohorts ascertained with the European EOD consortium. a Sequence
alignment for patient-specific mutations showing evolutionary con-
servation across species. b In the blue panel, SOQSTMI mutations
identified in the present study in patients (fop) and control individu-
als (bottom) are presented on the primary structure if the p62 protein
indicating known functional domains. Mutations absent from tested
and published controls are in red. Mutations not previously associated
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with FTLD, ALS, or PDB are in red and bold. In the green panel,
SQOSTMI mutations reported in previous studies are given [7, 11, 17,
28, 29, 33]. Mutations absent from tested and published controls are
in green. Functional domains according to [11]: PB1 = Phox and
Bemlp domain; ZZ = zinc finger motif; TRAF6 = TNF receptor—
associated factor 6; LIR = LC3 interaction region; PEST1 = pro-
line (P), glutamic acid (E), serine (S), and threonine (T) domain 1;
PEST2 = PEST domain 2; UBA = ubiquitin-associated domain

D14S1005, D20S866, D10S1237, D20S912, D6S965—
and two sex chromosome markers—DXS1187, chrom Y:
2655362-2655672—to enable fast and accurate sample
identification and gender determination in a single PCR.
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Table 1 SQSTM 1 mutations present only in patients and associated clinical phenotypes

Mutation Functional Origin Gender Clinical diag-  Sub-diagnosis® Family his- Age at onset Age at death
domain nosis tory (years) (years)
FTLD
p.Alal6Val* Italian M FTLD-ALS U 71 74
p-Asp80Glu* PB1 Italian F FTLD bvFTD F 71 85
p-Val90Met PB1 Portuguese F FTLD bvFTD U 41
p.Arg212Cys* Austrian M FTLD-ALS F 63 66
p-Gly219Vval* Portuguese M FTLD bvFTD F 52
p-Ser226Pro* TRAF6 Spanish M FTLD bvFTD S 61
p-Pro228Leu TRAF6 German M FTLD bvFTD S 57
p-Pro232Thr* TRAF6 Portuguese F FTLD® bvFTD F 55 68
p-Glu280del* PEST1 Italian F FTLD PSP F 73
p-Arg321His LIR Italian F FTLD U 68
p-Asp329Gly*  LIR Spanish M FTLD bvFTD U 78 84
p-Pro348Leu PEST2 Italian M FTLD PNFA F 74
p-Pro387Leu UBA Italian F FTLD PNFA F 65
p.Pro387Leu UBA Italian M FTLD bvFTD S 66
p-(Glu396*) UBA Czech M FTLD bvFTD S 43 47
p-Thr430Pro* UBA Portuguese M FTLD bvFTD S 58 63
ALS
p-Argl07Trp* Spanish F ALS MND S 58 62
p.-Aspl29Asn®  ZZ Flemish M ALS S 62
p-Asp258Asn? German F ALS 52 62

Functional domains according to [11] (Fig. 1b)

bvFTD behavioral variant frontotemporal dementia, MND motor neuron disease, PSP progressive supranuclear palsy, PNFA progressive non-

fluent aphasia, F familial, § sporadic, U family history undocumented

# Indicates variants not previously associated with ALS, FTLD or PDB [7, 11, 17, 28, 29, 33]. For a complete description of SQSTM1 muta-

tions, see Supplementary table 2

® Clinical subdiagnosis is given where documented

¢ After revision of the medical records of the mutation carriers, a diagnosis of possible PDB was made in hindsight in this patient

Table 2 SQSTMI mutations

. : Mutation Functional domain FTLD n = 1,808 ALS n =395 Controls n = 3,899
present in patients and control
individuals p.Alal7Val® 1 1
p-Ala33Val PB1 1 1
p.Lys103Arg PB1 1 2
p.Alal17Val 1 3
Functional domains according p-Prol18Ser 1 2
to [11] (Fig. 1b) p.Vall53Ile 77 3
previously asoctated wih PLYS2I8GL  TRARS , ° iy
ALS. FTLD or PDB [7, 11, p-Glu274Asp PEST1 109 22 79
17, 28, 29, 33]. For a complete p-Arg321Cys LIR 3 1
description of the SQSTM1 p.Pro392Leu UBA 15 3 11
mutations, see Supplementary p.Pro439Leu UBA 2 2
table 2

After selective amplification of 20 ng gDNA under empiri-
cally defined reaction conditions, amplification products
were size separated on an ABI 3730 automatic sequencer
(Applied Biosystems) using GeneScan-600 LIZ (Applied

@ Springer

Biosystems) as internal size standard and genotypes were
assigned using in-house developed Tracl genotyping soft-
ware (http://www.vibgeneticservicefacility.be). Duplicate
samples, gender mismatches and failed samples due to low
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Table 3 Descriptives of the SOSTM 1 variants found in control individuals only

On cDNA level Exon On protein level Functional domain dbSNP
NM_003900.4:¢.286C>T Exon 2 NP_003891.1:p.(Arg96*) PB1

NM_003900.4:c.308A>G Exon 3 NP_003891.1:p.Arg107GlIn

NM_003900.4:¢.322G>T Exon 3 NP_003891.1:p.Asp108Tyr

NM_003900.4:¢.329G>A Exon 3 NP_003891.1:p.Arg1 10His

NM_003900.4:¢.355C>G Exon 3 NP_003891.1:p.Arg1 19Gly

NM_003900.4:c.374A>G Exon 3 NP_003891.1:p.Asn125Ser

NM_003900.4:c.415C>T Exon 3 NP_003891.1:p.Arg139Cys 77

NM_003900.4:¢.539C>T Exon 4 NP_003891.1:p.Ser180Leu

NM_003900.4:¢.650G>A Exon 4 NP_003891.1:p.Arg217His

NM_003900.4:c.711_713del GAA Exon 5 NP_003891.1:p.lys238del TRAF6
NM_003900.4:¢.795_796delinsTT Exon 6 NP_003891.1:p.[Arg265Ser(;) Ser266Arg] PEST1

NM_003900.4:¢.833C>T Exon 6 NP_003891.1:p.Thr278lle PEST1 rs200445838
NM_003900.4:¢.923C>T Exon 6 NP_003891.1:p.Ala308Val

NM_003900.4:c.955G>A Exon 6 NP_003891.1:p.Glu3191ys rs61748794
NM_003900.4:¢.965_966delCT Exon 6 NP_003891.1:p.Pro322 fs LIR
NM_003900.4:¢.1001_1003delGAG Exon 7 NP_003891.1:p.Gly334del LIR

NM_003900.4:¢c.1045T>A Exon 7 NP_003891.1:p.Ser349Thr PEST2

NM_003900.4:¢c.1084G>A Exon 7 NP_003891.1:p.Glu362Lys

NM_003900.4:¢c.1108T>C Exon 7 NP_003891.1:p.Ser370Pro rs143956614
NM_003900.4:¢c.1273G>A Exon 8 NP_003891.1:p.Gly425Arg UBA

NM_003900.4:¢.1277C>T Exon 8 NP_003891.1:p.Ala426Val UBA

DNA quality or contamination were excluded, resulting in
the final study population of 1,808 FTLD, 395 ALS, and
1,625 control individuals.

SQSTM1 sequencing

For the 1,808 FTLD, 395 ALS and 1,625 control indi-
viduals, the 8 coding exons and intron—exon boundaries
were amplified by PCR of gDNA, followed by Sanger
sequencing (NM_003900.4, primers available on request).
Sequences were analyzed using the software package
NovoSNP [39] and confirmed by visual inspection of the
DNA sequence traces. Available WES data on an additional
2,274 German controls were checked for SQSTM1I coding
variants [10, 40].

Genetic variations were further verified in the Database
of Single-Nucleotide Polymorphisms (dbSNP Build ID 137,
URL http://www.ncbi.nlm.nih.gov/SNP/); the exome variant
server (EVS) of the National Heart, Lung, and Blood Insti-
tute GO Exome Sequencing Project (Seattle, WA, USA;
URL http://evs.gs.washington.edu/EVS/), and the 1,000
Genomes project (URL http://www.1000genomes.org/). The
effects of rare coding variations in SOSTM 1 on protein struc-
ture and function were predicted using PMUT (http://mmb2.
pcb.ub.es:8080/PMut/), SNPs&Go (http://snps.uib.es/snps-
and-go//snps-and-go.html) and  Provean/SIFT  (http://
sift.jevi.org/www/SIFT_enst_submit.html).

Statistical analysis

We determined rare variants as genetic variants with an
MAF <0.01 and performed a rare variant burden analysis
following a stepwise approach. Alleles of all rare variants
were first collapsed across the entire protein. Subsequently,
calculations were repeated for rare variants associated with
functional domains only. SOQSTMI functional domains
were determined according to [11] (Fig. 1b). Finally, rare
variant data were calculated for each of the seven protein
domains independently.

Calculations were performed in our source dataset and
in a meta-analysis considering all published datasets gener-
ated by full exonic sequencing of SQSTM1 in both FTLD
patient and control groups [7, 17, 28] combined with the
present study. Overall allele frequencies between patients
and control individuals were compared using x* statistics.
In the per domain analyses p values were corrected for
seven tests, corresponding to the seven functional domains.
Rare variant association analysis was limited to the FTLD
cohort due to the insufficient power of the ALS cohort to
obtain significant association.

Neuropathology of SOSTM 1

Formalin fixed, paraffin-embedded tissue blocks from
neocortical areas, basal ganglia, thalamus, hippocampus,

@ Springer


http://www.ncbi.nlm.nih.gov/SNP/
http://evs.gs.washington.edu/EVS/
http://www.1000genomes.org/
http://mmb2.pcb.ub.es:8080/PMut/
http://mmb2.pcb.ub.es:8080/PMut/
http://snps.uib.es/snps-and-go//snps-and-go.html
http://snps.uib.es/snps-and-go//snps-and-go.html
http://sift.jcvi.org/www/SIFT_enst_submit.html
http://sift.jcvi.org/www/SIFT_enst_submit.html

Acta Neuropathol

W
;

Fig. 2 Neuropathology observed in SQSTMI mutation carriers.
Immunostaining for phospho-TDP-43 in the temporal cortex (a, b)
and in the granule cells of the dentate gyrus (e, d) in a patient with
a SOSTM1 p.(Glu396*) mutation (a, ¢) and a second patient with a
SOSTM1 p.Arg212Cys—C9orf72 double mutation (b, d). Notably,

brainstem and cerebellum were evaluated. In addition to
Hematoxylin and Eosin staining, the following mono-
clonal (mouse) antibodies were used for immunohisto-
chemistry: monoclonal anti-p62 (1:1,000, BD Transduc-
tion, Lexington KY, USA), anti-tau AT8 (pS202/pT205,
1:200, Pierce Biotechnology, Rockford, IL, USA),
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p62 immunoreactivity is less in the dentate gyrus (e, f) and lacking in
the cerebellar granule cell layer (g, h) in the p.(Glu396*) case (e, g)
as compared to the p.Arg212Cys patient with the additional C9orf72
repeat expansion mutation (f, h). Scale bar represents 25 pum for all

anti-phospho-TDP-43 (pS409/410, 1:2,000, Cosmo Bio,
Tokyo, Japan), anti-a-synuclein (1:2,000, clone 5G4,
Roboscreen, Leipzig, Germany; specific for disease-
associated form), anti-Af (1:50, clone 6F/3D, Dako,
Glostrup, Denmark). The DAKO EnVision© detection
kit, peroxidase/DAB, rabbit/mouse (Dako, Glostrup,
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Table 4 SQOSTM 1 mutations published in previous studies

Mutation Functional domain FTLD ALS Origin Study
p-Ala53Thr PB1 1 Japanese Hirano et al. [11]
p-Met87Val PB1 1 French Teyssou et al. [33]
p.Val90Met* PB1 1 Japanese Shimizu et al. [29]
p-Lys102Glu PB1 1 French Teyssou et al. [33]
p-Argl10Cys 2 1 French Le Beretal. [17]
p-Pro228Leu TRAF6 1 Euro-American Fecto et al. [7]
p-Lys238del TRAF6 1 Euro-American Fecto et al. [7]
p-Val259Leu 1 Italian Rubino et al. [28]
p-Ser318Pro 1 Euro-American Fecto et al. [7]
p.Arg321His LIR 2 1 French Le Beretal. [17]
p-Lys344Glu LIR Italian Rubino et al. [28]
p.Pro348Leu PEST2 1 Italian Rubino et al. [28]
p-Ala381Val 1 1 French Le Beretal. [17]
p.Pro387Leu UBA 1 French Le Beretal. [17]
p-G351_P388del UBA 1 French Teyssou et al. [33]
p.Gly411Ser UBA 1 Euro-American Fecto et al. [7]

Mutations published in previous studies [7, 11, 17, 28, 29, 33] absent from published control persons or control persons tested in the present

study are listed

* This mutation was compound heterozygous with p.Vall53Ile in one Japanese ALS patient [29], p.Vall53Ile was also observed in 3 control
individuals of the present study. Fecto et al. [7] tested 546 ALS and 724 controls. Rubino et al. [28] tested 170 FTLD, 124 ALS, and 145 con-
trols. Teyssou et al. [33] tested 164 ALS and 360 controls. Hirano et al. [11] tested 61 ALS and 500 controls. Le Ber et al. [17] tested 188 FTLD,
164 ALS, and 352 controls. Shimizu et al. [29] tested 1 ALS and 189 controls

Denmark) was used for visualization of the antibody
reactions.

Results

Information on family history was available for 76.2 %
(1,378/1,808) of the FTLD patients and 83.0 % (328/395)
of ALS patients (Supplementary table 1). In the FTLD
group, 35.2 % (636/1,808) had a positive family his-
tory while 41.2 % (744/1,808) were considered sporadic
patients. In the ALS group, 14.9 % (59/395) had a family
history of disease while 68.1 % (269/395) were sporadic
patients. Onset age distribution was 63 £ 9.9 years in the
FTLD group and 58 + 13.7 years in the ALS group com-
pared to an age at inclusion of 66 + 12.4 years in the con-
trol group (Supplementary table 1).

Mutation screen of SQSTM1 in FTLD

In total we identified 25 rare, heterozygous variations
that affected the coding region of SQSTM 1, including 23
missense mutations, 1 nonsense mutation and one small
in-frame deletion (Tables 1, 2, Supplementary table 2;
Fig. 1). Fifteen mutations were present in 16 patients and
were absent from 3,899 control individuals (Table 1).

The majority of the 15 mutations involved highly con-
served amino acid residues in SQSTMI1 and were pre-
dicted to be pathogenic (Fig. la, Supplementary table 3).
Among the 16 mutation carriers, 7 had a positive family
history of disease and 2 patients had concomitant ALS
(Table 1). Nine patients carried a novel mutation not pre-
viously associated with FTLD, ALS or PDB (p.Alal6Val,
p-Asp80Glu, p.Arg212Cys, p.Gly219Val, p.Ser226Pro,
p.Pro232Thr, p.Glu280del, p.Asp329Gly and p.Thr430Pro)
(Fig. 1b). The remaining six mutations had been reported
in ALS (p.Val90Met, p.Pro228Leu and p.Pro348Leu) [7,
28, 29], FTLD (p.Arg321His, p.Pro387Leu) [17] or PDB
(p.-Pro387Leu, p.(Glu396%*)) [28] (Fig. 1b). Except for
p-Alal6Val, p.Arg212Cys and p.Gly219Val, all other muta-
tions were located in a predicted functional protein domain
of SQSTM1/p62 (Fig. 1b). In addition to the patient-only
mutations, we identified another 10 missense mutations
(p.-Alal7Val, p.Ala33Val, p.Lysl03Arg, p.Alall7Val,
p-Prol18Ser, p.Lys238Glu, p.Glu274Asp, p.Arg321Cys,
p.Pro392Leu, p.Pro439Leu) that were also present in con-
trol individuals at low frequency (Table 2). Except for
p-Glu274Asp (MAF of 0.024), all were present in less than
1 % of control individuals. p.Alal7Val was a novel vari-
ation not previously reported in FTLD, ALS and/or PDB
patients. We identified another 21 variants present in con-
trol individuals only (Table 3). When considering all rare
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variants (MAF <0.01) observed in FTLD patients an over-
all frequency was calculated of 3.2 % (58/1,808).

