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SINOPSIS

Stroke is a complex disease that affects the brain and vascular system. This disease
has a high mortality, being the second cause of death worldwide and the fist cause of
disability in adults of developed countries. Currently, more than 30 loci have been found
associated with ischemic stroke risk; however, these genetic risk factors did not explain all
heritability associated with this disease. Additionally, little is known about the genetics behind
stroke outcome. Recently, two Genome-Wide Association Studies had reported two new
candidate genes for ischemic stroke outcome. However, even a large sample size has been
used in these studies, the results found are fewer that the expected. This could be due to the

high heterogeneity of ischemic stroke outcome.

The principal aims of this thesis were, on one hand, to explore whether new stroke
genetic risk factors can be found in specific homogeneous populations, and, on the other
hand, to find new genetic risk factors of ischemic stroke outcome by using a new approach
focus on acute endophenotypes associated with stroke outcome. In order to reach the first
aim, it has been performed a case-control genome-wide association analysis using a Spanish
cohort as a discovery and an international cohort as replication, with an additional validation
in a second independent Spanish cohort. For second aim, it has been studied the clinical
variables associated with the acute phase outcome of ischemic stroke. The variable
leukocyte count was selected as an interesting endophenotype to find new genetic risk

factors associated with stroke outcome.

As a results of this research, a new locus associated with lacunar stroke risk has been
described, giving new information about the physiopathology of this disease. Additionally, the
enzyme codified in the candidate gen MAN2B1 is a potential biomarker for lacunar stroke
diagnosis. Moreover, it has been described in this thesis the first locus associated with
leukocyte counts during the acute phase of ischemic stroke that additionally was associated
with stroke outcome. Thus, the genetic analysis of acute endophenotypes has been
confirmed as a useful approach to find new genetic risk factors associated with stroke

outcome.
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Introduccion

1. Introduccion

1.1. Ellctus
Definicion

El ictus es una enfermedad cardiovascular de elevada incidencia mundial, siendo
actualmente la segunda mayor causa de mortalidad. Esta enfermedad afecta a los vasos
sanguineos que irrigan el cerebro y ocurre cuando alguno de estos vasos se ocluye o se
rompe, causando la interrupcion del riego sanguineo en una parte del cerebro. Si esta
ausencia de riego perdura en el tiempo, provoca la muerte de las células neuronales por la

falta de oxigeno y de nutrientes.

La sintomatologia del ictus es diversa, comprendiendo desde dificultad en el habla a
la pérdida de conciencia, pasando por la paralisis de extremidades y la pérdida de visén.
Asimismo, las guias médicas dictan una sintomatologia mas concreta para ayudar al

paciente a determinar si estéa sufriendo un ictus; estas son:

- Sdbito dolor de cabeza, de gran intensidad y sin causa aparente.

- Pérdida de la vision, total o parcial o incluso visién doble con sensacion de mareo.
- Dificultad en el habla.

- Pérdida de fuerza y sensibilidad en un lado del cuerpo, ya se cara, brazos o piernas.

- Pérdida de equilibrio, inestabilidad o sensacion de vértigo y confusion.

Clasificacion

Se pueden distinguir dos tipos diferentes de ictus dependiendo de la causa de éste. Si
se produce una obstruccion del vaso sanguineo se clasifica como ictus isquémico, por lo
contrario, si el ictus ocurre como consecuencia de la rotura de un vaso sanguineo se conoce

como ictus hemorragico (Figura 1).

Ictus
isquémico

Ictus
hemorragico

Figura 1. Representacion grafica de los principales tipos de ictus. Realizada en
BioRender?.
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Ictus isquémico

El ictus isquémico es el tipo de infarto cerebral mas frecuente a nivel mundial, supone
el 85% de los casos reportados? y actualmente se puede tratar con tromboliticos y/o
trombectomia mecanica. Asimismo, ambos tratamientos deben ser aplicados dentro de las
primeras 24 horas desde el inicio de los sintomas. El suministro de tromboliticos al paciente
se suele hacer por via endovenosa, llamandose “tratamiento endovascular”. El trombolitico
mas ampliamente utilizado actualmente es el activador de plasminégeno tisular
recombinante o rtPA (de sus siglas en inglés ‘recombinant tissue plasminogen activator’).
Este farmaco deshace el trombo que ocluye el vaso permitiendo recuperar el flujo sanguineo;
concretamente, cataliza el paso de plasminogeno a plasmina, la cual hidroliza las cadenas
de fibrina que forman el coagulo provocando su degradacion. Por otra parte, la trombectomia
mecanica, tal y como su nombre indica, consiste en retirar de manera mecanica el trombo
que ocluye el vaso. Existen diversos instrumentos médicos que se pueden utilizar con este

fin, los mas utilizados son los ‘stent’ de segunda generacion y los catéteres de aspiracion3.

Es posible distinguir diversos subtipos de ictus isquémico. La clasificacion etiolégica
mas extendida es el ‘Trial of ORG 10172 in Acute Stroke Tratment’ (TOAST)4, el cual distingue

cinco subgrupos diferentes de ictus isquémico:

- lctus aterotrombotico o LAA (‘large artery aterosclerosis’): presentan una estenosis u
oclusién, mayor de un 50% en una arteria cerebral principal o en una rama cortical.

- lctus cardioembélico o CE (‘cardioembolic stroke’): oclusion de arteria cerebral
causada por un trombo o coagulo producido o despendido de una cavidad del
corazoén.

- lctus lacunar o SVS (‘small vessel stroke’): oclusion de un vaso sanguineo pequeno
que provoca un infarto cerebral menor.

- lctus indeterminado o criptogenético: presentan mas de una causa de ictus, o el
estudio completo del paciente no ha desvelado ninguna causa, o el estudio ha sido
incompleto.

- Otro: el ictus se da debido a una causa infrecuente, como vasculopatias,

enfermedades hematolégicas, etc.

Dependiendo la etiologia del ictus isquémico es posible recetar al paciente farmacos
antiplaquetarios y/o anticoagulantes como estrategia de prevencion secundaria. Ambos
farmacos evitan la formacion de futuros trombos, pero utilizan estrategias moleculares
diferentes. Los antiplaquetarios evitan la senalizacion molecular de agregacion plaquetaria,
y se recetan a pacientes con ictus isquémico de etiologia no cardioembdlica. Por otra parte,
los anticoagulantes ralentizan la formacién de coagulos sanguineos. Concretamente afectan

a la sintesis de fibrina, la cual es la proteina principal en los coagulos y es esencial para su
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formacion. Estos Ultimos se administran a pacientes de ictus isquémico de etiologia

cardioembobdlica.

Ictus hemorragico

El ictus hemorragico se da por la rotura de un vaso cerebral (normalmente una
pequena arteria) causando la formacion de un hematoma en el tejido cerebral pudiéndose
extender a zonas mas profundas del cerebro. La masa de sangre coagulada provoca la
interrupcion fisica del tejido cerebral y presion sobre el tejido circundante. Una vez se detiene
la hemorragia, la sangre se desintegra lentamente y se absorbe durante un periodo que
puede durar de semanas a meses. Actualmente no existe un tratamiento especifico para
este tipo de ictus por lo que suelen presentar una elevada mortalidad; sin embargo, el ictus

hemorragico es menos frecuente, llegando a ser el 15% del total de casos de ictus2.

Es posible distinguir dos grandes subtipos de ictus hemorragico dependiendo el lugar

donde se produce la hemorragia:

- Intracraneal: es el tipo mas comun de ictus hemorragico. Se produce por la rotura de
un vaso en el interior del cerebro. Las causas mas comunes de este tipo de ictus es
la hipertension y la edad avanzada, pero también puede ser ocasionado como
consecuencia de la enfermedad genética “Malformacion arteriovenosa” (AVM, del
inglés ‘arteriovenous malformation’). Se sub-clasifica en hemorragia intracraneal
lobar y hemorragia intracraneal profunda.

- Subaracnoidea: la hemorragia se produce en el territorio entre el cerebro y el tejido
colindante (el espacio subaracnoideo). Normalmente se produce por la rotura de la
pared del vaso debido a un ensanchamiento de la misma, cominmente llamado

aneurisma.

Como tratamiento preventivo secundario para el ictus hemorragico Gnicamente existe
la posibilidad de retirar los farmacos antiplaquetarios o anticoagulantes, en el caso de que
el paciente los estuviese tomando con anterioridad. Asimismo, para algunos
anticoagulantes, como pueden ser los anti-trombina (dabigatran) y los anti-Factor X de
coagulacion (rivaroxaban, apixaban, y edoxaban), existe también la posibilidad de
administrar al paciente un antidoto para contrarrestar de manera inmediata el efecto de

estos anticoagulantes.

Epidemiologia

Actualmente el ictus tiene una gran incidencia mundial5, llegando a los 15 millones de
casos anuales. Asimismo, es la segunda causa de mortalidad a nivel mundial (con 5,5
millones de muertes anuales) y la primera causa de discapacidad en adultos en los paises

desarrollados.
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Concretamente en Espana, las enfermedades del sistema circulatorio fueron la mayor
causa de muerte en 2017, con 122.466 defunciones (28,8% del total). Asimismo, dentro de
este grupo, las enfermedades cerebrovasculares fueron la segunda mayor causa de muerte,
con un total de 26.937 defunciones®. En el caso del ictus, esta enfermedad presenta una
elevada incidencia en la poblacion espanola, con 276.200 casos reportados en los Gltimos
12 meses®é. Asimismo, segln datos del Instituto Nacional de Estadistica®, en 2017 se
produjeron 7.643 defunciones debidas a infarto cerebral (ictus isquémico), 1.190 debidas a
hemorragia intraencefalica no traumatica (ictus hemorragico intracraneal) y 1.153 debidas
a hemorragia subaracnoidea (ictus hemorragico subaracnoideo). Asi pues, el ictus es la
tercera causa principal de muerte en territorio espanol’ y se encuentra entre las 10 primeras

causas de discapacidad y mortalidad?.

La elevada incidencia del ictus, tanto a nivel nacional como mundial, justifica la
necesidad de investigar las causas y los factores de riesgo de esta enfermedad, asi como

los posibles factores implicados en el pronéstico del paciente.

Factores de riesgo

En la actualidad hay descritos diversos factores de riesgo clinicos para el ictus, tanto
isquémico como hemorragico, comunes con otras enfermedades cardiovasculares8?®. Estos
factores se pueden clasificar en modificables y no modificables (Tabla 1). De entre los
factores no modificables destacan la edad (a mayor edad mayor riesgo) y el sexo (el ictus es
mas frecuente en hombres, pero con mayor mortalidad en mujeres). Respecto a los factores
de riesgo modificables, el mas comun es la hipertension, asi como la diabetes, la fibrilacion

auricular, y el tabaquismo®:°.

Estos factores de riesgo se han utilizado para crear escalas de riesgo cardiovascular,
comunmente llamados escalas o ‘scores’ de prediccion de riesgo. Estos ‘scores’ se utilizan
actualmente en la clinica como una herramienta de apoyo para discernir entre pacientes que
necesitan un seguimiento mas constante de los que no. Uno de los ‘scores’ mas conocido y
ampliamente utilizado en clinica es el “Framingham Risk Score”10. Este ‘score’ esta
estratificado por sexo, existiendo un ‘score’ para hombres y otro para mujeres, e incluye
varios de los factores de riesgo clinicos. En concreto, las variables incluidas son edad,
colesterol total, colesterol HDL (de las siglas en inglés ‘High Density Lipoproteins’), presion
sanguinea sistélica, diabetes, y tabaquismo. El “Framingham Risk score” puede calcular la
probabilidad de que un paciente tenga un evento cardiovascular en los préximos 10 anos.
En el caso de Espana, el ‘score’ de riesgo mas utilizado es el “REGICOR”1%, el cual es una
adaptacion del “Framingham Risk score” calibrado para poblacion catalana. No obstante,
estos ‘scores’ estan disefados para enfermedades cardiovasculares por lo que no son

especificos para ictus.
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Tabla 1. Factores de riesgo descritos para enfermedades cerebrovasculares.