Mutation screen of SOSTM1 in ALS

For comparison with our FTLD findings, we analyzed
the 395 ALS patients that were concurrently ascertained
within the EU EOD consortium (Fig. 1). We identified
three novel missense mutations present only in the ALS
patients (p.Argl07Trp, p.Aspl29Asn and p.Asp258Asn)
(Table 1) and five other missense mutations (p.Vall53Ile,
p-Lys238Glu, p-Glu274Asp, p-Arg321Cys and
p-Pro392Leu) also present in control individuals at low fre-
quency (Table 2, Supplementary table 2).

Association of rare SQSTM 1 variants

We performed a burden analysis collapsing all rare vari-
ants with an MAF <0.01 across the whole protein. The
same frequency of rare alleles was calculated for FTLD
patients 0.016 (58/3,616 rare variant alleles) as for control
individuals 0.016 (125/7,798; p value = 0.997, n.s.). We
repeated the same analysis for rare variants present in func-
tional domains only, resulting in a shift in allele frequen-
cies of 0.014 (52/3,616) in FTLD versus 0.011 (84/7,798)
controls, although not reaching statistical significance
(p = 0.098). To increase genetic power, we considered
all published datasets that were generated by full exonic
sequencing of SOSTM1I in both FTLD patient and control
groups [7, 17, 28] and included the data in a meta-analysis
with the present study comprising mutant allele frequencies
in 4,332 FTLD and 10,240 control alleles. Burden analy-
sis of all rare variants across the protein showed again no
increase in patients (70/4,332 = 0.016 in FTLD versus
142/10,240 = 0.014 in controls; p value = 0.291, n.s.), but
for the rare variants associated with functional domains a
marked significant increase could be calculated of 0.014
(61/4,332 rare variant alleles) in FTLD patients versus
0.009 (97/10,240) in control individuals (relative risk over-
all (RR) = 1.49 [95 % CI 1.08-2.06]; p value = 0.014).
Subsequently, we investigated which of the functional
domains were most contributing to the association. Rare
variant data were calculated for each of the seven protein
domains. In our source, FTLD cohort significant associa-
tion was found with the C-terminal ubiquitin-associated
(UBA) domain in patients (21/3,616 = 0.006 rare vari-
ant alleles) versus control individuals (20/7,798 = 0.003)
(RR = 2.27 [95 % CI 1.23-4.20]; p value = 0.007, cor-
rected p value = 0.049). In the meta-dataset, statistically
significant clustering in the UBA domain was confirmed
in FTLD (23/4,332 = 0.005 rare variant alleles) ver-
sus control individuals (25/10,240 = 0.002) (RR = 2.18
[95 % CI 1.24-3.85]; p value = 0.006, corrected p
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value = 0.042). In addition, also the LC3 interaction region
(LIR) domain showed suggestive clustering of rare vari-
ants in FTLD (8/4,332 = (0.002) versus control individuals
(5/10,240 = 0.0005) (RR = 3.79 [95 % CI 1.24-11.58]; p
value = 0.012, corrected p value = 0.084).

Histopathology associated with SOQSTM mutations

Detailed histopathology was performed on autopsy brain
of two carriers of a nonsense mutation p.(Glu396*) located
in the UBA domain and a missense mutation p.Arg212Cys
in a patient who also carried a C9orf72 repeat expansion.
Both cases showed widespread phospho-TDP-43 immu-
noreactive inclusions in neurons and glial cells. In the
p-(Glu396*) carrier, frontal and temporal cortical areas
mainly displayed neuronal cytoplasmic inclusions. Neu-
ronal cytoplasmic inclusions were further abundant in the
granule cells of the dentate gyrus. In addition, many glial
phospho-TDP-43 inclusions were seen in the white matter.
Although this brain suffered severe ischemic/hypoxic dam-
age, inclusion bodies were clearly recognized as a distinc-
tive feature. In contrast, neuropathological features of the
p-Arg212Cys carrier revealed alterations reminiscent of the
C9orf72 pathology, including the characteristic p62-pos-
itive but phospho-TDP-43-negative inclusions in the hip-
pocampal pyramidal layer and cerebellar granule cells
(Fig. 2).

Discussion

Previous studies in ALS (total n = 895) [7, 11, 28, 33],
and FTLD (total n = 358) [17, 28] estimated the frequency
of SOSTMI coding mutations at 2.42-3.28 % in ALS
and 1.76-2.13 % in FTLD. Because of this relatively low
prevalence, large patient and control groups are needed to
obtain a reliable estimation of the mutation frequency of
SQOSTM 1. Mutations in SQSTM1 were first described in
patients with PDB [16]. Up to one-third of patients with
familial PDB are explained by a SOQSTMI mutation, with
p-Pro392Leu as the most commonly observed mutation
[4]. A relationship between PDB and FTLD has been pre-
viously demonstrated by the identification of causal muta-
tions in VCP in families segregating the rare syndrome of
inclusion body myopathy with Paget disease of bone and
frontotemporal lobar degeneration (IBMPFD) [38]. Later
studies demonstrated that VCP mutations express signifi-
cant clinical heterogeneity and patients can present with
all, a combination of two or just one of the three core phe-
notypes of IBMPFD [24, 36]. Also more recently, WES
identified a VCP mutation segregating in a family with
ALS and subsequent screenings in ALS patients identified
additional VCP mutations [12].
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In this study, we analyzed a European cohort of 1,808
FTLD patients for mutations in SOQSTMI and identified
25 mutations in the coding sequence of which 15 muta-
tions in 16 patients were absent from 3,899 control per-
sons. This resulted in a mutation frequency for SQSTMI
of 0.9 % overall and 1.1 % in familial FTLD patients.
Some of the mutations are listed in dbSNP Short Genetic
Variations database, the 1,000 Genomes Project database
or the exome variant server (EVS), yet at very low fre-
quencies of MAF <0.001 (Supplementary table 2). The
SOSTMI mutation frequency that we calculated in FTLD
is lower than in previous studies. This can potentially be
explained by the fact that we excluded some of the pre-
viously reported patient-only mutations from our calcu-
lations since they were present in our extended control
group, though at low frequencies <0.01 % (Fig. 1b). This
was the case for p.Arg321Cys, p.Ser370Pro, p.Gly425Arg
[7]; p.Ala33Val, p.Pro392Leu [7, 17]; p.Lys238Glu,
p-Glu319Lys [28]; p.Pro439Leu [11]; and p.Vall53lle
[7, 29]. In Table 4, all SOQSTM1 mutations are listed that
have been published [7, 11, 17, 28, 29, 33] and were
absent from published and tested control persons. When
we considered all rare variants (MAF < 0.01), indifferent
of whether or not they appeared in control individuals, we
obtained a mutation frequency of 3.2 % in FTLD patients
which is the same as calculated in the pooled data analy-
sis of the present and published FTLD cohorts [17, 28].
Overall, no statistical association in patients versus control
individuals was observed when pooling all rare SQSTM
variants, not in our study nor in the meta-analysis with
all published patient and control datasets [7, 17, 28]. Yet,
when considering only domain-associated variants, a trend
toward association was observed in our study and a sig-
nificant increase in patients was reached in the more pow-
erful meta-analysis dataset. Per domain analysis indicated
that association was driven by the UBA domain and pos-
sibly also the LIR domain. The C-terminal UBA domain,
which is primarily affected in PDB, contained significant
more variants in FTLD patients when compared to control
individuals in both our study and the meta-analysis (0.5
versus 0.2 %) (RR .., = 2.18 [95 % CI 1.24-3.85]; nomi-
nal p value_ ., = 0.006; corrected p value,., = 0.042).
In the LIR domain through which SQSTMI1 binds the
autophagy effector protein LC3, 0.2 % of FTLD patients
carried a mutation versus 0.05 % of control individuals
(RRca = 3.79 [95 % CI 1.24-11.58]; nominal p value
eta = 0.012; corrected p value,,., = 0.084). In contrast to
Rubino and colleagues who sequenced up to 1,700 bp into
the SOSTM 1 promoter and detected 4 variants in 4 out of
170 FTLD patients absent from 145 control individuals (c.
—1,221 G>A, c. —1,165 C>T, c. —1,153 C>G, c. —673
T>C) [28], we did not investigate the SOQSTMI promoter
for rare variants.

The pathogenicity of SOSTMI mutations, even those
that were absent from control individuals, remains unclear
at this stage. Most of the patient-only mutations involved
highly conserved amino acid residues, with 75 % of the
mutations residing in predicted functional domains. In silico
prediction programs of amino acid changes indicated that
all mutations might be pathogenic by one or more of the in
silico programs. Also, the three mutations that resided out-
side predicted domains were scored as deleterious by one to
all four in silico programs. Of course, these in silico predic-
tions are merely indicative and should be interpreted with
caution. In contrast to PDB-associated mutations which
cluster at the UBA domain [11, 16], FTLD mutations are
mostly distributed throughout the protein as also previously
reported for ALS, though significantly more mutations seem
to be located in the UBA domain. Further, Le Ber and col-
leagues provided evidence for co-segregation with FTLD
for two mutations in the UBA domain, p.Pro387Leu and
p.Pro392Leu [17]. The p.Pro387Leu mutation was also pre-
sent in two unrelated Italian FTLD patients in our study who
did not share a common haplotype, suggesting a recurrent
de novo mutation. No DNA of relatives of these two muta-
tion carriers was available to test for co-segregation. Three
mutation carriers (p.Alal6Val, p.Arg212Cys, p.Gly219Val)
also carried a pathogenic C9orf72 repeat expansion. At this
stage, we have no clear indication that the co-existence of
these mutations influences clinical expression of disease.
Onset ages were not different from those in patients carry-
ing only a SOQSTM1 mutation. In a Japanese sporadic late-
onset ALS patient with pathology confirmed predominant
lower motor neuron disease, a compound heterozygous
SOSTM1 mutation was detected, p.[Val90Met(;)Vall531le]
[29]. We did not observe compound heterozygous SQSTM I
mutation carriers, though both mutations present in the Jap-
anese patient were also observed in our study, p.Val90Met
in one FTLD patient and p.Vall53Ile in one other FTLD
patient and three control individuals. One could hypothesize
that the rare SQSTM1 variants act as high to intermediate
penetrant risk alleles and in case of the Japanese patient
both had to be present to exert the clinical profile of ALS.

The hallmark lesions of FTLD-TDP are neuronal and
glial inclusions with positive immunoreactivity for phospho-
TDP-43. In addition to sporadic patients, until now mutations
in VCP, GRN and C90rf72 have been associated consistently
with TDP-43 pathology, while TARDBP mutations are less
frequently observed in FTLD [19]. Here, we provide histo-
pathological evidence that SQSTMI mutations are associ-
ated with TDP-43 pathological inclusions. Interestingly, the
patient with only a SQSTMI mutation (p.Glu396*) showed
widespread neuronal and glial phospho-TDP-43 pathol-
ogy. The patient (p.Arg212Cys) who carried also a C9orf72
mutation showed C9orf72-related pathology without other
noticeable distinctive features. Potential explanations could
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be that the C90rf72 mutation masked the effect of the SQST-
M Imutation, or that the C90rf72 pathology dominates the
SOSTM1 pathology. Also the SOSTMI p.Arg212Cys muta-
tion may well have a lower penetrance and be associated
with more subtle pathological changes than the (p.Glu396%)
mutation located in the UBA domain. These questions merit
further investigation and more SQSTMI-positive patholo-
gies will need to be evaluated to resolve these issues. Since
mutations in SQSTM I were first linked to PDB, we carefully
reexamined medical records of all carriers of patient-only
SOSTM1 mutations for indications of (sub) clinical symp-
toms of PDB. Only in one Portuguese patient carrying the
p-Pro232Thr mutation located in the TRAF6 domain, the
diagnosis of possible PDB could be made at hindsight. We,
however, cannot exclude that the presence of PDB might
have been missed in the other patients since PDB often
remains asymptomatic and a diagnosis requires radiography.
Likewise we cannot exclude that some of the control indi-
viduals, who were selected based on absence of dementia-
related symptoms, may have been at risk for/or suffered from
PDB, in particular, those with the PDB-associated SQSTM
p-P392L mutation.

In conclusion, our study represents one of the larg-
est screening efforts of FTLD patients for mutations in
SQOSTM . Further, we combined the data from our screen-
ing with that of published datasets in a meta-analysis of rare
SQOSTM 1 variants in a total of 4,432 FTLD and 10,240 con-
trol alleles. Both our study and the meta-analysis calculated
a mutation frequency of 3.2 % in FTLD patients. Also, the
meta-analysis suggested that rare mutations clustering in
the UBA domain of SQSTM may influence disease sus-
ceptibility by doubling the risk for FTLD. Histopathology
of autopsied brain of SQSTM mutation carriers demon-
strated a widespread neuronal and glial phospho-TDP-43
pathology. Taken together, our findings provide additional
evidence that SOSTM1 is implicated in the pathogenicity of
FTLD/ALS spectrum diseases.
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ABSTRACT

Frontotemporal dementia (FTD) is a clinically and genetically heterogeneous disorder. Rare TREM?2 var-
iants have been recently identified in families affected by FTD-like phenotype. However, genetic studies
of the role of rare TREM2 variants in FTD have generated conflicting results possibly because of difficulties
on diagnostic accuracy. The aim of the present study was to investigate associations between rare TREM2
variants and specific FTD subtypes (FTD-S). The entire coding sequence of TREM2 was sequenced in FTD-S
patients of Spanish (n = 539) and German (n = 63) origin. Genetic association was calculated using Fisher
exact test. The minor allele frequency for controls was derived from in-house genotyping data and
publicly available databases. Seven previously reported rare coding variants (p.A28V, p.W44X, p.R47H,
p.R62H, p.T66M, p.T96K, and p.L211P) and 1 novel missense variant (p.A105T) were identified. The
p.R47H variant was found in 4 patients with FTD-S. Two of these patients showed cerebrospinal fluid
pattern of amyloid beta, tau, and phosphorylated-tau suggesting underlying Alzheimer’s disease (AD)
pathology. No association was found between p.R47H and FTD-S. A genetic association was found be-
tween p.T96K and FID-S (p = 0.013, odds ratio = 4.23, 95% Confidence Interval [1.17—14.77]). All 6 p.T96K
patients also carried the TREM2 variant p.L211P, suggesting linkage disequilibrium. The remaining TREM2
variants were found in 1 patient, respectively, and were absent in controls. The present findings provide
evidence that p.T96K is associated with FTD-S and that p.L211P may contribute to its pathogenic effect.
The data also suggest that p.R47H is associated with an FTD phenotype that is characterized by the

presence of underlying AD pathology.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Frontotemporal dementia (FTD) is a heterogeneous disorder,
which presents as 2 clinical subtypes: behavioral variant fronto-
temporal dementia (bv-FTD) and primary progressive aphasia (PPA)
(McKhann et al., 2001). PPA is characterized by language impair-
ment, and a recent consensus has established its subclassification
into nonfluent variant (nfv-PPA), semantic variant (sv-PPA), and
logopenic variant (lv-PPA) forms (Gorno-Tempini et al., 2011). The
underlying neurodegenerative pathology of these FTD syndromes is
heterogeneous and includes the presence of neuronal loss, hyper-
phosphorylated tau, deposit of TAR DNA-binding protein 43
(TDP43), and fused-in sarcome—positive inclusions in the frontal
and temporal lobes (Cairns et al., 2007). Clinicopathologic correla-
tion studies have demonstrated that patients with different FTD
subtypes (FTD-S) may also be associated with the typical neuro-
pathologic features of Alzheimer’s disease (AD), in particular, pa-
tients with lv-PPA (Chare et al., 2014).

Research into familial and sporadic FTD has identified several
causal genetic variants. These include (1) the hexanucleotide
repeat expansion of the chromosome 9 open reading frame 72
gene (C9ORF72, OMIM 614260) (DeJesus-Hernandez et al., 2011;
Dobson-Stone et al., 2013; Renton et al., 2011); (2) the granulin
precursor gene (GRN, OMIM 138945) (Cruts et al., 2006); (3) the
microtubule-associated protein tau gene (MAPT, OMIM 157140)
(Hutton et al., 1998; Pastor et al., 2001); and (4) the triggering
receptor expressed on myeloid cells 2 gene (TREM2, OMIM
605086) (Guerreiro et al., 2013b). In the case of TREM2, homozy-
gous loss-of-function mutations were found in families with a rare
recessive disease called polycystic lipomembranous osteodys-
plasia with sclerosing leukoencephalopathy (also known as Nasu-
Hakola disease) (Paloneva et al.,, 2002). This rare condition is
characterized by early-onset progressive dementia and bone cysts.
Interestingly, TREM2 homozygous mutations were also identified
in families affected by FTD-like dementia without bone cysts
suggesting also an involvement of TREM2 in FTD patients
(Guerreiro et al., 2013b). However, other investigations of TREM2 in
FTID patients have generated conflicting results (Borroni et al.,
2014; Cuyvers et al., 2014; Lattante et al., 2013; Ruiz et al., 2014).
Despite these inconclusive data, rare variants in TREM2 represent
promising candidates for FTD risk because they have been
conclusively associated with a common form of neurodegenerative

dementia such as AD (Benitez et al., 2013; Guerreiro et al., 2013a).
The aim of the present study was to screen for rare variants in the
entire coding sequence of TREM2 in a large sample of European
patients with bv-FTD or PPA to identify associations between rare
TREM?2 variants and FTD-S.

2. Methods
2.1. Patients

Spanish (n = 539) patients with a clinical diagnosis of FTD
(according to the criteria of Neary et al., 1998) were recruited from
a total of 5 study centers within the Dementia Genetics Spanish
Consortium (DEGESCO) consortium. For the purposes of the pre-
sent study and on the basis of all available clinical data, the pa-
tients were reclassified into clinical subgroups in accordance with
the latest diagnostic criteria for bv-FTD (Rascovsky et al., 2011)
and the 3 different forms of PPA (Gorno-Tempini et al., 2011).
Patients with FTD and comorbid motor neuron disease (MND)
were classified as having MND-FTD. Nine subjects with neuro-
pathologically confirmed FTD with ubiquitin and TDP43 in-
clusions (FTD TDP43+) were also included. Cases were defined as
having “unclassified FTD” (unclas-FTD) when the clinical data
were insufficient to assign an accurate FTD subgroup diagnosis
such as bv-FTD, one of the 3 forms of PPA, or MND-FTD.

In the German patients (n = 63), 47 patients were enrolled
between 2001 and 2003 within the context of the German De-
mentia Competence Network (Kornhuber et al., 2009), that is,
before the introduction of the latest diagnostic criteria. To
determine the FTD subtype in these patients, the following al-
gorithm was applied: (1) identification of neuropsychological
signs/symptoms (Chare et al., 2014) from the items contained in
the frontal behavioral inventory, frontal assessment battery,
neuropsychiatric inventory, the spontaneous language analysis in
the Aachener-Aphasie test, and the Consortium to Establish a
Registry for Alzheimer’s Disease; (2) bivariate coding of impair-
ment in the neuropsychological signs/symptoms as “0” or “1”
indicating absent or present, respectively; (3) grouping of the
signs/symptoms into domains that can be used to diagnose the
FTD subtype and generate a cut-off score; and (4) transformation
of this process into an SPSS algorithm, which uses the scores to
calculate a “yes” or “no” answer for the defined diagnostic
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categories. The remaining 16 FTD patients were recruited in the
Memory Clinic at the University of Bonn. Clinical subgroups were
defined using the same procedure as with the Spanish sample.

2.2. Controls

Spanish control samples for the association study were obtained
from DESGECO consortium (Table 2). The frequency of p.R47H in
Spanish healthy individuals was determined using the entire
Spanish control sample used by DEGESCO (Ruiz et al., 2014). To
determine the allele frequency of p.T96K, 539 cognitively normal
Spanish controls were selected from the DEGESCO control sample.
To obtain the allele frequency of p.R62H, 127 cognitively normal
Spanish controls were drawn at random from the DEGESCO control
sample and genotyped.

The German controls were drawn from the AgeCoDe cohort (n =
939). AgeCoDe is an ongoing German multicenter prospective
cohort study. The original AgeCoDe cohort was drawn at random
from general practice registries in 6 German cities, and the selected
individuals were contacted by letter to request participation. The
main inclusion criteria were age >75 years and the absence of de-
mentia according to the clinical judgment of the respective general
practitioner. A total of 3327 AgeCoDe participants were recruited
between January 2002 and November 2003 (Jessen et al., 2011;
Luck et al., 2007). Each participant undergoes assessments at 18
months intervals. All assessments are performed at the partici-
pant’s home by a trained study psychologist or physician. For all
AgeCoDe controls included in the present study, dementia and mild
cognitive dementia had been excluded at the last follow-up visit.
The study was approved by the Ethics Committee of each collabo-
rating study center. All patients and controls provided written
informed consent before inclusion.

2.3. TREM2 gene sequencing and genotyping

In the FTD-S patients, genomic DNA was isolated from periph-
eral blood using standard procedures, and all coding exons were
amplified using polymerase chain reaction. The primer sequences
are presented in Supplementary Table 1. The entire coding region of
TREM?2 was then screened through direct Sanger sequencing of the
polymerase chain reaction products. Mutation numbering was
assigned using the complementary DNA sequence of the GenBank
entry NM_018965.3, in which position +1 corresponds to the A of
the ATG translation initiation codon. The software packages
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and Meta-
SNP (http://snps.biofold.org/meta-snp/) were used to predict the
functional and structural effects of amino acid substitutions. The
meta-predictor Meta-SNP combines the output of 3 different pre-
diction programs, that is, PhD-SNP, SIFT, and SNAP, to generate a
prediction score for putative disease causing variants.

Direct genotyping of p.R62H in the Spanish controls was per-
formed using Sequenom iPLEX (Sequenom). The p.T96K variant was

Table 1
Demographics of the FTD-S and the control samples

genotyped in the Spanish control sample using a custom-designed
TagMan assays (Life Technologies).

In the German healthy controls, the p.R47H and p.T96K variants
were genotyped using a custom-designed TaqMan assays (Life
Technologies). In 1 healthy Spanish control, the p.R62H variant was
present in a homozygous state. This variant was, therefore,
excluded from the genotyping process in German controls.

2.4. Statistical analysis

To calculate the minor allele frequency (MAF) for controls,
data from 4 different sources were combined: the published 1000
genome (http://browser.1000genomes.org/) MAFs in European
population; published data by Guerreiro et al. (2013a); the MAF
for each genotyped variant in the present Spanish control sam-
ples obtained from DEGESCO; and the MAF for each genotyped
variant in the present German control sample. Association be-
tween case-control status and variant carrier/noncarrier status
was calculated using Fisher exact test for 2 x 2 contingency ta-
bles. The statistical analyses were performed using the imple-
mentation in R (The R Project for Statistical Computing, www.r-
project.org). The alpha level for statistical significance was set
at <0.05. The genotyping data were inspected to detect de-
viations from Hardy-Weinberg equilibrium. All single-nucleotide
polymorphisms included in the association were in Hardy-
Weinberg equilibrium (p > 0.05).

3. Results
3.1. Rare variants in TREM2 and their associated clinical phenotype

The demographic data of the samples are summarized in Table 1.

The presence of at least 1 heterozygous rare TREM2 variant was
identified in 5.32% (32 of 602) of the FTD-S patients (Table 2). Most
of these variants were located in exon 2. These variants comprised
7 previously reported rare coding variants (p.A28V, p.W44X,
p-R47H, p.R62H, p.T66M, p.T96K, p.L211P) and 1 novel missense
variant p.A105T (Table 2). Four of these variants, that is, p.W44X,
p.R47H, p.T66M, and p.T96K, were predicted to have a probably
damaging effect. The other 4 were predicted to be benign (Table 3).
The most frequent variant was p.R62H (rs143332484). This was
present in 19 patients, all of whom displayed heterozygous p.R62H
status. Eighteen carriers were of Spanish origin, and 1 was
German. Most of the p.R62H carriers were classified as bv-FTD
cases (Table 2). The second most frequent rare TREM2 variant
status was the simultaneous presence of p.T96K (rs2234253) and
p-L211P (rs2234256). This was observed in 6 patients, 4 Spanish
(lv-PPA [n = 1], bv-FID [n = 2], FTD-MND [n = 1]) and 2 German
(Iv-PPA [n = 1] and sv-PPA [n = 1]) patients. The third most
frequent variant was p.R47H, which has previously been associ-
ated with AD. This was found in 4 patients, 3 Spanish lv-PPA pa-
tients and 1 German unclas-FTD patient (for clinical details, see

bv-FTD nfv-PPA lv-PPA sv-PPA MND-FID  FID TDP43+ Unclas-FTD Spanish control Spanish control German
sample p.T96K  sample p.R62H control sample
Subjects (n) 313 105 59 58 18 9 40 539 127 939
Sex (% female) 45 54 68 29 39 75 37 54 53.5 63.5

AAO (mean + SD) 624 + 146 647 +158 662 +86 620+124 608 +148 75055

Age (mean + SD)

619 +9.1

62.4 +12.7 76.57 + 4.89 86.9 + 3.2

Key: AAO, age at onset; bv, behavioral variant; FTD, frontotemporal dementia; FTD-S, FTD subtypes; FTD TDP43-+, FTD with ubiquitin and TDP43 inclusions; lv, logopenic
variant; MND-FTD, FTD with comorbid motor neuron disease; nfv, nonfluent variant; PPA, primary progressive aphasia; SD, standard deviation; sv, semantic variant; unclas-

FTD, unclassified FTD.
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Table 2
Association between TREM2 mutations and FTD-S

Exon bv-FTD nfv-PPA Iv-PPA sv-PPA MND-FTD Unclas-FTD FTD TDP43+ (n = 9) Total (n = 602)
(n=299) (n=96) (n=54) (n=>51) (n=18) (n=75)

A28V 1(0.95) 1(0.17)
W44x 1(0.32) 1(0.17)
RA7H 3(5.01) 1(2.5) 4(0.66)°
R62H 12 (3.83) 1(0.95) 1 (1.69)* 2 (3.45) 1(5.55) 1(2.5) 1(11.11) 19 (3.16)
T66M 1(0.32) 1(0.17)
T96K 2 (0.64)° 2 (3.39)° 1(1.72)° 1(5.55) 6 (1.0
A105T 1(1.72) 1(0.17)
L211P 2 (0.64) 2 (3.39)° 1(1.72)° 1 (5.55)* 6 (1.0)°
Total 16 (5.11) 2(1.9) 5 (8.47) 4(6.9) 2(11.11) 2 (5.0) 1(11.11) 32 (5.32)

Key: bv, behavioral variant; FTD, frontotemporal dementia; FTD-S, FTD subtypes; FTD TDP43+, FTD with ubiquitin and TDP43 inclusions; lv, logopenic variant; MND-FTD, FTD
with comorbid motor neuron disease; nfv, nonfluent variant; PPA, primary progressive aphasia; sv, semantic variant; unclas-FTD, unclassified FTD.

2 Patients with 2 mutations.

Supplementary Table 2). Interestingly, in one of these Spanish Iv-
PPA patients, the p.R47H variant was found in combination with
p.R62H. Although no clear diagnosis could be established for the
German unclas-FTD patient with the p.R47H variant, the available
data suggested the presence of AD pathology. In fact, cerebrospi-
nal fluid (CSF) analysis in this patient revealed reduced amyloid
B1-42 (368.67 pg/mL, normal range >600 pg/mL), increased total
tau (662 pg/mL, normal range <300 pg/mL), and increased
phosphorylated-tau (93.9 pg/mL, normal range <60 pg/mL)
(Supplementary Table 2). Furthermore, brain magnetic resonance
imaging showed left-sided unilateral cortical brain atrophy with
predominant involvement of the posterior temporal lobe and the
hippocampus (Supplementary Fig. 1). With the exception of
p.T66M, all remaining variants (p.A28V, p.W44X, and p.A105T)
were found in single Spanish patients (Table 2).

3.2. Association between rare TREM2 variants and FID-S

The subsequent analyses focused on the possible association
of the most frequently identified variants only, that is p.R62H,
p.R47H, and p.T96K. No association analysis was performed for
p.L211P because this variant was present in patients carrying
p.T96K, suggesting that these 2 single-nucleotide polymorphisms
are in linkage disequilibrium (LD). In the Spanish sample, we did
not observe association with any of the variants tested. Inter-

fully consistent with that reported for AD (Guerreiro et al., 2013a;
Ruiz et al., 2014). The association analysis in the German sample
revealed an association only for p.T96K (p = 0.0039, Table 4).
Again, the p.R47H showed a similar effect size and allele direction
as the Spanish sample. Finally, we performed an association
analysis in the combined samples. For p.R62H, the association
analysis using the combined results in control populations
revealed no association with FTD-S (p = 0.568, odds ratio [OR] =
1.16 [0.63—2.05], Table 4). The hypothesis that p.R62H is not
implicated in FTD-S was supported by the detection of an elderly
homozygous p.R62H carrier in the Spanish control sample. For
p.R47H, the combined analysis showed no association with FTD-S
(p = 0.281, OR = 1.91 [0.46—5.93], Table 4). An association signal
was only observed between p.T96K and the combined FTD-S
samples (p = 0.013, OR = 4.23 [1.17—14.77], Table 4).