Factores de Riesgo no
modificables

- Edad

- Bajo peso al nacer

- Etnia/raza

- Factores

genéticos

Factores de riesgo modificables

Bien documentados
Inactividad fisica
Dislipemia
Dieta y nutricién
Hipertension
Obesidad y distribuciéon de
la grasa corporal
Diabetes mellitus
Tabaquismo

Fibrilacion auricular

Menos documentados
Migrana

Sindrome metabdlico
Consumo de alcohol
Abuso de drogas
Apnea del sueno
Hiperhomocisteinemia
Lipoproteina(a) elevada
Hipercoagulabilidad

Inflamacion e infecciones

- Otras cardiopatias

- Estenosis asintomatica de
la arteria cardtida

- Anemia falciforme

Tabla basada en los factores descritos en Meschia et al. (2014)8.

Progresion del ictus isquémico

El ictus isquémico es una enfermedad de aparicion slbita en la cual se pueden
distinguir diferentes fases durante su progresion. Estas fases se dividen segln el tiempo
trascurrido desde que se produce la obstruccion del vaso en: “fase aguda”, “fase sub-

aguda”, y “fase tardia”.

Fase aguda

La fase transcurrida durante las primeras 24-48h desde la aparicion de los primeros
sintomas del ictus se define como “fase aguda”. Es durante esta fase cuando se puede
intervenir para tratar el ictus y prevenir un dano neurolégico mayor. El dano neurolégico se
puede medir mediante diferentes escalas neurolégicas, la mas ampliamente utilizada es la
escala NIHSS (de sus siglas en inglés ‘National Institute of Helath Stroke Scale’)1213, Esta
escala evalla diferentes aspectos neurolégicos del paciente y puntia cada uno de ellos
creando un ‘score’ que determina la gravedad del dano neurolégico (Tabla 2). La puntuacion
de esta escala varia desde O a 42, siendo O un estado neurolégico bueno y 42 el mas grave.
Cuando se observa un incremento de 4 puntos en la escala NIHSS, se considera que el

paciente tiene un deterioro neurolégico sintomatico.
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Tabla 2. Parametros evaluados en la escala de ictus NIHSS.

Parametro neurol6gico a evaluar Rango de Puntuacion
1a. Nivel de conciencia 0-3

1b. Preguntas de nivel de conciencia

1c. Comandos de nivel de conciencia

2. Movilidad Ocular

3. Visual

4. Parélisis facial

5. Motricidad Brazos (5a. Izquierdo; 5b. Derecho)
6. Motricidad Piernas (6a. Izquierda; 6b. Derecha) (UN, por amputacion)
7. Ataxia de extremidades (UN, por amputacion)
8. Sensorial

9. Lenguaje (afasia)

10. Disartria

0-
0-
0-
0-
0-
0-
0-
0-
0-
0-
0 - 2 (UN, por intubacion)
0-

2
2
2
3
3
4 (UN, por amputacion)
4
2
2
3
2
2

11. Extincién y falta de atencion (antes de negligencia)

UN = no evaluable.

Fase sub-aguda

Tras la fase aguda prosigue la “fase sub-aguda”. En esta etapa se puede observar el
estado neurolégico del paciente y determinar si el tratamiento ha sido exitoso, suele
comprender a partir de 24 horas hasta 10 dias después de sufrir el ictus. Cabe destacar que
este periodo de tiempo no esta estandarizado, por lo que la definicion de fase sub-aguda es
relativa. En la fase sub-aguda también se pueden evaluar y tratar complicaciones médicas
asociadas al ictus como pueden ser la trasformacion hemorragica, el edema, y/o las

infecciones, entre otras.

Fase tardia

La dltima etapa tras el ictus es la que se define como “fase tardia”, en la cual se
estudia la recuperacién final del paciente normalmente en una visita de control, a los 3
meses o al ano. En esta etapa se evalla tanto el estado neurolégico como el estado funcional
del paciente. Para medir el estado funcional existen diferentes escalas, las mas
ampliamente utilizada es la Escala de Rankin modificada (mRS; de sus siglas en inglés
‘modified Rankin Scale’)14. La mRS puntua el estado del paciente de O a 6, siendo el estado

peor cuanto mayor es la puntuacion (Tabla 3).

Asimismo, esta escala también suele utilizarse para dicotomizar los pacientes entre

dependientes e independiente. Normalmente, en investigacion se utilizan los valores de mRS



Introduccion

entre Oy 2 como independientes y entre 3 y 6 para dependientes. Asimismo, esta definicion
es relativa, en algunos casos se utilizan Unicamente los valores mas extremos e incluso se
pueden excluir los individuos con valor de mRS igual a 6, puesto que este valor indica

mortalidad.

Tabla 3. Descripcion de los niveles de la escala de Rankin modificada (mRS).

Puntuacion Estado funcional

0 Sin sintomas
Sin incapacidad importante: Capaz de realizar sus actividades y
1 obligaciones habituales.
Incapacidad leve: Incapaz de realizar algunas de sus actividades previas,
2 pero capaz de velar por sus intereses y asuntos sin ayuda.
Incapacidad moderada: Sintomas que restringen significativamente su
3 estilo de vida o impiden su subsistencia autbnoma.
Incapacidad moderadamente severa: Sintomas que impiden claramente su
4 subsistencia independiente aunque sin necesidad de atencion continua.
Incapacidad severa: Totalmente dependiente, necesitando asistencia
> constante dia y noche.
6 Muerte

Factores asociados al Prondstico

Existe un gran interés por definir los factores que determinan el pronéstico del ictus,
ya que estos pueden ser de gran utilidad para mejorar el estado clinico de los pacientes,

tanto a nivel funcional como neurolégico.

Actualmente, igual que en el caso del riesgo de ictus, se han descrito diversos factores
clinicos asociados con el estado final del pacientels. De entre estos destacan: la edad, el
sexo, la severidad del ictus, la etiologia del ictus, la presencia de factores de riesgo
cardiovasculares (fibrilacibn auricular, enfermedad coronaria, insuficiencia cardiaca,
diabetes mellitus, infarto de miocardio previo, tabaquismo), tener alguna comorbilidad
(cancer, demencia, disfuncion renal), tener discapacidad previa al ictus y los niveles de

glucosa en la admision a urgencias?s.

Biomarcadores en el ictus isquémico

Un biomarcador es una indicacion objetiva del estado médico del paciente que puede
medirse de manera precisa y con reproducibilidadé. Algunos de los factores asociados al
pronéstico pueden ser utilizados como biomarcadores para inferir el estado final del paciente

tras padecer un ictus. La severidad inicial del ictus, medida con la escala NIHSS en el
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momento de la admisién a urgencias, es uno de los factores mas claramente relacionados
con el pronoéstico debido a la gran cantidad de estudios que soportan esta asociacion17-22,
Por ello, la severidad inicial del ictus es posible categorizarla como un biomarcador util y

suele ser incluida en los ‘scores’ de prediccion.

Sin embargo, de cara a determinar las bases genéticas y moleculares que dirigen el
pronéstico del paciente, los biomarcadores puede tener una capacidad limitada debido a
que no siempre son causales. No obstante, los biomarcadores clasificados como
endofenotipos si poseen esta caracteristica. Un endofenotipo es un fenotipo que puede ser
descrito dentro de otro fenotipo mayor y que posee un componente genético heredable, el

cual proporciona causalidad al endofenotipo.

En el caso del ictus (fenotipo mayor), algunos factores que pueden ser clasificados
como endofenotipos son la presion sanginea23, el nimero de células inmunes?4, los niveles
de glucosa en sangre25, o la concentracion de hemoglobina26, entre otros. Diversos estudios
han podido relacionar algunos de estos endofenotipos con el estado final del paciente

después de padecer un ictus27-29,

Células del sistema inmunitario

De cara a modificar endofenotipos asociados al prondstico para mejorar el estado final
del paciente, uno de los endofenotipos mas interesantes es el nimero de células inmunes,
asi como el porcentaje de cada tipo celular. En la literatura esta descrito que durante la fase
aguda del ictus hay una respuesta inflamatoria muy elevada por parte del sistema
inmunitario3° (Figura 2). Ademas, a nivel fisiol6gico se ha demostrado que los neutréfilos son
las primeras células del sistema inmune que llegan al lugar del dano cerebral, promoviendo
el reclutamiento de mas células del sistema inmunitario y desencadenando la respuesta

inflamatoria3! (Figura 3).

Por todo ello se cree que las células del sistema inmune pueden jugar un papel
importante en el pronéstico del ictus. Existen varios estudios que soportan esta idea. Un
estudio a destacar es el de Nardi et al.32, en el cual se describe la asociacion del nimero de
células inmunolégicas (leucocitos) con el estado neuroldgico del paciente a las 72h post-
ictus, es decir tras la fase aguda, y con el estado funcional del paciente a los 3 meses. De
igual manera, en un estudio posteriro33, se reporto la asociacion de los niveles de neutrofilos
antes del tratamiento trombolitico con el pronédstico del paciente a los 3 meses, hallando

una asociacion inversa: a mayor nimero de neutréfilos peor prondstico.

10



Introduccion

A
NF-xB-IRF1
(]
= Cytokine-adhesion molecules'
[}
© Remodeling factors
T T T T Microglial activation.,
k%) Neutrophils
© ymphocytes > . MonocyteS/\
O \
I 1 ]/ )
0 1 3 5 7 15

Time after ischemia (days)

Figura 2. Representacion grafica de la respuesta inflamatoria en raton tras sufrir una
isquemia cerebral. El eje horizontal representa el tiempo tras la isquemia, y el eje vertical el
ndmero de células inmunes, asi como los genes expresados. Figura extraida de Anrather et
al. (2016)30.
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1.2. Genética

Introduccion

La genética es la ciencia que estudia la herencia biolégica y la variabilidad entre
organismos. Pese que la herencia biolégica se ha estudiado incluso en la época clasica, se
considera que la genética moderna se inicio en el siglo XIX con el trabajo de Gregor Mendel,

el cual establecio las bases de la herencia genética.

Posteriormente, el descubrimiento del ADN, de los genes y de los cromosomas
permitioé el avance de la genética molecular, siendo en el siglo XX cuando se realizaron los
mayores avances. Entre estos destacan: el descubrimiento del cédigo genético y el
establecimiento de las bases de la regulacion de la expresion génica. Asimismo, durante las
Ultimas décadas del siglo XX se iniciaron los proyectos de secuenciacion genética a gran
escala, como la secuenciacion de genomas completos, los cuales son esenciales para

realizar estudios de genética molecular en la actualidad.

Proyectos gendmicos humanos

De entre el gran namero de proyectos de secuenciacion realizados en las Gltimas
décadas, existen tres grandes proyectos que han revolucionado el campo de la genémica

humana: el Proyecto Genoma Humano, el Proyecto HapMap, y el Proyecto 1000 Genomas.

Proyecto Genoma Humano

El Proyecto Genoma Humano3435 se inici6 oficialmente en el ano 1990 con el objetivo
de obtener la secuenciacién completa del genoma humano, para poder describir y estudiar
el funcionamiento de todos los genes del Homo sapiens. El proyecto se finalizoé en el ano
2003, estimando el total de genes del ser humano entre 20.000 y 25.000 genes. Pese que
actualmente diversos de estos genes alin no estan descritos a nivel funcional, gracias a los
resultados obtenidos en el Proyecto Genoma Humano, ha sido posible describir nuevos
elementos moduladores de la expresion génica como micro-ARNSs o islas CpGs, entre otros.