4. Discussion

To our knowledge, the present report describes the largest
sequencing study of rare TREM2 variants in FTD-S performed to
date. Association was found between the rare TREMZ2 variant
p.T96K and FTD-S for the German sample and the combined
analysis of both series. In addition, the analyses identified 2
pathogenic rare variants, that is, p.W44X and p.T66M. The
p.W44X was previously reported to cause in a homozygous state

estingly, the effect size and direction of the p.R47H variant were polycystic lipomembranous osteodysplasia with sclerosing
Table 3
In silico analyses of TREM2 variants identified among subjects with FTD-S
Genomic position Protein position (n) SNP ID Meta-SNP PolyPhen2
RI PhD-SNP SIFT SNAP Meta-SNP HumVar HumbDiv
Exon 2 2.41129309G>A p.A28V (1) 152234252 7 Neutral Neutral Neutral Neutral Neutral Possibly damaging
0.306 0.307 0.307 0.154 0.08 0.503
2.41129252C>T p-R47H (4) 1575932628 2 Disease Disease Disease Disease Disease Disease
0.514 0.030 0.680 0.586 0.989 1
.41129207C>T p.R62H (19) rs143332484 8 Neutral Neutral Neutral Neutral Neutral Neutral
0.216 0.670 0.280 0.086 0.008 0.016
241129195G>A p.T66M (1) 15201258663 2 Disease Neutral Disease Disease Disease Disease
0.544 0.080 0.545 0.578 0.989 1
2.41129105G>C p.T96K (6) 152234253 4 Disease Neutral Disease Disease Disease Disease
0.722 0.120 0.735 0.680 1 1
2.41129083G>A p.A105T (1) Unknown 7 Neutral Neutral Neutral Neutral Neutral Possibly damaging
0.411 0.070 0.315 0.175 0.191 0.659
Exon 4 2.41126655A>G p.L211P (6) 152234256 7 Neutral Disease Disease Neutral Neutral Neutral
0.114 0.000 0.635 0.136 0.001 0.001

Note: Meta-SNP, meta-predictor of putative disease-causing variants that combine the output of PhD-SNP, SIFT, and SNAP; outputs, value reported under the following al-
gorithms: PhD-SNP, between 0 and 1 (>0.5 suggests predicted effect “disease”); SIFT, positive value (>0.05 suggests predicted effect “neutral”); SNAP, output normalized
between 0 and 1 (>0.5 suggests predicted effect “disease”); Meta-SNP, between 0 and 1 (>0.5 suggests predicted effect “disease”); RI, reliability index between 0 and 10;

PolyPhen2, between 0 and 1 (I > 0.5 suggests predicted effect “disease”).

Key: FTD-S, frontotemporal dementia subtypes; disease, disease-causing variants; neutral, neutral variants; SNP, single-nucleotide polymorphism.
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Table 4
Association analysis of the most frequent TREM2 variants (p.R47H, p.R62H and p.T96K) in the present FTD-S cohort
TREM2 variant SNP ID Position® Location MAF FTD-S All FTD-S Spanish German Controls® Controls All MAF p Value Odds ratio
patients controls  controls recorded controls controls (Fisher (95% CI)
1000K (%) exact test")
(EUR)"
C® Non-C C° Non-C' C® Non-C' C° Non-C" C° Non-C' C* Non-C'
Combined analysis
R47H rs75932628 41129252 Exon2 0.0033 4598 3 2166 4 917 51100 4 375 16 4558 0.00175 0.281 1.91 (0.46—5.93)
R62H rs143332484 41129207 Exon 2 0.0158 19583 4 123 0 311073 9 370 44 1566 0.0137 0.568 1.16 (0.63—2.05)
T96K rs2234253 41129105 Exon 2 0.00498 6596 4 526 0 939 31102 0 379 7 2946 0.00119 0.013 423 (1.17-14.77)
Spanish sample
R47H rs75932628 41129252 Exon2 0.0028 3536 3 2166 3 2166 0.00069 0.097 4.04 (0.53—30.23)
R62H rs143332484 41129207 Exon 2 0.0167 18521 4 123 4 123 0.0157 1 1.06 (0.34—4.39)
T96K rs2234253 41129105 Exon 2 0.00371 4534 4 526 4 526 0.00378 1 0.99 (0.18—5.31)
German sample
R47H rs75932628 41129252 Exon 2 0.008 1 62 4 917 4 917 0.0022 0.282 3.7 (0.07—38.02)
R62H rs143332484 41129207 Exon 2 0.008 1 62 0 311073 9 370 40 1443 0.0135 1 0.58 (0.01—3.56)
T96K rs2234253 41129105 Exon 2 0.0159 2 61 0 939 0 939 0 0.0039 Inf (2.82 to Inf)

Key: CI, confidence interval; FTD-S, frontotemporal dementia subtypes; MAF, minor allele frequency; MND-FTD, FTD with comorbid motor neuron disease.
2 The variant position is indicated in terms of base pairs and is based on hg19 (GRCh37).

b
c
d

e

Allele Counts are those reported in a previous study (Guerreiro et al., 2013a).
http://browser.1000genomes.org/.

As implemented in R (http://www.r-project.org/).

Carriers.

f Noncarriers.

leukoencephalopathy (Paloneva et al, 2002). In the case of
p.T66M, this variant was identified in a homozygous state in a
Turkish patient presenting clinically with an FTD-like syndrome
without bone involvement (Guerreiro et al., 2013b). In the pre-
sent cohort, both variants were found each in a single subject
with bv-FID, suggesting that p.W44X and p.T66M may also
contribute to the etiology of FTD-S. All pathogenic variants in the
present series were located in exon 2, which encodes the IgV-set
domain. This region of TREM2 is more highly conserved than
other segments of the protein and may play a regulatory role in
leukocyte activation (Allcock et al., 2003). Interestingly, most of
the TREM?2 variants identified in previous studies of AD, PD, and
FTD were also located in exon 2. These findings, together with the
present data, suggest that the IgV-set domain plays a central role
in the contribution of TREM2 to neurodegeneration. However,
functional studies are warranted to confirm this hypothesis.

Our findings for p.T96K suggest that it is implicated in FTD-S.
However, the positive association in the combined analysis is
mainly driven by the association found in the German series.
Therefore, this association must be interpreted cautiously as it
might be the result of a type I error because of stratification in a
sample of small size, particularly the German sample. On the other
hand, the p.T96K seems to be a rare variant among 939 German
elder neurologically healthy individuals, whereas in 63 FID-S
patient, 2 carriers were identified. This observation supports the
association found in the German sample despite the small sample
size of the German FTD-S patient.

The present study did not support a major contribution of the
AD-associated variant p.R47H to FTD-S. However, previous re-
ports have found that p.R47H is 3 times more common in AD and
FTD patients compared with controls (Cuyvers et al., 2014).
Furthermore, Borroni et al. (2014) reported that the TREM2 var-
iants p.Q33X, p.R47H, p.T66M, and p.S116C were associated with
the subdiagnosis of both sv-PPA and bv-FTD. However, in both
studies, the observed association between FTD and p.R47H was
negative. Interestingly, these studies and the present investiga-
tion showed an OR and an allele direction that are consistent
with the effect seen in AD. One possible explanation is that
p.R47H is not as strong a risk factor for FTD-S as it is for AD. In
this case, our sample would lack the statistical power required to

detect a significant association. Alternatively, the observed OR
and allele direction in both the German and the Spanish FTD-S
series may have been attributable to the presence in the cohort
of misdiagnosed AD patients with the p.R47H variant. This pos-
sibility is given credence by the fact that some early-onset AD
cases (age at onset <65 years) present with clinical features that
overlap with those observed in FTD (Balasa et al., 2014). In sup-
porting this possibility, the p.R47H variant (rs75932628) was
found in 4 patients in our study, 3 of whom had a diagnosis of lv-
PPA. Evaluation of the clinical, CSF biomarker, and neuroimaging
data of these patients indicated possible underlying AD pathol-
ogy in these lv-PPA patients (Supplementary Table 1). For the
fourth German patient carrying the p.R47H, insufficient clinical
data were available to assign a precise FTD-S subdiagnosis.
However, abnormal CSF levels of amyloid-f42, total tau, and
phosphorylated tau were present, which suggests an underlying
amyloid pathology. Interestingly, several reports have suggested
that Iv-PPA is commonly associated with AD pathology (Warren
et al, 2012). The phenotype of Iv-PPA comprises specific
impaired naming and sentence repetition in the absence of
agrammatism (Gorno-Tempini et al., 2004). Whereas brain atro-
phy in nfv-PPA and sv-PPA is restricted to the frontal and tem-
poral lobes, neurodegeneration in lv-PPA occurs principally in the
left posterior temporal and inferior parietal lobes (Gorno-Tempini
et al.,, 2004). Furthermore, postmortem and amyloid-positron
emission tomography studies of lv-PPA have shown that, in
contrast with other FTD-S, its neuropathologic features
frequently correspond to AD. In light of these data, our findings
for p.R47H suggest that this variant may lead primarily, but not
exclusively, to 2 different clinical AD outcomes, that is, typical AD
or lv-PPA, which share a common underlying pathology. The
identification of individuals who were diagnosed with FTD but
had AD is important because the misdiagnosis may result in the
failure to provide appropriate medication for the patient or even
potentially the prescription of inappropriate medication (Boxer
et al, 2013; Hernandez et al., 2014). However, this clinical
discrimination is challenging because some impaired language
and executive functions are common in both FTD and AD leading
to misdiagnosis (Becker et al., 1988). This is clearly seen in our
series despite the stringent clinical criteria applied. Research has
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tried to identify biomarkers that discriminate AD and FTD
(Hernandez et al., 2014). Unfortunately, a large-scale application
of these biomarkers is difficult because they are either still in an
experimental phase or only available at highly specialized cen-
ters. In this regard, a simple genetic test of TREM2 may help to
define the subgroup of FTD patients for whom AD pathology may
be excluded before a more definite diagnosis can be made.
However, this genotype-phenotype correlation should be taken
with caution because of the limited sample size. Additional
studies in larger FTD-S series are now warranted to confirm this
observation.

Evidence was also generated for the existence of strong LD
between p.T96K and p.L211P. In support of this observation,
Lattante et al. (2013) reported an FTD patient with homozygous
status for both p.T96K and p.L211P. Interestingly, Cuyvers et al.
(2014) identified p.T96K and p.L211P in 2 patients, respectively.
However, the authors do not state whether the 2 variants were
carried by the same patient. The identification of 6 patients with
the simultaneous presence of 2 rare variants raises several
questions concerning the role of each variant in disease presen-
tation and severity. The clinical presentation of the simultaneous
p.T96K and p.L211P carriers did not differ from that observed in
patients carrying a single rare variant in TREM2 (Supplementary
Table 3). The present study identified another case with 2 rare
variants in TREM2, that is p.R47H and p.R62H (Supplementary
Table 1). This patient presented with a Iv-PPA phenotype that
did not differ from that of lv-PPA patients carrying a single
p.R47H variant. In contrast with the situation for p.T96K and
p.L211P, no evidence of LD between the 2 variants was obtained,
and the lack of additional family members precluded elucidation
whether or not they are in the same chromosome. Nevertheless,
the available clinical data provided no support for the hypothesis
that an additional pathogenic effect was conferred by the pres-
ence of 2 rare variants in the same gene. Thus, the most likely
explanation is that p.L211P and p.R62H are neutral variants with
no influence on disease phenotype and that their cooccurrence
with the pathogenic variants p.T96K and p.R47H is coincidental.
This hypothesis is supported by the fact that most prediction
programs indicate that p.L211P and p.R62H are neutral. However,
functional experiments are warranted to determine or exclude
their pathogenic contribution.

In one of the patients with both the p.T96K and p.L211P
variants, the pathologic G4C2 repeat expansion in C90RF72 was
also observed (Supplementary Table 3). Previous authors have
described carriers of mutations in 2 different FTD genes (Cuyvers
et al,, 2014; van Blitterswijk et al., 2013). For example, in FTD
patients carrying rare variants in TREM2, a second pathologic
mutation was also identified in either C9ORF72 or VCP (p.R159H)
(Cuyvers et al., 2014). In one study, the phenotype of these rare
cases appeared to have an earlier age of disease onset, although
statistical comparisons were not possible because of the small
sample size (van Blitterswijk et al., 2013). Thus, heterozygous
TREM?2 variants may modify the phenotype caused by a second
(pathogenic) mutation (Pastor, 2013). This may result, for
example, in a different dementia phenotype compared with that
observed in single-mutation carriers. However, besides the
apparent earlier disease onset, the bv-FTD phenotype was un-
affected by the simultaneous presence of 2 mutations in different
genes. Similarly, our patient presented also pure bv-FTD without
additional symptoms. Hence, no definite conclusions can be
drawn concerning the pathogenic contribution of rare TREM2
variants to the phenotype observed in these patients. To address
this issue, further studies of larger samples are required.

The present study had several limitations. First, despite being
the largest systematically screened FTD-S series reported to date,

the size of the sample was small given the rarity of TREM2 muta-
tions. This, together with the limited sample size for each FTD
subdiagnosis, prevented more detailed phenotype-genotype ana-
lyses. Second, several studies have reported that rare variants
display different MAF in healthy individuals from different pop-
ulations. Although the MAF for controls was representative of
different European populations, the proportion of individuals from
the Spanish population in our control sample was small, with the
exception of p.R47H carriers (Ruiz et al., 2014). Thus, the frequency
observed in our control sample may not represent the MAF
observed in the Spanish population, which would in turn influence
the strength of our association with p.T96K. Furthermore, the lack
of TREM2 sequencing data from controls precluded the perfor-
mance of a burden test.

In summary, the present results support the hypothesis that rare
TREM? variants are implicated in the etiology of FTD-S, in particular
p.T96K. Furthermore, our data suggest that the p.R47H variant
might be a causal factor for lv-PPA, an FTD-S that is possibly closely
related to AD. These data suggest that replication and functional
studies in further FID-S cohorts are warranted to elucidate
genotype-phenotype correlations in TREM2 mutation carriers.
These studies should involve analysis of CSF biomarkers and
neuropathologic confirmation of FTD-S.
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Ubiquitin-negative mini-pick-like bodies In
the dentate gyrus in p301I tauopathy
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Abstract. Neuropathological and biochemical findings are reported in a patient who had suffered from frontotemporal dementia
associated with a P310L mutation in tta& gene and included in the H1 haplotype.

Tauaccumulation, as revealed with phospho-specific antataibodies Thr181, Ser199, Ser202, Ser214, Ser262, Ser396, Ser422
and AT8 (Ser202 and Thr205), was found in neurons with pre-tangles, and astrocytes and oligodendrocytes through the brain.
The most characteristic feature wiasl immunoreactivity decorating the perinuclear region and small cytoplasmic aggregates
designed as mini-Pick-like bodies, mainly in the dentate gyrus. Inclusions were not stained with anti-ubiquitin antibodies and
did not recruit tubulins. Tau accumulation in individual cells was associated with increased expression of kinases lirtkad with
phosphorylation, mainly active (phosphorylated) stress kinases SAPK/JNK and p38 (SAPK/JNK-P and p38-P). Phosphorylated
GSK-33 at Ser9 (GSK-3#P), that inactivates the kinase, was particularly abundant in mini-Pick-like bodies, thus suggesting
alternative roles of GSK-3 probably involved in cell survival. Western blots of sarkosyl-insoluble fractions revealed a double band
pattern of phospho-taof 68/66 kDa and 64 kDa in the hippocampus and white matter in the P310L mutation. Sarkosyl-insoluble
fractions of the hippocampus were enriched in p38-P and GSIR-8BAlzheimer’s disease (AD) cases, processed in parallel

for comparative purposes, but not in the P310L mutation. In addition, no bands of high molecular weight were found in P310L
in contrast with AD in these fractions. These findings indicate that the major sitag pfiosphorylation, and the expression of
kinases involved iiau phosphorylation are active in P310L mutation as in AD and other tauopathies. Yet the P310L mutation
has particular phospho-taoclusions that are not tag with ubiquitin and appear to be rather soluble when compared with AD.

1. Introduction poral dementia and parkinsonism linked to chromo-
some 17 (FTDP-17) designates inherited tauopathies
Tauopathies are neurodegenerative diseases charac-associated with mutations in thteu gene [7,16,23,

terized by the abnormal hyper-phosphorylationand de- 27]. Tauopathies have been reproduced in transgenic

position oftau in neurons and glial cells. Alzheimer’s
disease (AD), Pick’s disease (PiD), progressive supran-
uclear palsy, corticobasal degeneration and argy-
rophilic grain disease (AGD) are common tauopath-
ies [7,27,38-40]. In addition, the term frontotem-

*Corresponding author: Prof. |. Ferrer, Institut de Neuropatolo-
gia, Servei Anatomia Patajica, Hospital Universitari de Bellvitge,
carrer Feixa Llarga sn; 08907 Hospitalet de Llobregat, Spain. E-mail:
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mice [17,22,28].