Asimismo, en este proyecto también se recalcé la presencia de los cambios genéticos
o polimorfismos. Gracias a la secuenciacion del proyecto Genoma Humano se observé que
existian gran cantidad de pequenos cambios en la secuencia genética a lo largo del genoma

al comparar diferentes individuos de la poblacion humana.

Proyecto HapMap

El Proyecto HapMap tenia como objetivo determinar los cambios genéticos presentes
en la poblacién que eran heredados conjuntamente (haplotipo), con el fin de crear un mapa
de referencia de los mismos. Por definicidbn, un haplotipo Gnicamente esta formado por
polimorfismos de nucleétido Unico o SNP (de sus siglas en inglés ‘Single Nucleotide

Polymorphism’). Como su propio nombre indica, un SNP es un cambio UGnico de nucleétido

12
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por otra de las bases nucleotidicas del ADN (adenina, timina, guanina o citosina) en una
posicion concreta del genoma (Figura 4). La segregacion entre SNPs se puede calcular
mediante el desequilibrio de ligamiento (LD, del inglés ‘linkage disequilibrium’). El
desequilibrio de ligamiento se define como la diferencia entre la frecuencia observada de
una combinacién particular de alelos en dos SNPs y la frecuencia esperada para la
asociacion aleatoria. Asi pues, esta escala de asociacion va desde 1 a O, siendo 1 totalmente
asociados y O totalmente independientes. Gracias a esta posicion Unica en el genoma es
posible crear un mapa con su localizacion, y al conocer que SNPs estan en LD es posible
determinar un ‘tag-SNP’ que represente la distribucién alélica del haplotipo al completo
(Figura 4).

Los resultados del proyecto HapMap permitieron, junto con los arrays de genotipado
de polimorfismos, inferir los polimorfismos no genotipados para generar los primeros

resultados de estudios de genoma completo36.37,

SNP1 SNP2 SNP3

Individuo A Al]T|G C)JC|G T|A|C

Individuo B AlA|]G C|J]G|G T]|JC]|C

Haplotipo 1

Haplotipo 2
1

0
Figura 4. Esquematizacion grafica de SNP y haplotipo. LD = desequilibrio de
ligamiento (del inglés, ‘linkage disequilibrium’).

Proyecto 1000 Genomas

El “Proyecto 1000 Genomas”38 tenia como objetivo encontrar el mayor nimero posible
de cambios genéticos presentes entre la poblaciéon con una frecuencia de al menos un 1%.
Para ello, se secuenciaron un total de 1000 genomas de diferentes personas y poblaciones
con tal de tener una distribucion alélica representativa de la poblacién humana mundial. Los
resultados de este proyecto, iniciado el 2008 y finalizado en 2015, se utilizaron para
establecer un genoma de referencia para el ser humano, pudiéndose apreciar diferencias
en la distribucion alélica de diversos polimorfismos al compararlas entre las poblaciones
participantes.

Actualmente se utilizan los resultados del proyecto 1000 Genomas como referencia
en los estudios de genoma completo para estimar o imputar los polimorfismos no

genotipados.

13



Nuria P Torres-Aguila

Bases de la genética molecular moderna

La genética molecular humana actual se basa principalmente en los ‘cambios
genéticos’ o ‘polimorfos’ presentes a lo largo de toda la secuencia gen6mica. Existen
diferentes tipos de cambios genéticos, sin embargo, los SNPs representan el 90% de los
cambios genéticos y, por ello, son los mas frecuentes y ampliamente estudiados. Se pueden
distinguir diferentes tipos de SNPs segun su localizacion en el genoma, sub-clasificados a su

vez segln la implicacion biol6gica que pueden llegar a tener.

SNPs codificantes

Un SNP codificante (o ‘coding’ SNP) es aquel polimorfismo de cambio Unico que se
localiza en la region codificante de un gen, en los exones. Asi pues, los SNPs exdnicos
suponen una alteracion en el codén del gen y dependiendo del cédigo genético (Figura 5)
puede suponer un cambio en la estructura de la proteina o no. Se pueden distinguir tres

tipos diferentes de SNPs codificantes:

- Cambios sinénimos: el cambio de nucle6tido no supone ningln cambié en el
aminoacido codificado en la proteina.

- Cambios no-sinénimos de cambio de sentido o ‘missense’: el cambio de nucleétido
supone un cambio en el aminoacido codificado en la proteina.

- Cambios no-sindbnimos de parada o ‘nonsense’: el cambio de nucleétido cambia el

cododn codificante de aminoacido por un codén de parada de la traduccion.

Segunda posicion del codon
A C G U
AAA | Lys | ACA | Thr [ AGA | Arg | AUA | lle |A
AAG | Lys | ACG | Thr | AGG | Arg | AUG | Met | G
a AAC | Asn | ACC | Thr | AGC | Ser [ AUC | lle |C
AAU | Asn | ACU | Thr | AGU | Ser [ AUU | lle |U
\_§ CAA | GIn | CCA | Pro | CGA | Arg | CUA | Leu | A E Aminoacidos polares
o CAG | GIn | CCG | Pro | CGG | Arg | CUG | Leu |G 3
E < CAC | His | CCC | Pro [CGC | Arg | CUC | Leu | C 3 Aminoécidos no polares
:§ CAU | His | CCU | Pro | CGU | Arg [ CUU | Leu |U §~
'g GAA | Glu [GCA | Ala |GGA | Gly | GUA | Val [A| S Codon de inicio
g - GAG | Glu | GCG | Ala |GGG | Gly | GUG | Val |G &
g GAC | Asp | GCC | Ala | GGC | Gly [ GUC | Val |[C § Codon de finalizacion
= GAU | Asp |GCU | Ala |GGU | Gly |GUU | Val |U| S
UAA [STOP| UCA | Ser | UGA [STOP| UUA | Leu | A
UAG |STOP| UCG | Ser | UGG | Trp [ UUG | Leu |G
s UAC | Tyr [ UCC | Ser [ UGC | Cys | UUC | Phe | C
UAU | Tyr [ UCU | Ser | UGU | Cys | UUU | Phe | U

Figura 5. Representaciéon del codigo genético que determina la traduccion de ADN a
aminoacidos. Ala = alanina; Arg = arginina; Asn = asparraguina; Asp = acido aspartico; Cys =
Cisteina; GIn = glutamina; Glu = acido glutamico; Gly = glicina; His = histidina; lle = isoleucina;
Leu = leucina; Lys = lisina; Met = metionina; Phe = fenilalanina; Pro = prolina; Ser = serina;
Thr = treonina; Trp = triptéfano; Tyr = tirosina; Val = valina; STOP = codén de finalizacion.
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SNPs no codificantes

Cuando el SNP esta localizado en una region genética no codificante para proteina
(intrones, regiones 5’-UTR o 3’-UTR, pormotores, etc.) se conoce como SNP no-codificante
(‘non-coding’ SNP). Los SNPs no-codificantes, pese a no tener una implicacién directa en la
codificacion del gen, pueden tener implicaciones a nivel de transcripcion de genes, llegando
incluso a afectar a los niveles de proteina de los mismos, al afectar otras estructuras
genéticas como son promotores, separadores, regiones de union a factores de trascripcion,
etc. Por ejemplo, un SNP intronico puede tener implicaciones a nivel estructural de la
proteina, mediante la creacion de isoformas de la misma como resultado de cambiar el
patrén de procesamiento o ‘splicing’3?. Asimismo, también es posible que los SNPs no-

codificantes no supongan ninglin cambio a nivel bioldgico.

Genotipado de polimorfismos

El genotipado de los SNPs se puede hacer mediante diversos métodos bioquimicos
incluidos en las técnicas de secuenciacion de nueva generacion (NGS, del inglés ‘new
generation sequencing’). Estos métodos se basan en la hibridacion de sondas marcadas,
normalmente mediante fluorescencia, con el ADN gendmico del individuo a genotipar.
Midiendo el marcaje de cada sonda se puede determinar la carga alélica de cada SNP en el

individuo.

En la actualidad, existen ‘arrays’ o chips comerciales con los que se pueden identificar
desde cientos de miles a millones de SNPs. Los SNPs incluidos en estos chips suelen ser
‘tagSNPs’, los cuales representan la distribucion alélica de un haplotipo (Figura 4). Utilizando
un udnico tagSNP por haplotipo es posible obtener una representacion de la variabilidad
genética del genoma al completo sin tener que incluir en el chip los millones de SNPs
descritos en la totalidad del genoma humano. Esta técnica de genotipado es de gran utilidad

para los estudios genémicos de asociacion.

Tipos de estudios genéticos

El objetivo principal de todo estudio genético es describir la influencia de la genética,
si es posible a nivel funcional, sobre el fenotipo de interés estudiado. Asi pues, una de las
aplicaciones que tienen los estudios genéticos es determinar los mecanismos moleculares
causantes de enfermedades humanas, excluyendo aquellas que no tienen caracteristicas

heredables.

Se pueden distinguir dos tipos de enfermedades con base genética: las enfermedades
monogénicas y las enfermedades poligénicas, también llamadas enfermedades complejas.
Una enfermedad monogénica es aquella causada por la presencia de una o varias

mutaciones en un Unico gen. Normalmente estas enfermedades suelen tener una frecuencia
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baja en la poblacion (menor al 5%) por lo que se clasifican como enfermedades raras o
infrecuentes. Por otra parte, las enfermedades complejas tienen una causa multifactorial,
es decir, es la suma de mas de un factor lo que finalmente acaba causando la enfermedad.
Se pueden distinguir diferentes tipos de factores de riesgo: factores clinicos y demograficos,
factores ambientales y factores genéticos. Cada uno de estos factores aporta una pequena
parte del riesgo a padecer la enfermedad y suelen implicar diversos genes. Entre las
enfermedades complejas se encuentran varias de las complicaciones médicas mas
frecuentes en los paises desarrollados, como son la diabetes tipo Il, las enfermedades

cardiovasculares, o la obesidad.

Los estudios genéticos se pueden dividir en dos grades categorias: los estudios de gen

candidato, y los estudios de genoma completo.

Estudios de gen candidato

Los estudios de gen candidato se basan en seleccionar uno o varios genes
interesantes en relacion al fenotipo estudiado, normalmente en base a literatura previa, y
estudiarlos mediante técnicas de genética molecular (PCR, hibridacion in situ, etc.) y/o
ingenieria genética (knock-out, knock-in, etc.). Normalmente, en estos estudios se
seleccionan uno o varios SNPs pertenecientes al gen de interés y se analizan las diferencias
en la frecuencia alélica entre casos y controles. Asimismo, también se pueden realizar
analisis funcionales adicionales en modelos animales o cultivos celulares para validar la
asociacion encontrada entre gen y fenotipo, aunque éstos pueden presentar dificultades en
su translacionalidad a seres humanos, debido a las diferencias genéticas entre especies o0 a

la falta de cambios sistémicos, respectivamente.

No obstante, pese a que estos estudios pueden aportar mucha informacion de la
funcionalidad e implicacion del gen en la enfermedad de interés, tienen la limitacion de
depender del conocimiento previo existente. Asimismo, antes de que se extendieran las
nuevas técnicas de secuenciacion y se iniciaran los grandes proyectos de genoma humano,
Unicamente se podian realizar estudios de gen candidato, los cuales resultaron poco
eficientes de cara a estudiar las enfermedades complejas e imposibles de aplicar en

enfermedades monogénicas si no se conocia el gen responsable.

Estudios de genoma completo

Este tipo de estudio, a diferencia de los estudios de gen candidato, no priorizan ningln
gen en concreto y analizan el genoma en su totalidad. De entre este tipo de estudios, los
mas utilizados en genética humana son los estudios de asociacion de genoma completo,

también conocidos como GWAS (de sus siglas en inglés ‘Genome-Wide Association Study’).
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Los estudios GWAS se basan en analizar miles de SNPs representativos de todo el
genoma para buscar polimorfismos asociados al fenotipo de interés. En este tipo de estudios
es posible analizar hasta 15 millones de SNPs a partir de los SNPs genotipados en un chip
comercial gracias a los métodos informaticos de imputaciéon. Sin embargo, es necesario
realizar diversos controles de calidad bioinformaticos40.41 para evitar los falsos positivos en
el analisis de asociacion, por lo que también requieren personal especializado. Entre esto

controles de calidad se incluyen:

- Calidad de genotipado: se excluyen aquellos SNPs que no estan genotipados en un
10% o mas de la poblacion de estudio. Para garantizar un ndmero minimo de
pacientes incluidos en el analisis de asociacion posterior.

- Calidad de imputacion: se excluyen aquellos SNPs que la probabilidad de que la
imputacion sea correcta es inferior a un 30%, esto se traduce en un valor de r2 menor
a0.3.

- Frecuencia de los polimorfismos: se excluyen aquellos polimorfismos que tiene una
frecuencia inferior al 1% en la poblacion de estudio. Estos polimorfismos se
categorizan como variantes raras o infrecuentes y se analizan con algoritmos
diferentes a los de las variables comunes.

- Sexodiscordante: se excluyen los individuos que presentan una discordancia de sexo
al comparar los datos fenotipicos descritos en la base de datos con los observados
al genotipar los cromosomas sexuales. Esto es indicativo de una incorrecta
genotipacion o de un error en la anotacién de los datos o en el procesamiento de las
muestras.

- Calidad de genotipado por individuo: se excluyen aquellos individuos que presentan
mas de un 10% de los SNPs no genotipados. En este caso se considera que el
proceso de genotipacion no se ha realizado correctamente y los datos no son fiables.

- Distribucién étnica: se realizan analisis informaticos para determinar la distribucion
étnica de la poblacion de estudio, si esta no es uniforme se seleccionan Unicamente

los individuos agrupados en la etnia de interés a estudiar.

Los resultados de los estudios de GWAS se suelen representa graficamente en los
llamados “Manhattan plot” (Figura 6). En estos graficos los SNPs se representan como
puntos donde su valor en el eje horizontal es la posicion en el cromosoma y el valor en el eje
vertical es el valor de asociacion de cada SNP con el fenotipo, representado por el valor
estadistico “p” en una escala logaritmica invertida (cuanta mas asociacion menor valor de p

y mayor valor en el eje Y).
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Figura 6. Grafico “Manhattan”. Realizado en el programa informatico R con el repositorio de
datos “gwasResutls”. La linea roja representa el umbral de significancia de los estudios
GWAS (p < 5x108), y la linea azul representa el umbral sugestivo (p < 1x10-5).

De cara a desvelar los factores genéticos que influyen en las enfermedades complejas,
los estudios GWAS presentan diversas ventajas. Por una parte, no hay problemas de
translacionalidad puesto que la observacion se realiza directamente en poblacién humana.
También presentan la ventaja de ser estudios no sesgados, ya que se analiza al completo el
genoma. Finalmente, al ser la genética una variable no modificable y obtener los resultados
de ensayos no sesgados, en los GWAS se reduce la posibilidad de obtener falsos positivos,

aumentando la reproducibilidad de este tipo de estudios.

No obstante, debido a la gran variabilidad genética entre poblacionesy al gran nimero
de polimorfismos estudiados, los estudios GWAS suelen presentar la desventaja de necesitar
un gran nimero de participantes para obtener resultados estadisticamente significativos;

ademas de requerir personal cualificado para el manejo de los datos.
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1.3. La genética en el ictus

El ictus es una enfermedad compleja en la cual intervienen diversos factores en su
patologia, tanto ambientales como genéticos. Asimismo, esta enfermedad posee cierto
grado de heredabilidad. En el estudio realizado por Bevan et al. (2012)42 se estimé que la
heredabilidad del ictus era de entre un 16% y un 40%. Debido a ello, durante los UGltimos
anos se han realizado diversos estudios genéticos masivos con el objetivo de determinar los

factores genéticos responsables tanto del riesgo de ictus como del pronéstico del mismo.

Factores de riesgo genéticos en el ictus

En los dltimos ahos se han realizado varios estudios genéticos masivos
internacionales, los cuales han dado como resultado mas de 30 loci relacionados con el
riesgo de ictus. De entre estos, los mas importantes a destacar son los estudios SiGN43,
METASTROKE44, MEGASTROKE45 y MEGASTROKE-UKBiobank4s.

METASTROKE

En marzo de 2012 se publicd el estudio “METASTROKE". Este estudio se caracterizd
por la realizacién de un meta-analisis de 12 GWAS a modo de cohorte de descubrimiento,
con lo que se incluian 10.307 casos de ictus y 19.326 controles, y posteriormente realizar
una replicacién de los resultados en dos cohortes externas, una de etnia caucasica (con
13.435 casos y 29.269 controles) y otra de etnia sur-asiatica (con 2.385 casos y 5.193
controles).

En este estudio se describieron cuatro loci significativos: ABO (para ictus, tanto
hemorragico como isquémico), HDAC9 (para ictus isquémico aterotrombético), PITX2 y
ZFHX3 (para ictus isquémico cardioembdlico). Asimismo, este estudio también se reportoé
que en estos loci habia gran cantidad de SNPs poco frecuentes (frecuencia menor al 5%) los
cuales podian justificar la baja heredabilidad de algunos subtipos de ictus. Asi pues, el
estudio METASTROKE puso de manifiesto la necesidad de utilizar grandes cohortes para
encontrar los loci asociados al ictus.

SiGN

El estudio SiGN, fue realizado por el “National Institute of Neurological Disorders
Stroke Genetics Network” (NINDS-SiGN) en febrero de 2016. En este proyecto, separado en
dos fases, participaron: 16.851 pacientes y 32.473 controles en la primera etapa y, 20.941
casos y 364.736 controles en la segunda etapa.

Gracias a este estudio se identific6 un nuevo locus de riesgo para el ictus
aterotombético (el locus 1p13.2, proximo a TSPAN2) y se confirmo la asociacion genética de
cuatro loci previamente descritos (PITX2 y ZFHX3, para ictus cardioembdélico; HDAC9 para

ictus aterotrobotico; y ALDH2, para ictus lacunar).
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MEGASTROKE

Uno de los estudios mas extensos realizados hasta la fecha es el estudio
“MEGASTROKE” realizado por Malik et al. (2018)45. En este estudio se incluyeron 521.612
participantes (67.162 casos y 454.450 controles), provenientes de diferentes etnias
(caucasicos, latinos, africanos, y asiaticos) con el objetivo de tener una representacion de
varias etnias no caucasicas.

Este estudio realiz6 un analisis por separado de cada una de las etnias para
posteriormente realizar un estudio multiétnico, tanto para el riesgo de ictus en general como
para el riesgo de cada uno de los subtipos de ictus. Mediante esta estrategia, se encontraron
un total de 32 loci asociados al riesgo de esta enfermedad, de los cuales 22 eran nuevas

asociaciones genéticas (Tabla 4).

MEGASTROKE-UKBiobank

El Gltimo estudio a gran escala realizado es el estudio surgido de la colaboracién entre
el consorcio MEGASTROKE y el UK Biobank, publicado en julio de 2018. En este estudio se
incluyeron un total de 823.869 controles (775.530 europeos) y 72.147 casos de ictus
(45.570 europeos), de los cuales 63.969 eran ictus isquémicos (37.845 europeos).

Puesto que los individuos del UK Biobank eran europeos, se realizd primero un analisis
incluyendo Unicamente esta poblaciéon (tanto de UK Biobank como de MEGASTROKE) y
posteriormente se realiz6 un analisis multiétnico utilizando las diferentes cohortes incluidas
en el MEGASTROKE. Gracias a esta estrategia se encontraron tres nuevos loci asociados al
riesgo de ictus (hemorragico e isquémico): rs1799983, localizado en el gen NOS3;
rs9521634, localizado en el gen COL4A1;y rs720470, cercano al gen DYRK1A.

Asimismo, pese a todos los estudios realizados hasta la fecha, la heredabilidad
explicada por los factores genéticos encontrados es menor a la esperada, indicando que alin
pueden existir mas factores genéticos no descritos. La dificultad para encontrar todos estos

factores de riesgo puede ser debida a las diferencias genéticas entre poblaciones.

20



Introduccion

Tabla 4. Resumen de los loci asociados con el ictus encontrados en el estudio MEGASTROKE.

SNP

rs880315
rs12037987
rs146390073
rs12476527
rs7610618
rs34311906
rs17612742
rs6825454
rs11957829
rs6891174
rs16896398
rs42039
rs7859727
rs10820405
rs2295786
rs7304841
rs35436
rs9526212
rs4932370
rs11867415
rs2229383
rs8103309
rs12124533

rs1052053
rs13143308
rs4959130
rs2107595
rs635634
rs2005108

rs3184504
rs12932445
rs12445022

Locus

genoémico

1p36

1p13

1943

2p23

3925

4925

4931

4931

5923

5035

6p21

7921

9p21

9931
10924
12p12
12924
13g14
15026
17p13
19p13
19p13
1p13

1922
4925
6p25
7p21
9934
11922

12¢24
16G22
16q24

Gen mas proximo

CASZ1

WNT2B

RGS7

KCNK3
TM4SF4-TM4SF1
ANK2

EDNRA

FGA
LOC100505841
NKX2-5
SLC22A7-ZNF318
CDK6

Chr9p21
LINCO1492
SH3PXD2A
PDE3A

TBX3

LRCH1
FURIN-FES
PRPF8
ILF3-SLC44A2
SMARCA4-LDLR
TSPAN2

PMF1-SEMA4A
PITX2

FOXF2
HDAC9-TWIST1
ABO

MMP12

SH2B3
ZFHX3
ZCCHC14

Localizacion
relativa al gen

Intrénico
Intrénico
Intrénico

5-UTR
Intergénico
Intergénico
Intrénico
Intergénico
Intrénico
Intergénico
Intergénico
3-UTR

ncRNA intrénico
ncRNA intrénico
Intergénico
Intrénico
Intergénico
Intrénico
Intergénico
Intrénico
Exénico sinbnimo
Intergénico
Intergénico
Exénico no
sinénimo
Intergénico
Intergénico
Intergénico
Intergénico
Intergénico
Exénico no
sinénimo
Intrénico

Intergénico

Fenotipo
asociado

Ictus (todos)
Ictus (todos)
Cardioembdlico
Ictus (todos)
Aterotrombético
Ictus isquémico
Aterotrombético
Ictus isquémico
Ictus isquémico
Cardioembdlico
Ictus (todos)
Ictus isquémico
Ictus (todos)
Aterotrombético
Icuts (todos)
Ictus isquémico
Ictus (todos)
Ictus (todos)
Ictus isquémico
Ictus isquémico
Ictus isquémico
Ictus (todos)
Aterotrombdtico

Ictus (todos)
Cardioembdlico
Ictus (todos)
Aterotrombético
Ictus isquémico
Ictus isquémico

Ictus isquémico
Cardioemboélico
Ictus (todos)
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Es posible que un factor de riesgo genético mucho mas presente en una poblacion
especifica no sea detectable mediante estudios GWAS multiétnicos, pero si cuando se realiza
el estudio en dicha poblacion, aumentando la frecuencia de este factor y su posible
deteccion. De hecho, este escenario ha sido descrito anteriormente para poblacion
australiana en ictus isquémico aterotrombético. En el estudio de Holliday et al. (2012)47, los
autores realizaron un GWAS en poblaciéon australiana, incluyendo 1.244 controles y 1.162
casos de ictus isquémico. Sin embargo, cuando se analiz6 el riesgo de ictus por subtipos los
autores encontraron asociaciones significativas, pese a disminuir el nimero de casos (421
ictus aterotrombdticos), y pudieron replicar sus resultados en una cohorte internacional. Esto
puede ser debido a que al analizar un Unico subtipo de ictus se disminuye la heterogeneidad

de la muestra y se aumenta el poder estadistico.