The P301L mutation is a common cause of famil-
ial tauopathy [1,6,26,31,33,36,37]. Like otlieu mu-
tations in the binding region encoded by exon 10,
the P301L mutation greatly reduces the capacity to
promote microtubule assembly but results in abnor-
mal fibrillar aggregation [3,20,42]. Frontotemporal
atrophy with ballooned neurons in the frontal cor-
tex, widespreatbu-immunoreactive neurons and glial
cells, and a pattern of two bands of 66/68 kDa and
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64 kDa on Western blots have been observed in previous polymerase chain reaction (PCR) conditions previously
cases [1,31,37]. In addition, some structural aspects of described [21] and analyzed through single strand con-
tau phosphorylation in neurons and glial cells associ- formation polymorphism (SSCP). After, electrophore-
ated with the P301L mutation differ from one case to sis, the gel was silver stained as described [4]. The
another. Thus, neurofibrillary tangles, and astrocytic SSCP analysis of exon 10 indicated the presence of
plaques and tuft-like astrocytes appear to be common an abnormal pattern in the proband when compared

in some cases but are rare in others [1,31,16]. This in-
dicates that, in addition to the common mutation, other
factors, including the haplotype, may influence the phe-
notype of the mutation [33]. Previous studies have
shown the P301L mutation in the H2 haplotype [41].

Interestingly, the presence of ubiquitin-negative, mu-
tatedtau-positive perinuclear reinforcements and small

with controls. The polymerase chain reaction (PCR)
product corresponding to the sample with the abnor-
mal SSCP pattern was sequenced using the ABIPRISM
Dye Terminator Cycle Sequencing Ready Reaction Kit
(Perkin—Elmer, Foster City, CA, USA) following the
manufacturer’s protocols and an automatic sequencer
(ABI PRISM model 377). The exon 10 sequence re-

cytoplasmic aggregates reminiscent of mini-Pick bod- vealed the presence of the P301L mutation in heterozy-
ies in neurons of selected areas, mainly granule cells gosis in both, the sense and the complementary strand.
of the dentate gyrus, has been recently emphasized in Tau haplotype H1/H1 was determined genotyping one

two patients with frontotemporal dementia bearing the
P301L mutation [1]. The P301L mutation has been
generated in two transgenic lines in mice [19,29,30].
In one line, Pick-like bodies are found in select brain
regions [29].

The present study focuses on the deposits in neu-
rons in a new case of P301L tauopathy with particu-
lar attention totau phosphorylation and aggregation,
and to the local expression of kinases involvedan
phosphorylation.

2. Material and methods
2.1. Casereport

The proband was a man who had suffered from dis-
turbances in social behavior starting at the age of 45
years, followed by intellectual impairment, language
disorder, difficulty in calculation but with preservation
of orientation and memory. The MRI carried out at the
age of 49 showed frontotemporal atrophy. The course
of the disease was progressive with apathy, irritabil-
ity, apraxia and epilepsy, together with marked loss of
language abilities. The patient died at the age of 52
years. His mother was affected by a similar disease; no
neurological examination and post-mortem study was
available.

The post-mortem delay between death and tissue
processing was 3 hours.

2.2. Genetic study

Exons of thetau gene were amplified by using
primers derived from 3and 5 intronic sequences and

of the polymorphism previously described [10].
2.3. Neuropathological study

The neuropathological examination was carried out
in formalin-fixed tissue for no less than three weeks;
the tissue was then embedded in paraffin. De-waxed
sections, 5um thick, were stained with haematoxylin
and eosin, and luxol fast blue-&Ver Barrera or pro-
cessed for immunohistochemistry following the strep-
tavidin LSAB method (Dako, Dakopats, Barcelona,
Spain). After incubation with methanol and normal
serum, the sections were incubated with one of the pri-
mary antibodies at4C overnight. Antibodies to phos-
phorylated neurofilaments of 170 kD or 200 kD (clones
BF10 and RT97, Boehringer-Mannheim, Barcelona,
Spain) were used at dilutions of 1:100 and 1:50, re-
spectively. Antibodies to glial fibrillary acidic protein
(GFAP, Dako) sA4-amyloid (Boehringer-Mannheim),
and ubiquitin (Dako) were used at dilutions of 1:250,
1:5, and 1:200, respectively. Antibodiestesynuclein
(Dako) were used at a dilution of 1:100. Antibodies
to pan-tau(Sigma, Madrid, Spain) were used at a di-
lution of 1:10. In addition, the following phospho-
specific tau rabbit polyclonal antibodies were used:
Thr181, Serl199, Ser202, Ser214, Ser231, Ser262,
Ser396 and Ser422 (all of them from Calbiochem,
VWR, Barcelona, Spain). The antibodies were used at
adilution of 1:100, excepting anti-phospho-tauThr181,
which was used at a dilution of 1:250. The monoclonal
antibody AT8 (Dr. J. Avila), that recognizeau pro-
tein phosphorylated at both Ser202 and Thr205 [17]
was used at a dilution of 1:200. Monoclonal antibod-
ies toa-tubulin (Neomarkers, Molecular Probes, Lei-
den, The Netherlands) and rabbit polyclonal antibodies
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to 52-tubulin (Dr. J. Avila) were used at dilutions of
1:100 and 1:500, respectively. Following incubation
with the primary antibody, the sections were incubated
with LSAB for 1 h at room temperature. The peroxi-
dase reaction was visualized with 0.05% diaminoben-
zidine and 0.01% hydrogen peroxide. Sections were

counterstained with haematoxylin. Sections processed

for phospho-tauimmunohistochemistry were boiled in
citrate buffer prior to the incubation with the primary
antibody. Sections processed fd&4-amyloid ando-
synuclein were pre-treated with 95% formic acid.

2.4. Kinase immunohistochemistry

Sections were processed with the streptavidin LSAB
method, as previously. Sections were boiled in citrate
buffer and then processed for immunohistochemistry.
The anti-MAP kinase phospho-specific (MAPK/ERK-
P) rabbit polyclonal antibody (Calbiochem) is raised
against a synthetic phospho-tyrosine peptide corre-
sponding to residues 196—209 of human p44 MAP ki-
nase. The antibody detects phosphorylated Tyr204
of p44 and p42 MAP kinases (phospho-ERK1 and
ERK2). The purified phospho-p38 MAP kinase
(Thr180/Tyr182) (p38-P) rabbit polyclonal antibody
(Cell Signaling, Izasa, Barcelona, Spain) detects p38
MAP kinase only when activated by dual phospho-
rylation at Thr180 and Tyrl82. The purified rabbit
polyclonal phospho-SAPK/INK (Thr183/Tyr185) an-
tibody (SAPK/IJNK-P) (Cell Signaling) is produced
against a synthetic phospho-Thrl83/Tyr1l85 peptide
corresponding to the residues of human SAPK/JNK.
The antibody detects SAPK/JINK only when activated
by phosphorylation at Thr183/Tyr185. The antibodies
to MAPK/ERK-P and SAPK/INK-P were used at a di-
lution of 1:100. The antibody to p38-P was used at a di-
lution of 1:200. The anti-GSK-3@ monoclonal anti-
body (StressGen, Bionova, Madrid, Spain) reacts with
51 and 47 kDa proteins corresponding to the specific
molecular weight of GSK-3 and GSK-33 The anti-
body was used at a dilution of 1:100. The anti-phospho-
specific GSK-3/%er9 antibody (Oncogene, Bionova,
Madrid, Spain) is a rabbit polyclonal IgG antibody spe-
cific for the Ser9 phosphorylated form of glycogen syn-
thase kinase-33The antibody was used at a dilution
of 1:100.

2.5. Biochemical study

For gel electrophoresis and Western blotting, fresh
samples of the P301L mutation were immediately ob-
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tained at autopsy, frozen in liquid nitrogen, and stored
at —80°C until use. For comparative purposes, fresh
hippocampal samples of four patients with Alzheimer’s
disease stage V of Braak and Braak, with similar post-
mortem delays (between 2 and 5 h), were processed in
parallel.

Fresh samples from the hippocampus and white mat-
ter (about 5 g) were homogenized in a glass tissue
grinder in 10 vol (w/v) of cold suspension buffer con-
sisting of 10 mM Tris-HCI (pH=.4), 0.8 M NacCl,

1 mM EGTA, 10% sucrose, 0.1 mM phenylmethylsul-
fonyl fluoride, 2 ug/ml aprotinin, 10ug/ml leupeptin
and 5pug/ml pepstatin.  The homogenates were first
centrifuged at 20,00« g, and the supernatant (S1)
was retained. The pellet (P1) was re-homogenizedin 5
vol of homogenization buffer and re-centrifuged. The
two supernatants (S152) were then mixed and incu-
bated with N-lauroylsarcosynate 1% for 1 h at room
temperature while shaking. Samples were then cen-
trifuged for 1 h at 100,000 g in a Ti 70 Beck-
man rotor. Sarkosyl-insoluble pellets (P3) were re-
suspended (0.2 ml per g of starting material) in 50 mM
Tris-HCI (pH=7.4). Protein concentrations were de-
termined by the BCA method and 10% sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) was run using a maxi-protean system (Bio-Rad,
Madrid, Spain). 100—200g of protein was loaded in
each lane with loading buffer containing 0.125 M Tris
(pH=6.8), 20% glycerol, 10% mercaptoethanol, 4%
SDS and 0.002% bromophenol blue. Samples were
heated at 95C for 5 min prior to gel loading. Total
homogenates and fractions enriched with abnormal fil-
aments were run in parallel. The proteins were then
transferred to nitrocellulose membranes (Amersham)
using an electrophoretic chamber system (Trans-Blot
Electrophoretic Transfer Cell, Bio-Rad). Non-specific
binding sites were blocked with Tris-buffered saline so-
lution pH=7.4 with 0.1% Tween-20 (TBST) contain-
ing 5% skimmed milk for 30 min, and incubated with
one of the primary antibodies for 1 h at room temper-
ature. Control of protein content in each lane was car-
ried out by the staining of selected gels with Coomassie
blue and of the membranes with Ponceau (Sigma). The
rabbit polyclonal antibody to phospho-tauThr181 was
diluted 1:250. The rabbit polyclonal antibodies anti-
phospho-tauSer262 andSer422 (all from Calbiochem)
were used at a dilution of 1:1500. The p38-P antibody
(Cell Signaling) was used at a dilution of 1:200. The
anti-GSK-3/5er9 antibody (Oncogene) was used at a
dilution of 1:100. After washing, the membranes were
incubated with the secondary antibody labeled with



448

horseradish peroxidase (Dako) diluted 1:1000 for 1 h at
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fewtau-immunoreacte substantia nigra, locus ceruleus,

room temperature, washed again, and developed with periaqueductal and periventricular nuclei, and reticular

the chemiluminescence ECL Western Blotting system

formation of the brain stem. In addition to neurons,

(Amersham, Barcelona, Spain). Membranes were then tau-immunoreactive astrocytes were found in the cere-

exposed to autoradiographic films (Hyperfilm ECL,
Amersham).

3. Results

3.1. General neuropathological findings

bral cortex (Fig. 2 G and H). Astrocytic plaques were
seen in the frontal cortex but not in the hippocampus
and dentate gyrus. Tuft-like astrocytes were absent.
Oligodendroglial inclusions, some of them reminiscent
of coiled bodies, were abundant in the white matter
(Fig. 211).

Tau-immunoreactive inclusions in neurons and glial
cells were examined with antibodies to phospho-tau.

The macroscopical examination revealed moderate Similar findings were found with the phospho-specific

atrophy of the brain (1300 g) predominating in the
frontal and temporal lobes, and striatum and slight at-
rophy of the thalamus. The cerebellum and brain stem
were normal with the exception of slight pallor in the
substantia nigra.

anti-tauantibodies AT8, and Thr181, Ser199, Ser202,
Ser214, Ser262, Ser396 and Ser422. Pre-tangles, per-
inuclear halos and cytoplasmic neuronal aggregations
designed as mini-Pick-like bodies were equally im-
munostained. Interestingly, the vast majority of gran-

The microscopic study showed severe neuron loss ular neurons in the dentate gyrus were stained with
and increased numbers of astrocytes in the cerebral cor- anti-phospho-tatantibodies: more than a half con-

tex, and spongiosis in the upper layers predominating
in the frontal and temporal lobes (Fig. 1 A). Ballooned
neurons filled with phosphorylated neurofilaments and
containingaB-crystallin were common in the frontal
cortex (Fig. 1 B). The hippocampus and the dentate

gyrus were best preserved in haematoxylin and eosin-

tained mini-Pick-like bodies. Yet pre-tangles aad-
immunoreactive inclusions, including mini-Pick-like
bodies, were not stained with antHabulin and anti-
(G-tubulin antibodies. Mini-Pick-like bodies, and the
vast majority of neurons, excepting rare neurofibrillary
tangles, were not stained with anti-ubiquitin antibodies

stained sections, although pale cytoplasmic inclusions (data not shown).

were seen in a few granule cells (Fig. 1 C). Slight neu-
ron loss and astrocytic gliosis were present in the stria-
tum, amygdala and substantia nigra. Slight myelin pal-
lor, together with astrocytic gliosis, was found in the
centrum semi-ovale. Nae-synuclein inclusions and
BA4-amyloid deposits were found.

Sections stained with anti-taantibodies disclosed
the presence dhu accumulation in neurons in the up-
per and inner layers of the cerebral neocortex (Fig. 2
A), entorhinal cortex (Fig. 2 B), subiculum and cel-
lular layer of the hippocampus (Fig. 2 C), thalamus,
subthalamus, striatum (Fig. 2 D), dentate gyrus (Fig. 2
E), amygdala and Meynert nucleus (Fig. 2 E), among
other gray nuclei. Interestinglyau deposition in the
cerebral cortex displayed a peculiar pattern involving
layer 1l/lll and layer V neurons. The majority of
neurons were pre-tangles, whereas neurofibrillary tan-
gles were very rare. The most characteristic finding
was tau-immunoreactivity decorating the perinuclear
region and, particularly, small cytoplasmic aggregates
resembling mini-Pick-like bodies. Mini-Pick-like bod-
ies were most common in the dentate gyrus (Fig. 2
E) but were seldom encountered in the cerebral cor-
tex (Fig. 2 B) and deep cerebral nuclei (Fig. 2 E). A

3.2. Phospho-kinase immunoreactivity

Neuronal immunostaining was rarely observed with
anti-MAPK/ERK-P antibodies. Yet, small punctate
SAPK/INK-P-immunoreactive cytoplasmic granules
were present in about 1/3 of granular neurons in the
dentate gyrus (Fig. 3 A, C). Immunoreactivity to p-38-
P was observed in more than a half of dentate gyrus
granular neurons (Fig. 3 A, D), and in many cortical
and CA1 pyramidal neurons with pre-tangles (Fig. 3 B,
E). No differences in GSK-3@ immunostaining was
found between neurons with and without abnortaal
deposits (data not shown). Mini-Pick-like bodies were
decorated with anti-GSK-3P antibodies (Fig. 3 F).
However, GSK-348P was rarely encountered in neu-
rons with no mini-Pick-like bodies, including those of
the frontal and temporal neocortex.

3.3. Biochemical studies
Biochemical studies of total homogenates and

sarkosyl-insoluble fractions disclosed a pattern of two
bands of phospho-taof 68/66 kDa and 64 kDa in the
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Fig. 1. Marked loss of neurons and spongiosis of the upper layers in the frontal cortex (A). This is accompanied by ballooned neurons containing
?B-crystallin (B). No apparent cell loss occurs in the dentate gyrus although a few granule cells contain pale small cytoplasmic inclusions (D,
arrow). Paraffin sections; CC: cerebral cortex; DG: dentate gyrus. A=l um. B and C, bar irC' = 10 um.