En base a este estudio se plantea una nueva estrategia para la busqueda de nuevos
factores de riesgo genéticos: analizar en primer lugar una cohorte geograficamente
homogénea y posteriormente validar los resultados en una poblacion internacional. Puesto
que no existe hasta la fecha ninglin analisis genético de riesgo de ictus en poblacién hispano-
ibérica, la poblacion espanola resulta un buen candidato para encontrar nuevos factores

genéticos asociados con el ictus.

Factores genéticos en el prondstico del ictus

Existen diversos estudios de gen candidato, la mayoria con estudios funcionales en
ratbn como modelo animal, que han senalado a varios genes como posibles responsables
del empeoramiento del pronéstico de los pacientes tras un ictus (Tabla 5). Sin embargo, pese
a presentar resultados muy prometedores la translacionalidad a humanos no ha sido

posible.

Recientemente, se han publicado estudios GWAS4849 enfocados en el prondstico
funcional de los pacientes de ictus isquémico a los 3 meses, medido con la escala mRS.
Estos estudios han encontrado dos loci asociados al estado funcional del paciente al tercer
mes, demostrando la influencia de la genética en la evolucion de los pacientes y en su grado

de discapacidad.
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Tabla 5. Tabla resumen de los genes candidatos estudiados par a el pronéstico del ictus.
Tabla adaptada de Lindgren & Maguire (2016)3°.

Gen
COX-1
NINJ2
TLR4
COL3A1

GPllla

PAI-1

Factor ViI

MTHFR
eNOS

APOE

GPlib
IGF-1

MPO

SIGMAR1
APOD
cox-2

BDNF

CYPC19

CRP

comT

SERT

Fenotipo asociado

Resultado vascular, mortalidad
Recurrencia en ictus aterotrombatico
Resultado neurolégico

Recurrencia, pronéstico, mortalidad

Ictus, infarto de miocardio, muerte ; Indice
Barthel

Ictus, infarto de miocardio, muerte

Ictus, infarto de miocardio, muerte ; mortalidad
post-ictus

Ictus, infarto de miocardio, muerte

Ictus, infarto de miocardio, muerte

Muerte temprana por ictus ; impedimento
neurolégico al ano, discapacidad funcional
severa, y dependencia ; pronéstico al ano ;
Recuperacion al mes post-ictus isquémico y
escala de Rankin modificada al 3r mes post-ictus
isquémico

Mortalidad post-ictus

Ocurrencia, severidad, y estado funcional

Riesgo de infarto cerebral, estado funcional a
corto plazo

Estado al 3r mes
Estado al 3r mes

Escala Glasgow ; escala de Rankin modificada

Recuperacion motora post-ictus ; plasticidad del
cortex motor en el ictus agudo ; parametros
clinicos y resultado funcional en pacientes con
ictus (isquémico y hemorragia intracraneal) ;
recuperacion al 1r mes post-ictus y 3r mes post-
ictus ; 2-semanas post-ictus y 1-ano post-ictus
Estado clinico en pacientes de ictus isquémico
tratados con copidogrel, escala de Rankin
modificada

Capacidad funcional

indice Barthel y evaluaciéon motora de Rivermead
en admision, tras 4 semanas y a los 6 meses

Depresion post-ictus

Referencia

Cao et al.5t
Zhang et al.52
Weinstein et al.53

Lv et al.54
Yeh et al.55 ; Maguire et al.56

Yeh et al.55

Yeh et al.?5 ; Heywood et
al.57

Yeh et al.55

Yeh et al.55

Gromadzka et al.?8 ;
Gromadzka et al.59;
Sarzynska-Dlugosz et al.eo ;
Cramer et al.6t

Carter et al.e2

Aberg et al.63
Hoy et al.64

Lovkvist et al.65
Lovkvist et al.65

Maguire et al.56

Chang et al.s5; Di Lazzaro et
al.s7 ; Mirowska-Guzel et
al.e8; Cramer et al.61 ; Kim
et al.e®

Qiu et al.70

Guo etal.™
Liepert et al.72

Kohen et al.”3
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GISCOME

El estudio GISCOME#® (‘Genetics of Ischemic Stroke Functional Outcome’) utilizé los
datos de 12 proyectos internacionales que disponian de datos genéticos para realizar un
analisis de asociacion en relacion al prondstico del paciente. Asi pues, en este estudio se
incluyeron un total de 6.165 individuos y se analizé la asociacion genética con el pronéstico
funcional a los 60-190 dias medido con la escala mRS dicotomizada en 0-2 y 3-6. Este
estudio identificé un Gnico locus asociado al prondstico funcional del paciente (rs1842681),
el cual se encuentra en el gen LOC105372028 y esta descrito como un eQTL de PPP1R21
(‘Protein Phosphatase 1 Regulatory Subunit 21’). No obstante, en este estudio no ser realiz6
una replicacién de los resultados y presentaba una considerable heterogeneidad en relacion

a las cohortes utilizadas y a los datos clinicos disponibles.

GODS

En el estudio GODS48 (‘Genetic controbution to functional Outcome and Disability after
Stroke’), el total de muestras analizadas (n=2.482) era inferior al estudio GISCOME, pero los
criterios de inclusion utilizados eran mas estrictos con el objetivo de homogeneizar mejor la
cohorte utilizada: se excluyeron pacientes con un mRS previo superior a 3 y pacientes que
presentaron una recurrencia vascular en los primeros 3 meses tras sufrir el ictus; ambos
factores podian suponer un sesgo importante para el estudio. En este proyecto se describid
un nuevo locus asociado al pronéstico del paciente a los 90 dias post-ictus isquémico,
validado mediante una replicacion de los resultados en una cohorte internacional de 1.257
pacientes. Ademas, a nivel funcional, se describidé que el locus candidato estaba situado en
el gen PATJ y presentaba una asociacion con la expresion de dicho gen en tejido humano.
Esta primera aproximacion al estudio funcional del locus, abre las puertas para la

comprension a nivel molecular del prondstico del paciente tras un ictus isquémico.

Pese a que los GWAS realizados han utilizado cohortes con un gran nimero de
pacientes, el nimero de loci encontrados es muy reducido. Esto puede ser debido al origen
multifactorial del pronéstico del ictus, puesto que puede dificultar el conseguir una cohorte
homogénea donde realizar el analisis genético de asociacion y, por lo tanto, reducir el poder
estadistico del analisis. Una posible estrategia para solventar este problema es analizar de
manera individual cada uno de los factores asociados al prondstico del ictus (endofenotipos),
disminuyendo asi la heterogeneidad y facilitando el descubrimiento de nuevos factores de

riesgo genéticos.
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Perspectivas de futuro

El objetivo principal de estudiar la genética en las enfermedades humanas es poder
aproximarnos, a largo plazo, a una medicina personalizada, en la cual se tenga en cuenta la
predisposicion genética Unica del paciente en el riesgo y la progresion de las enfermedades.
Asi pues, en el caso del ictus, se podria utilizar la genética como un biomarcador para
detectar la etiologia del ictus o posibles complicaciones médicas, con el fin de mejorar el

tratamiento de la enfermedad y el pronéstico del paciente.

En un principio, la genética se considera un factor no modificable, puesto que es
invariable en el individuo desde su nacimiento. Sin embargo, gracias a la farmacologia,
existen farmacos capaces de alterar la funcion de las proteinas codificadas por la genética
y asi alterar este factor no modificable. Ademas, en los Ultimos afnos también se han
desarrollado técnicas de edicidon genética que permite realizar modificaciones en el cédigo

genético de los individuos, la llamada terapia génica.

Una primera aproximacion a la medicina personalizada es la utilizaciéon de los
polimorfismos de riesgo en los scores de prediccion. En el caso del ictus, recientemente se
ha publicado un estudio para determinar el riesgo de sangrado de los pacientes tratados con

rtPA tras sufrir un ictus isquémico74.

Otra herramienta (til para la medicina es el uso de la genética en el reposicionamiento
de farmacos. Al detectar un posible gen o proteina responsable de la enfermedad, es posible
realizar una busqueda in silico de farmacos previamente aprobados que puedan tener efecto
sobre dicho gen o proteina y, por lo tanto, tratar la enfermedad. En referencia al ictus
isquémico, el consorcio del MEGASTROKE realizd un estudio de reposicionamiento de
farmacos para detectar posibles medicamentos que afectaran a los genes candidatos
encontrados y asi poder utilizarlos como farmacos preventivos de ictus isquémico. Mediante
esta estrategia se encontraron 2 genes cuyas proteinas codificadas, potencialmente,

podrian ser moduladas por farmacos utilizados en la practica clinica habitual.

Por otra parte, la implementacion de otros analisis masivos, ademas de los GWAS,
hacen posible aportar mas informacion sobre las proteinas y rutas metabdlicas implicadas

en el ictus y con ello mejorar el tratamiento y pronéstico de esta enfermedad.

Un ejemplo es el analisis de Aleatorizacion Mendeliana (o MR, del inglés ‘Mendelian
Randomization’). Este analisis utiliza la informacién genética para determinar sila asociacion
encontrada entre dos fenotipos es de causa o efecto. Por ejemplo, la MR puede determinar
si la asociacién encontrada entre niveles elevados de una proteina y la ocurrencia del ictus
es causal o no. Para ello se observa si los factores genéticos que determinan los niveles de

dicha proteina también se asocian a la incidencia de ictus y viceversa, si los factores
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genéticos de riesgo de ictus se asocian a los niveles de proteina. Si se da el primer caso, la
asociacion seria causal (niveles elevados de la proteina causarian ictus) mientras que, si se
da el segundo caso, la asociacion seria de efecto (el hecho de tener un ictus elevaria los
niveles de proteina). Asi pues, el analisis MR es de gran utilidad para determinar la
causalidad de determinados factores. Actualmente, mediante este tipo de analisis se ha
demostrado la causalidad en referencia al riesgo de ictus del tabaco’s, la diabetes tipo 176 y

el colesterol en sangre™.

Por otra parte, estudios recientes han demostrado la implicacion de la epigenética en
diversas enfermedades, incluyendo la recurrencia vascular después de un ictus’8, y la edad
biolégica en el riesgo de ictus?®. El analisis mas ampliamente utilizado para estudiar la
epigenética son los analisis epigenéticos masivos o EWAS (del inglés ‘Epigenome-Wide
Association Study’). En los EWAS se miden los niveles de metilacion de las islas CpGs
presentes por todo el genoma y se determina si estos niveles se asocian o no al fenotipo de
interés, por lo que presentan las mismas ventajas que los GWAS. Asi pues, los EWAS serian
de utilidad para determinar otros componentes implicados en el ictusg°, no detectables por
GWAS.