Fig. 2. Tau-immunoreactive neurons are seen in the frontal cortex (A), entorhinal cortex (B), CAl area of the hippocampus (C), striatum (D),
dentate gyrus (E) and Meynert nucleus (F). Miastimmunoreactive neurons are pre-tangles showing perinuclear immunoreactive halos and
cytoplasmic small inclusion roughly resembling mini-Pick bodies, which are particularly abundant in neurons of the dentate gyrus. In addition,
tau-immunoreactive astrocytes are found in the cerebral cortex (G, Hyaarichmunoreactive oligodendrocytes in the white matter (1). Paraffin
sections slightly counterstained with haematoxylin. CC: cerebral cortex; EC: entorhinal cortex; CAl: area of the hippocampus; str: striatum;
DG: dentate gyrus; Mey: Meynert nucleus; As: astrocytes; WM: white matter=BEr pm.

hippocampus and white matter. The same results were 4. Discussion
obtained with the antibodies to phospho-tauThr181,

phospho-tauSer262 and phospho-tauSer422 (Fig. 4).  Tau accumulation in the patient with a P301L mu-
Kinase expression in the hippocampus was exam- tation in thetau gene and included in the H1 haplo-
ined in parallel in AD and P301L mutation for com-  type was found in neurons with pre-tangles, and astro-
parative purposes. Sarkosyl-insoluble fractions in AD, cytes and oligodendrocytes through the brain. The most
but not in P301L, were enriched in p38-P and GSK- characteristic feature waau immunoreactivity deco-
35-P. Moreover, p38-P-immunoreactive bands of high rating the perinuclear region and small cytoplasmic ag-
molecular weight were not found in the P301L mu- gregates designed as mini-Pick-like bodies, mainly in
tation. Finally, the largest amount of GSK-33was the dentate gyrus. Similar inclusions were reported in
found in the sarkosyl-insoluble fraction in AD (Fig. 5).  seminal cases [31] and have been recently examined by
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Fig. 3. Mini-Pick-like bodies in the dentate gyrus (A) and pre-tangle neurons in the hippocampus (B) are associated with small punctate
SAPK/JINK-P (C) and p38-P (D and E) cytoplasm inclusions. A number of mini-Pick bodies are also stained with anti-BSt#gbdies (F).
Paraffin sections, slightly counterstained with haematoxylin. Ba0 pm.

Adamecetal. [1]. Perinucletau-positive immunorec- increased SAPK/JNK-P and p-38-P expression in asso-
tivity also occurs in FTDP-17 with a P301S mutation ciation withtau deposits, whereas only a few neurons
in thetau gene [8]. Pick-body-like neuronalinclusions  have been stained with the anti-MAPK/ERK-P anti-
have also been found in association with a G389R mu- bodies. Phosphorylation ¢du in the P301L mutation
tation in thetau gene in the context of FTDP-17 [36]. probably depends on the same kinases that phosphoy-
The sites otau phosphorylation, as seen by using a latetauin other tauopathies, including Alzheimer’s dis-
panel of phospho-specific anti-tamtibodies, are sim- ease, progressive supranuclear palsy, corticobasal de-
ilar in P301L tauopathy and other sporadic and fa- generation, Pick’s disease, argyrophilic grain disease
milial tauopathies [11,15]. Phosphorylation sites in- and FTDP-17 [2,11-15,25,34,35,43-45]. Therefore, it
clude Thr181, Ser199, Ser202, Ser214, Ser262, Ser396 is reasonable to conclude that mutated facilitates
and Ser422, and those recognized by the antibody AT8 tau phosphorylation through a mechanism that is com-
(Ser202 andThr205). The present results have shown mon to other tauopathies. In addition, GSK-BSer9
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Fig. 4. Western blots of sarkosyl-insoluble fractions of the white matter and hippocampus showing a pattern of two bands of 68/66 kDa and
64 kDa by using phospho-specific anti-tantibodies Thr181, Ser262 and Ser422.

is present in neurons and glial cells in sporadic and are devastated. It is tempting to speculate that neurons
familial tauopathies [11,12,15,34]. It is interesting to  expressing GSK-3//Ser9 are best equipped to cancel
note that GSK-34PSer9 decorates a few neurons in  cell death programs in P301L tauopathy.

the cerebral cortex but the majority of neurons with Although phosphorylation sitesfau and expression
mini-Pick-like bodies in the dentate gyrusinthe P301L of kinases in target cells kinases are similarinthe P301L
mutation. Phosphorylation of GSK-Zt Ser9 inacti- mutation and other sporadic and familial tauopathies, it
vates the kinase and then the capacity to phosphorylate is important to note thatwu deposits differ from those
substrates, but GSK-3BSer9 also prevents cell death  encountered in AD and PiD. A major point is the lack
by apoptosis in several paradigms [9]. Itis feasible that of staining with anti-ubiquitin antibodies in the vast
multiple signals can be triggered by GSK-3 depending majority of tau-containing neurons, excepting the few
on the state and site of phosphorylation [5,24]. Gran- with neurofibrillary tangles, and the lack of ubiquitina-
ule cells in the dentate gyrus are largely preserved in tion of the perinuclear halo and mini-Pick-like bodies
number whereas neurons in the upper neocortical layers in P301L tauopathy, as previously stressed by Adamec
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Fig. 5. Western blots of sarkosyl-insoluble (PHF) fractions and total homogenates of the hippocampus in Alzheimer’s disease (AD) and P310L

mutation. Results in AD are representative of four cases. Sarkosyl-insoluble fractions in AD are enriched in p38-P andRSek933everal
bands of high molecular weight, reminiscent of those of phosphart®HF fractions are seen in AD but not in the P310L mutation.

etal. [1]. Abnormataudeposition in neurons is neither
associated with abnormal accumulationetubulin

and s-tubulin, as occurs in neurdfibrillary tangles in
AD and Pick bodies in PiD. These findings further sup-
port the notion of structural differences between neu-
ronaltauinclusions in AD and PiD, and P301L tauopa-
thy. Pre-tangle neurons that are a characteristic fea-
ture in AGD are not ubiquitinated and do not recruit
(-tubuline with this observation, p38-P and GSK-Bj5
are enriched in sarkosyl-insoluble fractions in AD, but
not in the P310L mutation. Moreover, p38-P bands of
high molecular weight indicating either the formation
of aggregates or abnormal cross-reaction with phospho-
taudo occur in AD, but not in P310L mutation. Finally,
higher GSK-33P expression is found in the sarkosyl-
insoluble fraction in AD whereas the contrary occurs in
P310L mutation. Interestingly, the pattern of kinases in
subcellular fractions in P310L mutation resembles that
found in argyrophilic grain disease [11] in which, in ad-
dition to grains, pre-tangles rather than tangles are the
major pathological abnormality. Together these results
point to differences in solubility ofau and associated
kinases in P310L mutation when compared with AD.
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Abstract The clinical, neuroradiological, neuropatholog-
ical and biochemical findings in four patients with primary
progressive aphasia and tauopathy are described. The apha-
sic syndrome preceded by several years the appearance of
other symptoms in every case. Asymmetrical apraxia with
alien hand phenomenon occurred in one case. Frontotem-
poral symptoms occurred in three cases, but progressed to
dramatic cognitive devastation in only one of these. Gen-
eralized dementia consistent with probable Alzheimer’s
disease (AD) developed with time in another. Cerebral
computer tomography scans, magnetic resonance imaging
and SPECT studies revealed marked asymmetries in one
case, and showed nonspecific cerebral atrophy in the re-
maining ones. The neuropathological examination revealed
typical corticobasal degeneration (CBD) in one case; CBD
and AD in another; and atypical CBD, argyrophilic grain
disease (AGD) and o-synucleinopathy consistent with
Parkinson’s disease in a third. Unique neuropathological
findings were found in the remaining case. This was char-
acterized by severe cerebral atrophy, marked neuronal
loss in the cerebral cortex and abnormal tau deposition in
neurons of the cerebral cortex, diencephalon and brain
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stem. Ballooned neurons, Pick bodies, generalized corti-
cal neurofibrillary tangles and astrocytic plaques were ab-
sent. However, massive globular inclusions, containing phos-
pho-tau, occurred in glial cells, mainly oligodendrocytes,
in the white matter. Biochemical studies of frontal ho-
mogenates revealed four bands of 73/74, 68, 64 and 60 kDa
of phosphorylated tau (using antibodies recognizing
phospho-tau Thr181, Ser262 and Ser422) in the patient
with AD and CBD, suggesting a predominant AD pattern
in this case. Two bands of 68 and 64 kDa of phospho-tau
were recovered in the sarkosyl-insoluble fraction in the
other three cases. This pattern is similar to that found in
CBD, progressive supranuclear palsy and AGD. Taken to-
gether, the present series further supports pure and com-
bined CBD as causes of primary progressive aphasia, and
they extend the hypothesis that primary progressive apha-
sia may be the initial symptom of distinct tauopathies.

Keywords Primary progressive aphasia - Corticobasal
degeneration - Tauopathy - Argyrophilic grain disease -
a-Synuclein

Introduction

The term ‘primary progressive aphasia’ was introduced to
describe a syndrome characterized by progressive wors-
ening of language with preservation of the activities of
daily life and non-verbal abilities [52, 53]. Although the
seminal reports emphasized lack of dementia, subsequent
observations have shown variable cognitive impairment
and dementia in the majority of cases of primary progres-
sive aphasia.

Several neurological diseases may produce primary
progressive aphasia. These include Alzheimer’s disease
(AD) [3, 28, 37, 60], Pick’s disease (PiD) [27, 29, 81], and
Creutzfeldt-Jakob disease [51, 66, 82]. Nonspecific spongi-
form changes and astrocytic gliosis of the upper cortical
layers have also been reported [39, 40, 42, 43, 48, 58, 65,
67, 77]. Cortical achromatic neurons have been reported
in some cases. Spongy change in the frontal cortex and
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striatum accompanied by abnormally ubiquitinated neu-
rites in the cerebral cortex [41] is a rare condition associ-
ated with primary progressive aphasia. Corticobasal degen-
eration (CBD) [24], formerly named corticodentatonigral
degeneration with neuronal achromasia [61], is a common
cause of primary progressive aphasia [1, 32, 45, 55, 62,
83]. Finally, progressive supranuclear palsy (PSP) may de-
velop with progressive nonfluent aphasia [7, 56].

Together, the cumulative clinical and pathological evi-
dence supports the concept that primary progressive aphasia
is not uncommon in a variety of diseases with frontotempo-
ral atrophy, including AD, PiD, frontotemporal dementia
(FTD), PSP and CBD [40]. The majority of these diseases
are associated with impaired tau metabolism, usually mani-
fested as an accumulation of abnormally phosphorylated tau
in neurons and glial cells. However, a subgroup of FTD
cases have decreased tau levels in total brain homogenates
[79]. Abnormal tau phosphorylation and deposition in the
cytoplasm of neurons and glial cells are major biochemical
and structural anomalies in AD, CBD, PiD and PSP [11, 12,
21, 26, 47]. However, AD, CBD, PiD and PSP have clini-
cal, neuropathological and biochemical peculiarities. Phos-
phorylation of tau occurs at different sites, and phosphory-
lated bands from homogenates of fractions enriched with
paired helical filaments or with abnormal filaments show
particular patterns. AD displays four bands of 73/74, 68, 64
and 60kDa, whereas CBD and PSP are resolved into two
bands of 68 and 64 kDa. PiD shows two bands of 64 and 60
kDa [11, 12, 20, 26, 47]. Inherited tauopathies associated
with mutations or deletions in the fau gene are manifested
as PiD-, PSP- or FTD-like syndromes, and can be resolved
into different band patterns on Western blots of brain ho-
mogenate fractions enriched in abnormal filaments [12, 33,
47]. Finally, argyrophilic grain disease (AGD) is another
tauopathy with invariable limbic involvement that produces
two bands of 68 and 64 kDa [22, 72, 75].

Detailed clinical and neuropathological studies in pa-
tients with primary progressive aphasia and sporadic tauopa-
thy are important because they help to increase our under-
standing of the spectrum of diseases with abnormal tau
accumulation that manifest as primary progressive apha-
sia. The present study is focused on four patients with long-
lasting primary progressive aphasia followed by cognitive
impairment in which the neuropathological and biochem-
ical study disclosed singular tauopathies.

Case reports
Case 1

The patient was a 66-year-old right-handed woman with a primary
school education. There was no familiy history of neurological dis-
ease. Moderate hypertension was controlled with diet and medica-
tion. In 1987, she complained of a transient episode of difficulty in
speaking. A brain CT scan showed mild cerebral atrophy without
other anomalies. She was diagnosed as having suffered from a
transitory ischemic attack and received anti-aggregant drugs.

In 1990, the patient noticed slowly progressive difficulties in
expressing herself. A brain CT scan revealed a slight increase of the
sylvian fissures compared with the previous study carried out 3 years

earlier. The cerebral magnetic resonance imaging (MRI) demon-
strated cortical atrophy of the right perisylvian region and of the
left temporal lobe, together with hyperintense periventricular sig-
nals in the white matter.

A neuropsychological study 2years later revealed language
worsening, but reading and writing comprehensions were pre-
served. A new study in April 1994 showed a reduction in fluency,
with non-grammatical language and bucal and facial apraxia.
Reading and writing remained intact. The MMSE showed scores
of 18/30, and the patient was able to maintain daily activities in-
cluding the full organization of the family life. The patient was di-
agnosed as suffering from progressive aphasia with slight damage
of right frontal functions and buco-lingual apraxia. A cerebral
SPECT performed in 1994 revealed inter-hemispheric asymmetry
with decreased flow in the right frontal cortex.

By the end of 1995, spasmodic laughter and difficulties in swal-
lowing had appeared. A new neuropsychological examination
showed a deterioration of the visual-spatial and visual-constructive
functions, and almost complete loss of the language; however, the
patient was still capable of communicating by writing and by ges-
tures (in order to say ‘yes’ she raised the thumb of her right hand,
and placed it downwards to say ‘no’). In addition, the neurological
examination showed buco-facial-lingual apraxia, impaired swal-
lowing of liquids and semi-liquids, and slight alteration of the vol-
untary ocular movements. The rest of the neurological examina-
tion was normal, showing no alterations in the pyramidal or extra-
pyramidal area. The cerebral SPECT revealed perisylvian attenua-
tion, which was more marked on the right side.

In September 1996, the patient had trouble performing common
domestic tasks, showed walking disorders, and suffered occasional
urinary incontinence. Swallowing had worsened. The neuropsycho-
logical examination disclosed difficulties in understanding, as well
as agraphia. The neurological examination showed bucal, facial
and lingual apraxia, mild paresia of the motor ocular nerves, spas-
modic laughter and sobbing, bilateral hyper-reflexia, grasping pre-
dominantly in the left side, axial rigidity, and left postural rigidity
with walking apraxia. The patient did not suffer from behavioral
disturbances excepting apathy, and her memory was preserved.

Dystonic movements appeared 1 year later. The neuropsycho-
logical examination in November 1997 evidenced phonemic disin-
tegration with mutism, as well as major difficulty in swallowing and
salivation, and reduced verbal comprehension. A cerebral SPECT
showed, in addition to perisylvian attenuation, reduced signal in
the posterior regions of the frontal and temporal lobes, which was
more marked in the right hemisphere.