Finalmente, es importante destacar la necesidad de realizar analisis de integromica
de datos. En los analisis de integromica, se utilizan los diferentes resultados obtenidos en
estrategias “omicas” (gen6mica, exdmica, protedmica, etc.) para determinar genes,
proteinas y/o rutas metabdlicas comunes entre los diferentes analisis. Asi pues, este tipo de
analisis es (til para para discernir los falsos positivos de asociaciones reales y aporta mayor
informacion de las posibles rutas metabdlicas implicadas en el fenotipo estudiado. Hasta la
fecha no se ha realizado ningln analisis de integromica en ictus, puesto que aln es

necesario realizar mas estudios “6micos”.
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OBJETIVOS
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2.0Dbjetivos

Teniendo en cuenta el escenario descrito, se plantearon las siguientes hipotesis: 1)
Existen factores genéticos de riesgo de ictus especificos de poblacién espanola. Un analisis
mediante herramientas genéticas masivas nos permitira descubrir estos factores de riesgo
genéticos; y 2) El estudio genético de endofenotipos asociados con el deterioro neurolégico
durante la fase aguda del ictus nos permitird encontrar factores de riesgo genéticos
asociados con la evolucion neurolégica y funcional de los pacientes. De igual manera, en

base a estas hipotesis se plantearon los siguientes objetivos para la presente Tesis:

1. Encontrar nuevos factores de riesgo genéticos asociados al ictus isquémico en
poblacion espanola y validar estos polimorfismos de riesgo en poblacién
internacional.

2. Realizar estudios funcionales para determinar el efecto de los factores genéticos
asociados a las variables de estudio.

3. Realizar una revisién bibliografica de los factores clinicos, demograficos y genéticos
asociados con la evolucion neuroldgica y funcional del paciente durante la fase
aguda del ictus isquémico para identificar potenciales endofenotipos.

4. Encontrar factores de riesgo genéticos asociados con el pronéstico del ictus
isquémico mediante una estrategia de analisis de endofenotipos, centrado en las

células del sistema inmune.
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3.Informe del Director de Tesis

La doctoranda Nuria Paz Torres Aguila presenta la memoria de la Tesis Doctoral
titulada “Estudios genéticos masivos en el ictus isquémico: factores de riesgo y prondstico”.
Su director de Tesis, el Dr. Israel Fernandez Cadenas, informa que la tesis doctoral esta
compuesta por dos articulos aceptados para su publicacién y un manuscrito original en fase
de revision por parte de la revista. En todos estos articulos la doctoranda figura como primera

autora.

Hago constar que ambos articulos de la presente Tesis han sido aceptados en revistas
internacionales de prestigio para las correspondientes areas de conocimiento, en las cuales
se incluyen Neurologia clinica y Enfermedades vasculares periféricas. Todas las revistas
donde la doctoranda ha publicado sus trabajos se encuentran incluidas en ‘InCites Journal
Citation Reports’ y, en todos los casos, se trata de publicaciones que han pasado el filtro de

evaluadores anénimos designados por los editores de las revistas.

A continuacion, se detalla la contribucion cientifica de la doctoranda en cada uno de
los articulos, asi como el factor de impacto de las revistas (‘2018 Journal Impact Factor’) en

las que han sido publicados.

Articulo 1: “A genome-wide association study reveals a new locus in MAN2B1 gene for

lacunar stroke risk” Nuria P Torres-Aguila, Caty Carrera, Elena Muino, Natalia Cullell, Jara

Carcel-Marquez, Jonathan Gonzalez-Sanchez, Cristina Gallego-Fabrega, Anna Penalba-
Morenilla. Alejandro Bustamante, Jesls Pizarro, Marimar Freijo, Juan F Arenillas, Victor
Obach, José Albarez-Sabin, Carlos Molina, Marc Ribé, Jordi Jiménez-Conde, Jaume Roquer,
Tomas Sobrino, Francisco Campos, José Castillo, Lucia Muhoz-Narbona, Elena Lopez-Cancio,
Antoni Davalos, Rosa Diaz-Navarro, Silvia Tur, Cristofil Vives-Bauza, Gemma Serrrano-Heras,
Tomas Segura, Laura lbanez, Laura Heitshc, Jerzy Krupinski, Joan Marti-Fabregas, Raquel
Delgado-Mederos, Stephanie Debette, Martin Dichgans, Rainer Malik, Rafael de Cid, Lauro
Sumoy, Victor Moreno, Carlos Cruchaga, Jin Moo-Lee, Joan Montaner, Israel Fernandez-
Cadenas. On behalf of the MEGASTROKE consortium, the GeneStroke consortium, the
International Stroke Genetics Consortium (ISGC) and the Acute Endophenotypes group of the

ISGC. Neurology (Manuscrito en fase de Revision)

- Factor de impacto: 8.689
- Posicién en el area: 10/199, primer decil y primer cuartil (Q1) en el area de

Neurologia Clinica.

En este articulo la doctoranda fue la principal autora del trabajo, siendo responsable

de la realizacion de todos los analisis genéticos incluidos en el articulo y de la realizacién y
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posterior analisis de los ensayos funcionales. Concretamente, la doctoranda realiz6 los
analisis GWAS de descubrimiento y replicacion realizados en las cohortes espanolas para
ictus isquémico y para cada uno de los subtipos (aterotrombéticos, cardioembdlicos y
lacunares). También, validd/replicoé el locus encontrado en los datos administrados por el
consorcio MEGASTROKE vy realizd analisis de asociacién a eQTLs para determinar posibles
genes candidatos. Asimismo, tras identificar a MAN2B1 como principal candidato, realizé los
ensayos enzimaticos de a-manosidasa en muestras de plasma de pacientes y controles.
Finalmente, la doctoranda tuvo un papel principal en la interpretacion y discusion de los
resultados, asi como en la elaboracion de las figuras y tablas. La redaccién del manuscrito
fue realizada por la doctoranda, asi como la revisién del manuscrito tras las sugerencias de

los otros autores.

Articulo 2: “Clinical variables and genetic risk factors associated with the acute

outcome of ischemic stroke. A systematic review.” Nuria P Torres-Aguila, Caty Carrera, Elena

Muino, Natalia Cullell, Jara Carcel-Marquez, Cristina Gallego-Fabrega, Jonathan Gonzalez-
Sanchez, Alejandro Bustamante, Pilar Delgado, Laura Ibanez, Laura Heitsch, Jerzy Krupinski,
Joan Montaner, Joan Marti-Fabregas, Carlos Cruchaga, Jin-Moo Lee, Israel Fernandez-
Cadenas. Acute endophenotypes group of the International Stroke Genetics Consortium
(ISGC). Journal of Stroke. (Aceptado)

- Factor de impacto: 5.571
- Posicién en el area: 24/199, primer cuartil (Q1) en el area de Neurologia
Clinica; 7/65, primer decil y primer cuartil (Q1) en el area de Enfermedades

periféricas vasculares.

La doctoranda fue la principal autora de este trabajo. Se encargd de la revision
bibliografica, de establecer los criterios de inclusion para la revision, de la redaccion del
manuscrito y de la elaboracion de las figuras y tablas incluidas. También, tras recibir los
comentarios de la revision por parte de la revista, se encargb de realizar las modificaciones

correspondientes y de redactar tanto la carta al editor como la respuesta a los revisores.

Articulo 3: “Genome-wide association study of white blood cell counts in ischemic

stroke patients” Nuria P Torres-Aguila, Caty Carrera, Anne-Katrine Gise, Natalia Cullell, Elena

Muino, Jara Carcel-Marquez, Cristina Gallego-Fabrega, Jonathan Gonzalez-Sanchez, Marimar
Freijo, José Alvarez-Sabin, Carlos Molina, Marc Rib6, Jordi Jimenez.Conde, Jaume Roquer,
Tomas Sobrino, Francisco Campos, José Castillo, Lucia Munoz-Narbona, Elena Lopez-Cancio,
Antoni Davalos, Rosa Diaz-Navarro, Silvia Tur, Cristofil Vives-Bauza, Gemma Serrano-Heras,
Tomas Segura, Jerzy Krupinski, Raquel Delgado-Mederos, Joan Marti-Fabergas, Laura
Heitsch, Laura Ibanez, Carlos Cruchaga, Natalia S Rost, Joan Montaner, Jin-Moo Lee, Israel

Fernandez-Cadenas. Stroke. (Aceptado)
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- Factor de impacto: 6.046
- Posicién en el area: 20/199, primer cuartil (Q1) en el area de Neurologia
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4. Publicaciones

4.1. Articulo 1

A genome-wide association study reveals a new locus in

MAN2B1 gene for lacunar stroke risk

RESUMEN

Objetivo: Nuestro objetivo es explorar si existen nuevos factores de riesgo genético de
ictus en poblaciones geograficamente homogéneas.

Métodos: Realizamos un estudio caso-control de asociacion de genoma completo en
tres etapas en una cohorte espafola de 1.752 casos de ictus isquémico y 5.227 controles.
Para la replicacion utilizamos una cohorte internacional (MEGASTROKE, n = 521.612) y una
cohorte espanola independiente (n = 1.720). La clasificacion etiolégica se realizd siguiendo
los criterios de TOAST. También realizamos test SMR-HEIDI, analisis de gRT-PCR y ensayos
de actividad de a-manosidasa.

Resultados: Encontramos un locus asociado con riesgo de ictus isquémico, ubicado
en el gen MAN2B1 con 20 polimorfismos sugestivos (p <1x10-5; polimorfismo de menor p:
rs34324185; p = 4.63x10-8; odds ratio = 1.38 [1.28-1.68]). En la replicacion, rs34324185
y rs8107196, los polimorfismos significativos del analisis GWAS, se replicaron en el
subanalisis de ictus lacunar (rs34324185: MEGASTROKE: p = 5.90x10-3, odds ratio = 1.06
[1.02-1.12]; Cohorte de replicacion 2: p = 0.04, odds ratio = 1.59 [1.01-2.49]). Los analisis
in silico revelaron que los alelos de riesgo del locus se asociaron con una mayor expresion
de MAN2B1 (p = 1.40x10-5), confirmada por experimentos de qRT-PCR (p = 0.04). Los
ensayos enzimaticos mostraron que la actividad de a-manosidasa era mayor en pacientes
con ictus lacunar en comparacion con los controles (p = 0.02) y otros subtipos de ictus (p =
0.04).

Conclusiones: Hemos encontrado un nuevo locus asociado con el riesgo de ictus
lacunar, que proporciona nueva informacion sobre los factores de riesgo y procesos
biolégicos asociados con este tipo de ictus. El analisis de poblaciones homogéneas de un
mismo territorio podria ser una estrategia interesante para encontrar nuevos factores de

riesgo genético asociados con el ictus.
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ABSTRACT

Objective: We aim to explore whether new stroke genetic risk factors can be found in
geographically homogeneous populations. Methods: We performed a three-stage case-control
genome-wide association study in a Spanish cohort of 1,752 ischemic stroke cases and 5,227
controls. For replication we used an international cohort (MEGASTROKE, n = 521,612) and an
independent Spanish cohort (n = 1,720). Etiological classification was performed following
TOAST criteria. We also performed Summary-based Mendelian Randomization and
HEterogeneity In Dependent Instruments tests, Real-Time Quantitative Reverse Transcription
PCR analysis, and a-mannosidase activity assay. Results: We found a locus associated with
ischemic stroke risk, located within the MAN2BI gene with 20 suggestive polymorphisms
(p<1x107; top polymorphism: rs34324185; p = 4.63x10%; odds ratio = 1.38[1.28-1.68]). In
replication, rs34324185 and rs8107196, the genome-wide significant polymorphisms of the
discovery, were replicated in lacunar stroke sub-analyses (rs34324185: MEGASTROKE: p =
5.90x107, odds ratio = 1.06[1.02-1.12]; Replication cohort 2: p = 0.04, odds ratio = 1.59[1.01-
2.49]). In silico analyses revealed that risk alleles of the locus were associated with higher
MAN2BI expression (p = 1.40x10%), confirmed by Real-Time Quantitative Reverse Transcription
PCR experiments (p = 0.04). Enzyme experiments showed that a-mannosidase activity was higher
in lacunar stroke patients compared to controls (p = 0.02) and other stroke subtypes (p = 0.04).
Conclusions: We have found a new locus associated with lacunar stroke risk, providing new
information about the genetics behind lacunar stroke physiopathology. The analysis of specific

populations could be an interesting strategy to find new genetic risk factors associated with stroke.