One year later, the patient was suffering from progressive wors-
ening of mobility and cognitive deterioration. Her relatives asked
for percutaneous feeding, which was started by the middle of 1998.
A few months later, the patient was confined to bed, decorticated
with generalized hyperreflexia and hypertonia but still able to rec-
ognize faces. During the following 2 years, the patient deteriorated
and her mental status was very poor. The patient died in April 2002
at the age of 81, 12 years after the beginning of aphasia.

Case 2

The patient was a right-handed woman with limited education.
There was no familiy history of neurological disease. She was 72
years old at the time of her first consultation. In May 1995 she pre-
sented for a progressive language disorder that had started 2 years
earlier. The neuropsychological examination showed language al-
terations and difficulties in visual-spatial functions. The MMSE
was 27/30. A cerebral CT scan showed slight cortical and subcor-
tical cerebral atrophy. A cerebral SPECT disclosed dilatation of
the ventricular system without regional cortical perfusion defects.

Language deterioration was accompanied by increased depen-
dence on relatives to communicate aspects of current life. A new
neuropsychological evaluation was performed in 1997, which
showed a marked language alteration with loss of fluency and
anomy. Linguistic understanding was better preserved, but deficits
in the comprehension of complex orders were already detected at
this time. The patient’s writing was agraphic, and she had difficul-



ties in the written repetition of long sentences. Abstract reasoning
skills were diminished and slight visual-spatial deficits were pre-
sent.

The neuropsychological evaluation in November 1997 disclosed
further deterioration of spontaneous language. Verbal understand-
ing was preserved and reading comprehension was intact.

In August 1998, during a control examination, a mammary tu-
mor was discovered, and a radical mastectomy was conducted, fol-
lowed by chemotherapy and radiation therapy.

In February 2001, the patient required assisted feeding, because
of severe buco-lingual apraxia. Marked rigidity predominated in
the right side. In addition, cognitive impairment and loss of mem-
ory characterized the last months of her life. The patient died in
April 2002 at the age of 78, 9 years after the beginning of aphasia.

Case 3

The patient was a right-handed man with no family history of neu-
rological disease, who had suffered from progressive disorder of
speech starting in 1994. This was followed 3 years later by a be-
havior disorder consisting of disinhibition and compulsive laugh-
ing, asymmetrical rigidity and apraxia of the upper extremity, an-
ticipating alien hand phenomenon 2 years later. The CT scan per-
formed in November 1999 disclosed moderate frontal, parietal and
temporal atrophy, and enlargement of the left perisylvian region.
The neurological status worsened during the year 2000 with marked
deterioration of mood and personality. Social difficulties due to
non-structured behavior contrasted with the preservation of mem-
ory and orientation, as well as with the recognition of persons and
places. Language was extremely impoverished leading to practical
mutism. Parkinsonism signs were not recorded at any time during
the course of the disease. The patient died in November 2001 at the
age of 73.

Case 4

The patient was a man aged 68 who developed, during the winter
of 1990, progressive loss of language and verbal fluency contrast-
ing with preserved comprehension, reading and naming skills.
There was no familiy history of neurological disease. The neuro-
logical examination in 1993 revealed no additional abnormalities,
except slight left rigidity and dystonia. A cerebral CT scan revealed
moderate frontal, parietal and temporal atrophy. His mental status
rapidly deteriorated during the following year, with loss of the ca-
pacity for learning new information, followed by loss of short-term
memory, and decline of motor skills. The patient was mute, rigid,
disconnected and confined to a wheel-chair by 1996. The patient
survived until November 1997, dying at the age of 73.

Neuropathological methods

The post-mortem delay between death and tissue process-
ing varied from 2 to 15 h. Frozen samples for biochemical
studies were available in every case.

A complete neuropathological examination was car-
ried out in every case on tissue that had been formalin-
fixed for no less than 3 weeks; the tissue was then embed-
ded in paraffin. De-waxed sections, 7 um thick, were stained
with hematoxylin and eosin and Luxol fast blue-Kliiver
Barrera, or processed for immunohistochemistry follow-
ing the avidin-biotin-peroxidase method (ABC kit, Vec-
tastain, Vector). After blocking endogenous peroxidase,
the sections were incubated with normal serum and incu-
bated at 4°C overnight with one of the primary antibodies.
Antibodies to phosphorylated 170- or 200-kDa neurofila-
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ments (clones BF10 and RT97, Boehringer-Mannheim)
were used at dilutions of 1:100 and 1:50, respectively.
Rabbit polyclonal antibodies to aB-crystallin (Novocas-
tra) were used at a dilution of 1:500. Rabbit polyclonal
antibodies to o-synuclein (Chemicon) were used at a dilu-
tion of 1:500. Antibodies to pan-tau (Sigma) were used at
a dilution of 1:10. Antibodies to glial fibrillary acidic pro-
tein (Dako, Dakopatts), BA4-amyloid (Boehringer-Mann-
heim), and ubiquitin (Dako) were used at dilutions of
1:250, 1:5, and 1:200, respectively. In addition, immuno-
histochemistry to anti-phospho-specific tau antibodies
was carried out on de-waxed sections first boiled in citrate
buffer and then stored overnight at room temperature. The
following anti-phospho-specific tau rabbit polyclonal an-
tibodies were used: Thr181, Ser202, Ser214, Ser262,
Ser396 and Ser422 (all of them from Calbiochem). The
antibodies were used at a dilution of 1:100, excepting anti-
phospho-tauThr181, which was used at a dilution of 1:250.
Finally, the phosphorylation-independent tau antibody 7.51,
which is raised against the binding region of tau [54], was
used at a dilution of 1:500.

Gel electrophoresis and Western blotting

For gel electrophoresis and Western blotting, fresh samples
of the frontal cortex were immediately obtained at autopsy,
frozen in liquid nitrogen, and stored at —80°C until use.

A protocol to purify paired helical filaments in AD, de-
scribed by Goedert et al. [26], was used in every case.
Frozen samples of about 5g were cut into pieces. They
were gently homogenized in a glass tissue grinder in 10 vol
(w/v) of cold suspension buffer consisting of 10 mM TRIS-
HCl pH7.4, 0.8M NaCl, ImM EGTA, 10% sucrose,
0.1 mM phenylmethylsulfonyl fluoride, 2 pLg/ml aprotinin,

Fig.1 Case 1. A, B Coronal sections of the brain showing marked
atrophy of the frontal and temporal lobes, including the hippocam-
pus and perirhinal cortex, and the perisylvian region. Marked en-
largement of the lateral ventricles, reduced white matter and atro-
phy of the corpus callosum, and moderate atrophy of the caudate,
putamen and thalamus, are additional remarkable features



Fig.2 Case 1. Marked neuron loss and spongiosis are found in the
frontal cortex (A, B). This is accompanied by intense astrocytic
gliosis, as revealed with glial fibrillary acidic protein immunohis-
tochemistry (C), which is strongly immunostained with anti-oB-
crystallin antibodies (D). Tau-immunoreactive deposits are found
in scattered neurons in the cerebral cortex (E), hippocampus (F)

and thalamus (G). Neuron loss and astrocytic gliosis is seen in the
substantia nigra (H). Tau-immunoreactive inclusions are found in
the dorsal nucleus of the vagus nerve (I). A, B, H Hematoxylin and
eosin, C—G, I immunohistochemical sections slightly counter-
stained with hematoxylin; bars A 50 um, I (also for B-H) 25 um
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Fig.3 Case 1. Tau-immunoreactive inclusions in glial cells in the
white matter of the frontal lobe (A), parietal lobe (B), internal cap-
sule (C) and corpus callosum (D). Glial inclusions are ubiquiti-
nated (E). The majority of these inclusions are globular, but rare
coiled bodies (white arrow) are seen in the vicinity of a neuron
(asterisk) with a bizarre tau-immunoreactive inclusion in the ante-
rior horn of the spinal cord (F). Immunohistochemical sections
slightly counterstained with hematoxylin. Bar 25 um

10 ug/ml leupeptin and 5pg/ml pepstatin. The homo-
genates were first centrifuged at 20,000 g, and the super-
natant (S1) was retained. The pellet (P1) was re-homoge-
nized in 5 vol of homogenization buffer and re-centrifuged.
The two supernatants (S1+S2) were then mixed and incu-
bated with N-lauroylsarcosinate 1% for 1h at room tem-
perature while being shaken. Samples were then centri-
fuged for 1 h at 100,000 g in a Ti 70 Beckman rotor. Sarko-
syl-insoluble pellets (P3) were re-suspended (0.2ml/g
starting material) in 50 mM TRIS-HCI pH 7.4. Protein con-
centrations were determined by the BCA method and 10%

sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) was run using a maxi-protean system
(Bio-Rad). 100-200 pg protein was loaded in each lane with
loading buffer containing 0.125 M TRIS pH 6.8, 20% glyc-
erol, 10% mercaptoethanol, 4% SDS and 0.002% bromo-
phenol blue. Samples were heated at 95°C for 5 min prior
to gel loading. Total frontal homogenates and fractions
enriched with abnormal filaments were run in parallel.
The proteins were then transferred to nitrocellulose mem-
branes (Amersham) using an electrophoretic chamber sys-
tem (Trans-Blot Electrophoretic Transfer Cell, Bio-Rad).
Non-specific binding sites were blocked with TRIS-buffered
saline solution pH 7.4 with 0.1% Tween-20 (TBST) con-
taining 5% skimmed milk for 30 min, and incubated with
one of the primary antibodies for 1 h at room temperature.
Control of protein content in each lane was carried out by
the staining of selected gels with Coomassie blue and of
the membranes with Ponceau (Sigma).

The rabbit polyclonal antibody to phospho-tauThr181
was diluted 1:250. The rabbit polyclonal antibodies anti-
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Fig.4 Case 1. Tau-immunoreactive inclusions in neurons and
glial cells as revealed with several phospho-specific anti-tau anti-
bodies (A-E) and with the phosphorylation-independent tau anti-
body 7.51 (F). Note strong immunoreactivity to antibodies to
phospho-tauSer202 (A), Ser262 (B), phospho-tauThr181 (C),
Serd422 (D), Ser396 (E), and tau 7.51 (F). Immunohistochemical
sections slightly counterstained with hematoxylin. Bar 10 um

phospho-tauSer262 and phospho-tauSer422 (all from Cal-
biochem) were used at a dilution of 1:2,500.

Genetic studies

Tau gene exons 9, 10, 12 and 13, were mutations in FTD
patients have been found previously, were amplified using
specific primers derived from the 5 and 3’ sequences and
the polymerase chain reaction (PCR) conditions previ-

ously described [30]. Direct sequenceanalysis was per-
formed for these exons using an automated DNA se-
quencer (ABI 310; Perkin Elmer/Applied Biosystems,
Foster City, CA).

Results
Neuropathological findings
Case 1

Severe frontotemporal atrophy with marked enlargement
of the lateral ventricles and atrophy of the perisylvian re-
gion were observed on gross examination. Coronal sections
also revealed reduced white matter and marked atrophy of
the corpus callosum, as well as moderate atrophy of the
caudate and putamen, and thalamus (Fig.1). The micro-
scopical study revealed marked neuron loss in the cerebral



Fig.5 Case 2. A-D Coronal sections of the brain. Moderate atro-
phy of the frontal cortex, precentral region, perisylvian region and
temporal lobe, including the hippocampus. There is also moderate
enlargement of the lateral ventricles, but apparent preservation of
the caudate, putamen and thalamus

cortex of the frontal, temporal, insular and cingulated cor-
tices, which was accompanied by astrocytic gliosis (Fig.
2A-C). Ballooned neurons were absent, but aB-crystallin
immunohistochemistry revealed large numbers of positive
reactive astrocytes (Fig.2D). Tau-immunoreactive neurons
were seen in the cerebral cortex, hippocampus, diencephalon
and reticular formation (Fig. 2E-G). Pick bodies were ab-
sent. Mild neuron loss and gliosis with no tau and o-synu-
clein pathology was found in the substantia nigra pars com-
pacta (Fig. 2H). Bizarre, tau-positive inclusions, resembling
skein inclusions in motor neuron disease in morphology,
were found in the motor nuclei of the vagus nerve (Fig. 2I).

In addition to neurons, massive accumulation of abnor-
mal tau was present in glial cells, mainly oligodendrocytes,
and in the white matter of the cerebral hemispheres, includ-
ing the parietal cortex and internal capsule (Fig.3A-D).
The morphology of glial inclusions was rather globular
and the inclusions were ubiquitinated (Fig.3E). Coiled
bodies were seldom observed in the cerebrum, brain stem
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or spinal cord (Fig.3F). Tau deposition in neurons and
glial cells was recognized with anti-phospho-specific
tauThr181, Ser202, Ser214, Ser262, Ser396 and Ser422
antibodies (Fig. 4A, B, D-F). Globular glial inclusions were
also strongly stained with the antibody 7.51 (Fig.4C), but
were not with anti-o-synuclein antibodies.

The neuropathological diagnosis was multiple system
tauopathy.

Case 2

Atrophy of the temporal lobe, including the hippocampus,
and the pre-central cortex, and mild enlargement of the
lateral ventricles, were seen on gross examination (Fig. 5).
Neuron loss, rare ballooned neurons and moderate astro-
cytic gliosis were found in the cerebral cortex; marked
loss of neurons occurred in the striatum and thalamus.
Abnormal tau deposition in neurons and thread-like struc-
tures in the cerebral cortex (Fig.6A), striatum (Fig. 6B),
thalamus (Fig.6C) and brain stem (Fig.6D) were ob-
served. Coiled bodies in oligodendrocytes were abundant
in the white matter (Fig. 6E).

Pre-tangles and grains were conspicuous in the hippo-
campus, entorhinal cortex, amygdala and anterior cingu-
late cortex (Figs.6F, 8B). Grains were also observed in
the hypothalamus. Abnormal tau deposits were stained with
anti-phospho-specific tau antibodies: pre-tangles, grains
and coiled bodies were stained with all the antibodies
tested (Fig. 7A—C, E, F). Astrocytic plaques were clearly
distinguished with anti-phospho-tauThr181, Ser202, Ser262,
Ser396 and Ser 422 (Fig. 7G), but not with anti-phospho-
tau Ser214 antibodies. Tufted astrocytes were absent.

Ballooned neurons in the frontal and parietal cortex
were rare, although easily visualized with anti-phosphory-
lated neurofilament and anti-oB-crystallin antibodies
(Fig. 8A). However, oB-crystallin-immunoreactive ballooned
neurons were very common in the amygdala and entorhi-
nal cortex (Fig. 8C, D).

Finally, mild neuron loss and Lewy bodies were found
in the substantia nigra, locus ceruleus and brain stem
reticular formation (Fig. 8E). o-Synuclein-immunoreactive
dystrophic neurites were common in the lower brain stem,
locus ceruleus, Meynert’s nucleus and amygdala (Fig. 8F).

The neuropathological diagnosis was CBD, AGD and
o-synucleinopathy.

Case 3

The gross examination revealed perisylvian atrophy and
atrophy of the upper parietal and frontal cortices. There
was enlargement of the lateral ventricles, reduced subcor-
tical white matter and atrophy of the corpus callosum
(Fig. 9A). The microscopical examination showed moder-
ate neuron loss and astrocytic gliosis in the cerebral cor-
tex. Ballooned achromatic neurons containing phosphory-
lated neurofilaments and oB-crystallin were found mainly in
the frontal cortex, but also in the limbic system (Fig. 9B-D).
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Fig.6 Case 2. Tau-immunoreactive neurons are seen in the frontal
cortex (A), putamen (B), thalamus (C) and pontine nuclei (D).
Thread-like structures, although present in the cerebral cortex and
diencephalon, are more easily seen in the pontine nuclei (D).
Oligodendroglial coiled bodies are abundant in the subcortical
white matter and internal capsule (E). In addition, neurons with
pre-tangles, and numerous tau-immunoreactive grains, are ob-
served in the hippocampus (F). Immunohistochemical sections
slightly counterstained with hematoxylin. Bar 25 um

Tau-immunoreactive neurons, although not really neu-
rofibrillary tangles, were abundant in the cerebral cortex.
However, the most striking abnormality was the presence
of thread-like structures in the cerebral cortex and white
matter, together with astrocytic plaques, which were visi-
ble with phospho-specific anti-tau antibodies to Thr181,
Ser202, Ser396 and Ser422 (Fig. 9E). Tau-immunoreactive

thread-like structures and cellular bodies, covering neurons
and glial cells, were found in the striatum and thalamus
(Fig. 9F, G). Moderate neuron loss was found in the sub-
stantia nigra together with corticobasal bodies that were
immunoreactive with anti-phospho-specific tau antibodies.
Neurofibrillary tangles (Fig. 9H, I), tau-positive glial inclu-
sions in astrocytes and coiled bodies in oligodendrocytes
were observed in the lower brain stem. BA4 amyloid and
o-synuclein-immunoreactive deposits were absent.
The neuropathological diagnosis was CBD.

Case 4

Moderate cerebral atrophy was observed in the pre- and
post-central region, and in the perisylvian region and tem-
poral lobes, including the hippocampal complex. The mi-
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Fig.7 Case 2. Several tau-immunoreactive deposits as seen with
distinct anti-phospho-specific tau antibodies. Pre-tangle neuron in
the CA1 area of the hippocampus (A). Pre-tangles and grains in the
hippocampus (B). Numerous grains in the entorhinal cortex (C).
Astrocytic plaque in the frontal cortex (D). Coiled bodies in the
white matter (E) and pons (F). Antibodies to phospho-tauSer396
(A) Thr181 (B), Ser202 (C), Ser422 (D), Ser396, (E) and Ser262
(F). Immunohistochemical sections slightly counterstained with
hematoxylin. Bar in D represents 10 um for A, F, 25 um for B-E

croscopical examination revealed mild neuron loss and
spongiosis in the upper cortical layers of the frontal, pari-
etal and temporal cortices, together with ballooned neu-
rons containing phosphorylated neurofilament epitopes
and aB-crystallin (Fig. 10A, B). In addition, A4-amyloid
plaques were present in the hippocampus, entorhinal areas,
and neocortex (Fig. 10C) consisting of diffuse and neuritic
plaques. Amyloid angiopathy affected meningeal and pa-
renchimatous blood vessels. Neurofibrillary tangles were
conspicuous in the entorhinal cortex, hippocampus and
cerebral cortex. Tau-immunoreactive dystrophic neurites
surrounded amyloid deposits in senile plaques (Fig. 10D).
In addition, thread-like structures were abundant in the sub-

cortical white matter and internal capsule, mainly in the
vicinity of the thalamus (Fig. 10E). Thread-like structures
and cellular tau-immunoreactive inclusions were common
in the striatum and thalamus (Fig. 10F, G). Astrocytes and
perivascular astrocytic processes in the deep temporal white
matter and amygdala were decorated with anti-tau antibod-
ies (Fig. 10H). Neurofibrillary tangles were found in the
brain stem, particularly in the locus ceruleus and reticular
formation. Rare o-synuclein-immunoreactive dystrophic
neurites were present in the lower brain stem (Fig. 10I).

The neuropathological diagnosis was CBD, AD and
o-synucleinopathy.

Western blot studies

Western blots of total brain homogenates and sarkosyl-in-
soluble fractions revealed particular profile patterns of
phospho-tau. Cases 1-3 showed a pattern of two bands of
68 and 64 kDa in sarkosyl-insoluble fractions stained with
anti-phospho-specific tau antibodies to Thr181, Ser262
and Ser422. Case 4 revealed a pattern of four bands of
73/74, 68, 64 and 60 kDa (Fig. 11).
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Fig.8 Case 2. aB-crystallin-immunoreactive ballooned neuron in
the frontal cortex (A). Tau-immunoreactive (phospho-tauSer262)
grains in the CA1 area of the hippocampus (B). oB-crystallin-im-
munoreactive ballooned neurons in the amygdala (C) and entorhi-
nal cortex (D). o-Synuclein-immunoreactive Lewy body (white
arrow) in the Meynert’s nucleus (E). Many o-synuclein-im-
munoreactive dystrophic neurites and intracytoplasmic inclusions
are observed in the reticular formation of the medulla oblongata
(F). Immunohistochemical sections slightly counterstained with
hematoxylin. Bar 25 um

Genetic studies

Genetic studies were carried out in cases 1 and 2. No mu-
tations in the fau gene were found.

Discussion

A summary of the main clinical, neuropathological, bio-
chemical and genetic findings is given in Table 1. The ini-
tial symptoms in the four cases were expressive language

Fig.9 Case 3. Cerebral atrophy with enlargement of the lateral »

ventricles (A). Ballooned neurons (B) in the cerebral cortex are
immunoreactive with: anti-oB-crystallin (C) and anti-phosphory-
lated neurofilament (D) antibodies. Tau-immunoreactive astro-
cytic plaques are observed in the cerebral cortex (E), and tau-im-
munoreactive neuronal and glial inclusions are seen in the striatum
(F) and subcortical white matter (G). Tau-immunoreactive neu-
rons and neurofibrillary tangles are observed in the peri-aqueduc-
tal gray matter (H) and reticular formation (I). Bar I (also for
B-H) 25 um
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Fig. 10 Case 4. Moderate neuron loss and a ballooned neuron in
the frontal cortex (A). Ballooned neurons are stained with anti-o.B-
crystallin antibodies (B). BA4-amyloid deposits in the cerebral
cortex (C). Neurofibrillary tangles and dystrophic neuritis sur-
rounding amyloid cores in neuritic plaques (asterisk) are stained
with anti-tau antibodies (D). Thread-like structures are abundant in
the subcortical white matter (E). Neurons and glial cells with ab-

normal tau accumulation are seen in the striatum (F) and thalamus
(G). Reactive astrocytes and astroglial cell processes surrounding
blood vessels (arrowhead) are tau immunoreactive (H). Isolated
o-synuclein-immunoreactive profile in the reticular formation of
the medulla oblongata (I). Immunohistochemical sections slightly
counterstained with hematoxylin. Bar 25 um
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disorders, with difficulties in naming objects and articu-
lating words. Patients 1 and 2 maintained their daily life
activities up until moderately advanced stages of the dis-
ease (8 and 5 years, respectively), when the motor disor-
ders marked the onset of their functional dependency.
Speech disturbances followed by cognitive decline con-
sistent with FTD occurred in patient 3, whereas isolated
language disorder lasting for 3 years preceded rapidly pro-
gressive probable AD in case 4.

Atrophy of the superior frontal gyrus and superior pari-
etal cortex, together with atrophy of the superior temporal
gyrus, opercular area and pre-central cortex, were com-
mon, although very variable in severity, in every case of
the present series. Aphasia correlated with perisylvian at-
rophy in each of these four cases. Atrophy of the hippo-
campus was marked in cases 1 and 4, but was moderate in
cases 2 and 3. Interestingly, cerebral CT scans and MRI
studies revealed asymmetries from the beginning of the
disease in patient 1. Similarly, SPECT studies revealed
progressive attenuation over time, predominating in the
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right side. However, in case 2, no focal signs were noticed
in the SPECT studies carried out 2 years after the begin-
ning of the speech disturbances. Unfortunately, only two
cerebral CT scans showing moderate global atrophy were
carried out in patients 3 and 4.

Case 1 shows rare clinical and neuropathological find-
ings. The clinical symptoms were characterized by prolonged
primary aphasia, followed by frontotemporal symptoms
and, finally, by dramatic generalized cognitive devasta-
tion. The microscopical study revealed marked cortical
neuronal loss with no ballooned neurons, Pick bodies, astro-
cytic plaques, or massive cortical neurofibrillary pathology.
Yet neurons bearing abnormal phospho-tau were seen in
the neocortex, diencephalons and brain stem. Moreover,
large numbers of globular tau deposits were found in glial
cells. Massive globular phospho-tau deposition in glial cells,
as seen in case 1, has been observed in certain familial
tauopathies associated with mutations and single amino
acid deletions in the fau gene [14, 23, 34, 68] and in spo-
radic multiple system tauopathy with dementia [7]. Tau-
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Table 1 Summary of the main clinical, neuropathological, bio-
chemical and genetic findings in this series. o-synucleinopathy in-
dicates Lewy body disease with brain stem involvement (Parkin-
son’s disease), Western blot tau: indicates the pattern of bands of

phospho-tau in sarkosyl-insoluble fractions (PPA primary progres-
sive aphasia, FTD frontotemporal dementia, ND not done, CBD
corticobasal degeneration, AGD argyrophilic grain disease, AD
Alzheimer’s disease)

Case Age at Gender  First Course Familial Age at  Genetic Western Neuropathological
onset symptoms antecedents death study blot tau diagnosis
(years)
1 66 F PPA FTD No 81 68, 64 Multiple system
tauopathy
2 69 F PPA FTD + No 78 68, 64 CBD+ AGD +
asymmetric a-synucleinopathy
rigidity
3 66 PPA CBD No 73 ND 68, 64 CBD
syndrome
4 68 PPA Dementia No 73 ND 74, 68, CBD + AD +
64, 60 a-synucleinopathy

immunoreactive glial inclusions in those cases and in the
present case differ from glial inclusions in multiple sys-
tem atrophy (MSA), although both are ubiquitinated. Glial
inclusions in MSA contain o-synuclein and non-phos-
phorylated tau [2, 13, 18, 46, 69, 76, 80], whereas glial in-
clusions in the present case were negative for a-synuclein
but strongly immunoreactive for phosphorylated tau and
with the phosphorylation-independent tau antibody 7.51.

Case 2 showed neuropathological findings of CBD,
AGD and o-synucleinopathy. A diagnosis of CBD was
based on the presence of tau-immunoreactive inclusions
in neurons and glial cells in the striatum, thalamus, cere-
bral cortex and selected nuclei of the brain stem, thread-
like structures in the diencephalon, white matter and pon-
tine nuclei, and astrocytic plaques in the cerebral cortex.
There was a paucity of ballooned neurons in the frontal
cortex, but this does not exclude a diagnosis of CBD [16].
In addition, the diagnosis of AGD was based on the pres-
ence of pre-tangles and tau-immunoreactive grains in the
anterior and posterior hippocampus, entorhinal cortex,
amygdala, anterior gyrus cinguli and hypothalamus [8, 35,
71, 74]. Ballooned neurons containing oB-crystallin in the
amygdala and entorhinal cortex, and oligodendroglial coiled
bodies, as seen in this case, are common in CBD and
AGD [72]. However, the large number of ballooned neu-
rons in the amygdala, in striking contrast with the limited
number of such neurons in the frontal cortex, is likely due
to AGD rather than to CBD.

AGD has been reported in combination with AD, de-
mentia with tangles, PSP and several a-synucleinopathies
[8, 35, 52]. Argyrophilic grains were found in 2 cases of
CBD in a series of 16 incidental cases [52] and in 2 of 5
cases of CBD in our files at the Barcelona and Bellvitge
Banks of Nervous and Muscular Tissues (BBB) (unpub-
lished observations). Lewy bodies (LLBs) and o-synuclein
dystrophic neurites in select nuclei of the brain stem,
Meynert’s nuclei and amygdala were observed in the pre-
sent case. Co-occurrence of PD with PSP has been docu-
mented [37, 57]. The combination of PD or diffuse Lewy
body disease and tauopathy in the same patient is not ex-
ceptional. LBs were found in 3 of 13 cases of PSP, 2 of

5 cases of CBD and 2 cases with combined PSP and CBD
in our files at the BBB (unpublished observations). Pri-
mary progressive aphasia has never been reported in
AGD, and it is probably a very rare symptom in this dis-
ease, mainly due to the restricted limbic distribution of the
lesions in AGD, as in the present case. Therefore, primary
aphasia can be ascribed, rather, to CBD. However, cogni-
tive impairment appearing late in the course of the disease
was probably due to concomitant AGD, as cortical abnor-
malities, excepting those consistent with limbic AGD, were
scanty in this particular case. Asymmetrical rigidity ap-
peared during the last year of the disease, but the clinical
relevance of PD changes versus CBD-like striatal pathol-
ogy in this patient remains obscure.

Case 3 of the present series had typical clinical and
neuropathological features of CBD [4, 5, 16, 19, 39, 49,
63]. These included ballooned neurons, immunoreactive
to oB-crystallin and phosphorylated neurofilaments, in
the frontal and parietal cortex, and astrocytic plaques in
the cerebral cortex. Constant accompanying features were
scattered cortical neurons and large numbers of cell pro-
cesses (thread-like structures) containing phosphorylated
tau in the cerebral cortex, white matter and diencephalic
nuclei. Tau-containing neurons in the locus ceruleus and
other areas of the brain stem often resembling cortico-
basal bodies in monoaminergic nuclei were also observed.
All these characteristics have been well documented in
CBD [16, 17, 19, 20, 44, 50, 70, 78, 79]. Coiled bodies in
oligodendrocytes, as seen in case 3, are present in CBD,
but also in PiD, PSP and AGD [16, 19, 21, 31, 44]. Pri-
mary progressive aphasia has been recognized as a possi-
ble initial symptom in CBD [1, 4, 5, 45, 55, 62, 83]. Case
3 lends further support to the hypothesis that CBD may
start with primary progressive aphasia followed by cogni-
tive impairment.

Case 4 had combined findings of AD and CBD, as well
as rare o-synuclein inclusions in the lower brain stem.
Neurofibrillary pathology corresponding to stage VI of
Braak and Braak, and BA4 amyloid deposition stage C,
define advanced AD [10]. Yet massive thread-like struc-
tures in the cerebral white matter, aB-crystallin-immuno-



reactive ballooned neurons in the frontal cortex, and abun-
dant tau-positive inclusions in the striatum and thalamus,
even in the absence of clear cortical astrocytic plaques
possibly masked by neuritic plaques, were consistent with
CBD. Such a combination is not strange due to the preva-
lence and increased risk of AD in the elderly [16]. How-
ever, this is the first description of co-occurrence of AD
and CBD in primary progressive aphasia. It is worth men-
tioning that primary progressive aphasia has also been re-
ported as the initial symptom in AD [3, 28, 37, 60]. Fi-
nally, discrete o-synuclein inclusions and dystrophic neu-
rites in the lower brain stem, as seen in this case, have also
been noted as a pre-clinical state in PD [14].

The biochemical patterns of phosphorylated tau in total
homogenates and sarkosyl-insoluble fractions have shown
four bands of 73/74, 68, 64 and 60 kDa of phospho-tau in
sarkosyl-insoluble fractions in case 4, indicating the pre-
dominance of AD-like phosphorylated tau deposition [11,
12, 47]. Two phospho-tau bands of 68 and 64 kDa occurred
in cases 1-3. This pattern is similar in CBD [11, 47].

Taken together, these observations from the present se-
ries demonstrate that primary progressive aphasia may oc-
cur in distinct tauopathies and that CBD, or CBD com-
bined with other tauopathies, is a main cause of primary pro-
gressive aphasia. Based on similar findings, other authors
have proposed including all these diseases under the term
frontotemporal degeneration or Pick complex [38]. These
terms are useful operational tools in the current clinical
practice, but help little to increase our understanding of
the morphological, biochemical and genetic diversity that
is under the term Pick complex. In contrast, the present
message is focused on favoring the concept that complete
clinical and neuropathological examination, together with
biochemical and genetic studies, are essential to delineate
old and new tauopathies manifested as primary progres-
sive aphasia.
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