INTRODUCTION
Ischemic stroke (IS) is a complex disease
with a substantial genetic component, the
heritability of which ranges from 16% to
40%". Although clinical risk factors for IS
are well established, the genetic risk
have not been

variants completely

identified. Several genome-wide
association studies (GWAS) have found
genes associated with the risk of stroke,
which have been confirmed in independent
studies>*. In the MEGASTROKE* study,

the largest and most recent genetic study on

stroke with 521,612 individuals, authors
found 32 loci associated with stroke risk, 22
of which were novel. Those genetic risk
factors can be combined with clinical data
to develop scores for predicting stroke risk
or etiology, with higher accuracy compared
to clinical data alone models>®. Moreover,
genomic approaches, as GWAS or exome
sequencing, are unbiased strategies that are
useful for drug discovery *%-1°,

However, loci associated with IS only
explain approximately 5-10% of the

heritable risk!. In addition, due to
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differences in the genetic background
among worldwide populations, private
genetic risk loci are described for
geographically-specific populations'"12. A
previous GWAS!! found an association for
large artery atherosclerosis (LAA) in an
Australian cohort of 421 LAA cases and
1,244  controls. Interestingly, authors
replicated the finding in an international
cohort composed of different ethnicities;
showing that the analysis of geographically
homogenous populations and etiological
sub-analysis could be useful for finding
new genetic associations. We aimed to find
new genetic risk factors for IS following
the strategy of analyze homogeneous
populations and perform the replication in

large international cohorts.

METHODS

Study population

In our Discovery cohort we included 6,979
Spanish participants (5,227 controls and

1,752 IS cases). For replication analysis,

we studied two different cohorts:
Replication cohort 1, from
MEGASTROKE  consortium,  which

included 521,612 individuals (454,450
and 67,162 IS cases);
Replication cohort 2, which included 1,720

controls and,

Spanish participants (189 controls and
1,531 cases).

From the 8,699 Spanish participants
included in this study, 3,783 individuals
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were recruited in 14 different hospitals
throughout Spanish territory, and 4,916
were provided by the GCAT'>!* project.
The number of participants included from
each center is detailed in the Supplement

(table e-1).

The IS patients were recruited if they had a
measurable neurologic deficit on the
NIHSS within 6 hours of last known
normal, had a stroke diagnosis performed
by an experienced neurologist at each
center and confirmed by neuroimaging,
were older than 18 years of age, and were
recruited at one of the 14 hospitals included
in the study. Etiologic subgroups were
classified following TOAST criterial®.
These patients were recruited as part of the
GENISIS'®, GODS', and CONIC"
projects (appendix e-1).

Controls were subjects without a history of
ischemic stroke, older than 18, who
declared they were free of neurovascular
interview  before

diseases by direct

recruitment. The control cohort was
collected in primary care centers from
Barcelona city and in hospitals throughout
Spanish territory as a part of the GCAT'>!4,
CONIC'®, GRECOS!, and ISSYS®
projects (appendix e-1).All participants
were genotyped with the [llumina® Human
Core Exome chip with the exception of the
GCAT the

[Nlumina® Infimum Multi-Ethnic Global

cohort, genotyped with



consortium array. The

the

demographic

characteristics, prevalence  of
cardiovascular risk factors, and the detailed
number of samples of the cohorts included

on this study are detailed in Table 1.

Written informed consent was obtained
from all subjects (cases and controls) with
approval from the ethics committee of all

participating institutions.

Genetic analyses
The same quality control (QC) pipeline was
applied to the Discovery cohort and
Replication cohort 2. Samples were tested
for missingness (<5%), relatedness (pi-
hat>0.18), and

heterozygosity, sex

discrepancies. Single nucleotide
polymorphisms (SNPs) with genotype call
rate <95% and/or a p value deviating from
the Hardy-Weinberg equilibrium at p <
1x10°® were excluded, and to avoid strand
discrepancies A/T and C/G SNPs were
excluded. Mitochondrial and sexual
chromosomes X and Y were also excluded,
after the sex discrepancy test was
performed. After the first round of QCs,
cohorts were aligned with 1000G Phase 3
Panel reference and frequency alleles were
compared; then cohorts were merged using
PLINK?! software. Afterwards, we
performed a second round of QCs and also
performed multidimensional scaling plots
with principal components (PCs). PCs were

used to identify and remove ethnic outliers
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and to adjust for population stratification in

the downstream analyses. Genotype
imputation was performed on Michigan
Imputation Server Portal??> using 1000G
Phase 3v5 panel. We removed SNPs with r?
< 30%, SNPs with minor allele frequency

(MAF) < 1%, and insertions and deletions.

We performed the SNP association

T23-2 software and

analyses using SNPTES
age, sex, and principal components were
used as covariates. For Linkage
Disequilibrium analysis, we used SNP-clip
tool from the LDIlink?® web portal. We
selected the European population as
reference and applied an R? cut-off of 0.9.
The QCs of Replication cohort 1 are
described on Malik et al.*. Briefly, SNPs
were removed if they had extreme effect
values (B > 5 or B <-5), MAF < 0.01, or
effective allele count < 10 (calculated as the
product of imputation accuracy, by number

of cases, and by twice MAF).

Experimental assays

Functional annotations

We performed an in silico analysis using
data available on GTEx portal, from The
(GTEx)
eQTLs

Genotype-Tissue  Expression

Project’’, to study possible

associated with our candidate SNPs.

Secondly, we performed the SMR
(Summary-based Mendelian
Randomization) and HEIDI

(HEterogeneity In Dependent Instruments)
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tests?®2? with eQTLs of whole-blood tissue
(V7 release of GTEx eQTL data®’) and
brain tissue (Brain-eMeta eQTL data’”).

Transcriptomic analysis

We performed a Real-Time Quantitative
Reverse Transcription PCR (qRT-PCR)
with ¢cDNA from 66 blood samples of
healthy individuals from GRECOS'" study,
to confirm the results of in silico analysis.
RNA extraction and cDNA synthesis were
performed following the manufacture’s
protocol using RiboPure™-Blood kit
(Ambion™) and MultiScribe™ Reverse
Transcriptase (Thermo Fisher Scientific),

respectively.

Relative mRNA levels were measured on a
7900 Real-Time PCR System (Applied
Biosystems, Foster city, CA, USA) using a
TagMan probes
Mannosidase Alpha Class 2B Member 1
(MAN2BI, Hs01051311_m1)
normalizing with Cyclophilin A (PPIA,
Hs99999904 m1) and Glyceraldehyde-3-
Phosphate  Dehydrogenase = (GAPDH,
Hs99999905 m1l). qRT-PCR

fluorogenic for

and

was
performed using a standard TagMan® PCR
kit protocol as described previously'’.
Reactions were performed in 384-well
plates; all reactions were run in triplicate
and analyzed using the Applied Biosystems
SDS 7900
Biosystems, Foster city, CA, USA). The

system software (Applied

data was analyzed as relative quantification
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(RQ) values and calculated as fold change

expression values vs the average
expression of the endogenous controls. We
used an external sample from a healthy
individual as a calibrator; the same
calibrator was included in each experiment

performed.

Enzyme activity experiments

We tested enzyme activity of oa-
mannosidase on 74 plasma samples with a
commercial kit assay (Sigma Aldrich®)
that was specifically designed to measure
the activity of lysosomal a-mannosidase.
We used 96-wells plates and followed the
manufacture’s protocol. Patients’ plasma
samples were collected during the acute
phase of stroke (first 24h after stroke
onset). Plasma samples from controls were
collected as part of the GRECOS'" study.
Cases and controls were selected based on
the rs34324185 genotype, in order to have
an equal distribution of alleles in each
group studied. For each sample analyzed,
10 puL of plasma were added to 90 uL of
Reaction Substrate Buffer. After 25 min of
incubation at room temperature (25°C), the
reaction was stopped by adding 100 pL of
Stopping Reagent. Optical Density (OD)
was measured at 405 nm using a multi-
plaque spectrophotometer. A commercial
plasma sample (Sigma Aldrich®) was used

as a positive control in the colorimetric

assay and for the blank setting. Results



were expressed as U/L, where one unit is
the amount of enzyme that will convert 1.0
umole of  4-Nitrophenyl-a-D-manno-
pyranoside to 4-Nitrophenol and a-D-
Mannose per minute at 25 °C and pH 4.5

(the optimum pH of lysosomal a-

mannosidase).
Statistical analyses of experimental
assays

Statistical analyses were performed using
the SPSS statistical package, version 17.0
(IBM, Chicago, US). Univariate analysis
for cases-controls was evaluated by x2 for
categorical variables. A T-test was used for
continuous variables, which normal
distribution was assessed by Kolmogorov-
Smirnov and Shapiro-Wilk tests. Outliers
were determined in SPSS based on Z-
scores and Inter Quartile range (IQ),
calculated as  Quartile3(Q3) minus
Quartile1(Q1). Samples were considered as
outliers and were excluded when Z-score
>3 or Z-score<-3, or value>Q3+(1’5xIQ),

or value<Q1-(1°5xIQ).

Sample size calculation was performed
with RStudio software, version 1.0.1533,
using the epi.ccsize function of the epiR>!
package, version 0.9-99.

Data Availability

The entire dataset, including all data used
in this study, and completely anonymized,

is located in a Dropbox folder and will be
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shared following request by qualified

investigators.

RESULTS

Genetics analysis

In our Discovery cohort, we included 6,974
participants (1,752 IS cases and 5,222
controls), and from the 263,277 genotyped
SNPs a total of 7,963,764 were included
after imputation (during QCs 124,872

SNPs were excluded prior imputation and

39,109,351 were excluded after
imputation).
The GWAS analysis revealed 20

suggestive SNPs at locus 19p13.13 (p <
1x107; Table 2), located in the intronic
region of the MAN2B1 gene associated with
IS (Figure 1). The analyses by stroke
subtypes did not reveal any prominent
association with the locus in the Discovery
cohort (Table 3). Both top SNPs,
rs8107196 and 1s34324185, were on
linkage disequilibrium (R?>>0.8). We
performed a sample size calculation for
rs34324185, based on the odds ratio
obtained on the Discovery analysis. The
minimum sample size required for
replication was 637 cases and 637 controls.
The  replication

MEGASTROKE

analysis in  the

cohort  (Replication
cohort 1) showed an association of both
linkage top SNPs with the lacunar stroke
subtype on Trans-ethnical and only-

Europeans analyses, which both were
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statistically significant after Bonferroni
correction (p < 0.025; Table 4). We
performed a second replication using a
Spanish cohort (Replication cohort 2)
composed by 1,720 participants (1,531
cases (93 lacunar stroke cases) and 189
controls). In this second replication we
obtained similar results, rs8107196 and
rs34324185 were associated with the risk of
the lacunar stroke subtype (p < 0.05; Table
4).

Experimental assays

On one hand, rs34324184 and rs&8107196,
the top SNPs of 19p13.13 locus, were
searched in the GTEx web portal and
eQTLs of
genes, including eQTLs of
MAN2BI from whole blood and other
different tissues (table e-2 and e-3). On the
other hand, for SMR-HEIDI analysis, we
performed a multi-SNP-based SMR test
with all the SNPs of 19p13.13 locus that

showed association with

different

reached suggestive significance in the
Discovery analysis (Table 2) and targeted
top SNP rs34324185.

the Results

confirmed that our locus was only
associated with MAN2B1 expression, for
whole blood and brain tissues (Table 5).
Moreover, results showed that risk alleles
for lacunar stroke were associated with
higher MAN2B1 expression. To confirm
this data, we performed qRT-PCR analysis

with cDNA from the blood of 66 healthy
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controls with rs34324185 genotyping data.
We found that the relative RNA expression
levels of MAN2BI from homozygous risk
allele group (TT: n = 10, RQ mean =
0.75+0.06) were

the

significantly  higher

compared to other 1s34324185
genotype groups (GG: n =25, RQ mean =
0.65+0.03; TG: n = 30, RQ mean =

0.65+0.02; p = 0.04).

In order to study whether a-mannosidase
activity (AMA) could be also associated
with IS we first analyzed 24 controls and 14
IS cases selected by rs34324185 genotype
to avoid false positive differences due to
rs34324185 allele distribution (Figure 2A-
B). IS patients showed significantly higher
AMA than controls (AMA IS patients,
14.25 U/L; AMA controls, 10.72 U/L; p =
0.03; Figure 2A).

differences between IS etiologies, we

Secondly, to test
performed a second experiment including

35 new samples: 12 controls, 6
cardioembolic strokes, 8 atherothrombotic
strokes, and 9 lacunar strokes with a
balanced proportion of rs34324185 alleles
(Figure 2C-D). We found that AMA was
significantly higher in lacunar strokes
compared to controls (AMA lacunar, 12.58
U/L; AMA controls, 9.05 U/L; p = 0.02),
and compared to atherothrombotic and
cardioembolic strokes (AMA of lacunar

strokes, 12.58 U/L; AMA atherothrombotic



and carioembolic strokes, 9.99 U/L; p =
0.04).

DISCUSSION

In this study we have found a locus in the
intronic region of the MAN2BI gene
associated with the lacunar stroke risk. We
were able to replicate this result in two
different cohorts with the same -effect
directionality as the Discovery cohort.
Using in silico analysis, we have found that
the locus 19p13.13 was an eQTL of
MAN2BI in blood and brain tissues. In all
the cases, the risk allele for lacunar stroke
was associated with higher expression of
MANZ2B1.We confirmed this association by
performing qRT-PCR on blood samples.

As encodes for the

MAN2BI1 gene
lysosomal o-mannosidase enzyme, we
performed a-mannosidase enzyme activity
assays on plasma samples from controls
and IS patients in order to clarify the
association of this enzyme with the disease.
We found that IS patients had significantly
higher levels of activity compared to
controls. Moreover, lacunar stroke patients
showed the highest levels of activity
compared to the other stroke subtypes in a
group of
rs34324185 genotype distribution. As a

samples with the same

result, our findings suggest that MAN2BI1

locus may have a role in the

pathophysiology and in the risk of lacunar

stroke.  Additionally, our enzyme
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experiments suggest that a-mannosidase
activity could potentially be a biomarker
for the diagnosis of lacunar stroke during
the acute phase of stroke. However, further
research is needed in order to confirm this

potential role as biomarker.

Besides, we detected different MAFs in
each worldwide population for our top SNP
rs34324185 (lower in East Asian (EAS),
African (AFR) and European-non-Iberian
(EUR-noIBS) compared to Iberians (IBS);
MAF-EAS, 0.06; MAF-AFR, 0.08; MAF-
EUR-noIBS, 0.37; and MAF-IBS, 0.44, in
the Ensemble Portal). In fact, it is known
that genetic risk factors could have
different allele frequencies in specific
populations, hence the use of homogeneous
populations in GWAS analyses allow us to

detect new genetic associations in stroke, as

we observed in this study.

The biological reasons for the association
between MAN2BI polymorphisms and the
risk of lacunar stroke are unknown. The
MAN2BI gene encodes for an enzyme that
hydrolyzes terminal non-reducing a-D-
mannose residues in a-D-mannosides. It is
able to cleave all known types of a-
mannosidic linkages, thereby releasing
mannoses into the medium. This enzyme is
a member of glycosyl-hydrolases family 38
and 1its activity is necessary for the
catabolism of N-linked carbohydrates

during the glycoprotein turnover. The
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MAN2B1 protein is localized in the

lysosome lumen, and also in the

extracellular space due to neutrophil
degranulation as part of the azurophilic
granule content.

Interestingly, two genes associated with
small vessel disease and

CTSA (cathepsin A;
described for CARASAL,

monogenic
lacunar stroke:

cathepsinA-
strokes and

ADA2

related arteriopathy with
leukoencephalopathy), and
(adenosine deaminase 2; described for
DADA2, deficiency of adenosine
deaminase 2) had its encoded proteins
located in the lysosome lumen, in the
extracellular space and are members of the
azurophilic granule luminal proteins®?, as
also observed for MAN2BI1. Those facts
suggested a potential role of the lysosomes
or the proteins located in lysosomes in the
progression of small vessel diseases and/or

lacunar stroke.

Additionally, overexpression of another
member of glycosyl-hydrolases family 38,
MAN2C1 (Mannosidase Alpha Class 2C
Member 1, located in the cytoplasm) leads
to  protein  underglycosylation and
upregulation of the endoplasmic reticulum-
associated protein degradation pathway>>.
Protein underglycosilation could have
consequences on extracellular matrix
composition, since glycoproteins are one of

its structural components, and that could
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lead to disruption of the blood brain barrier
and lacunar stroke*.

Moreover, glycoproteins and glycosylation
levels play an important role in the

35-37

inflammatory process One study?®

describes how high-mannose

hypoglycosilated  N-glycans on the

endothelial surface could increase the
monocyte recruitment and promote the
atherosclerosis plaque progression. This
process in small vessels can lead to

microinfarcts or lacunar stroke>*.

All these evidences together suggest a
connection between MAN2BI and lacunar
stroke. However, more studies are required
to clarify the molecular mechanisms behind
the association of MAN2BI with lacunar

stroke risk.

Our study has some limitations. The sample
size of Replication cohort 2 had a reduce
number of lacunar strokes (n, 93) and
controls (n, 189). However, despite this
limited sample size we have replicated for
a second time the association with lacunar
stroke for rs34324185 and rs8107196.
Besides, we have not studied differences
between hemorrhagic stroke and ischemic
stroke. It would be interesting since lacunar
stroke and hemorrhagic stroke share some
subjacent pathology in the context of small

vessel disease.



In summary, we have found a new locus in
the intronic region of the MAN2BI gene
associated with the risk of lacunar stroke,
which we have successfully replicated in
two different cohorts, and we have
demonstrated an implication of the encoded
protein within the disease. Therefore, our
study provides new information about
genetic and molecular mechanisms behind
the physiopathology of lacunar strokes.
Moreover, o-mannosidase activity could
potentially be a biomarker for the diagnosis
of lacunar stroke. However, further
research is needed to clarify the reasons
why polymorphisms of MAN2BI are

associated with lacunar stroke risk.
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Figure 1. Results from the Discovery case-control GWAS analysis of Ischemic

stroke. A) Manhattan plot of the Discovery case-control GWAS analysis of Ischemic stroke. The

continuous line represents genome-wide significance (5.0x10%). The discontinuous line

represents suggestive threshold (1.0x10°%). B) Zoom Plot of the Discovery case-control GWAS

analysis of Ischemic stroke performed on the LocusZoom portal. rs34324185 are the top SNP of

the locus. The X axis shows chromosome location, and the Y axis shows the negative logarithm

to base 10 of the p value (-logio(p)).
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Figure 2. Results of a-mannosidase activity assays. A) Case-control a-mannosidase
activity (AMA) assay. B) Allelic distribution of rs34324185 (%) for each group of case-control
AMA experiment. The Chi-Square Test between phenotype (case/control) and genotype
(GG/TG/TT) was not significant (p = 0.52). C) Results of second AMA assay, for control group
and each stroke etiology group. D) Allelic distribution of rs34324185 (%) for each stroke etiology
group of second AMA assay. The Chi-Square Test between etiology (AT/CE/LAC) and genotype
(GG/TG/TT) was not significant (p = 0.99). For all panels, phenotype groups are shown on the X
axis and the number of samples included (n) is detailed under the name category. In panels A and
C, it is represented the mean (histogram) and standard error (error bars) of AMA for each group
and the AMA is shown on the Y axis in units per liter (U/L). In panels B and D, the percentage
(%) is shown on the Y axis. GG = reference allele homozygote, TG = heterozygote, TT = minor
allele homozygote; AT = Atherothrombotic stroke, CE = Cardioembolic stroke, LAC = Lacunar

stroke.
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Table 1. Detailed characteristics of the Discovery cohort, the Replication cohort 1

and the Replication cohort 2.

Discovery Replication cohort 1 Replication
Descriptive cohort cohort 2
Variables Controls IS Controls IS Controls IS cases = Controls IS
cases cases cases
Ethnicity IBS IBS EUR EUR TRANS TRANS IBS IBS
Sample 5,227 1,752 406,111 34,217 454,450 60,341 189 1,531
size (n)
Mean Age 52.3 73.2 55.1 68.8 55.3 68.6 67.8 72.9
+SD +7.9 +12.6 +5.0 +10.2 +5.8 +9.9 +7.1 +12.6
Woman 2,864 783 148,614 18,211 166,698 25,226 102 575
(%) (54.8) (44.6) (39.5) (47.1) (50.8) (43.0) (54.0) (37.6)
HT (%) 1,018 1,241 NA NA NA NA 134 1008
(19.5)  (70.7) (70.9)  (65.8)
DM (%) 269 504 NA NA NA NA 28 369
(5.1)  (28.7) (14.8)  (24.1)
AF (%) 11(0.2) 568 NA NA NA NA NA 486
(32.3) (3L.7)
DL (%) 211 NA NA NA NA NA NA NA
(4.0)
TOAST 292 4,373 6,688 244
AT (% IS (16.8) (12.8) (11.1) (15.9)
cases)
TOAST 757 7,193 9,006 690
CE (% IS (43.2) (21.0) (14.9) (45.1)
cases)
TOAST 123 5,386 11,710 93
LAC (% IS (7.0) (15.7) (19.4) (6.1
case)
Other 580 17,265 32,937 504
TOAST (33.0) (50.5) (54.6) (32.9)
categories*

For the Discovery cohort, the Replication cohort 1 (European and trans-ethnical) and the
Replication cohort 2, it is detailed for cases and controls: the ethnicity, the sample size, the mean
age (£SD), the percentage of women, the percentage of patients with hypertension (HT), diabetes
mellitus(DM), atrial fibrillation (AF) and dyslipidemia (DL), and the proportion of ischemic
stroke patients for each TOAST category. NA was considered when more than 80% of the data
was not available. IBS = Iberians; EUR= Europeans; TRANS = Trans-ethnical; IS = ischemic
stroke; AT = Atherothrombotic stroke; CE = cardioembolic stroke; LAC = Lacunar stroke; SD =
Standard Deviation; n = number of samples; NA = non-available. *Including Undetermined

category of the TOAST classification criteria.
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Table 2. List of SNPs located in the loci associated with ischemic stroke in the

Discovery cohort that reached suggestive significance.

SNP Locus Al A2 MAF Pvalue OR]J[95% CI]
rs34324185 MAN2B1 T G 0401 4.87x10% 1.37[1.22-1.54]
rs8107196 MAN2B1 G C 0401 4.87x10% 1.37[1.22-1.54]
rs74181667 MAN2B1 G A 0400 830x10% 1.37[1.22-1.54]
rs8110545 MAN2B1 C T 0317 8.73x10® 0.72[0.63-0.81]
rs8110264 MAN2BI1 T C 025 3.43x107 0.71[0.62-0.81]
rs8107354 MAN2B1 A G 0259 3.43x107 0.71[0.62-0.81]
rs1133330 MAN2B1 T C 0427 5.68x107 1.34[1.20-1.51]
158112964 ZNF490, MAN2B1 C T 0.293 7.15x107 0.73 [0.64-0.83]
1s2303731 MAN2B1 C T 0429 9.08x107 1.34[1.19-1.50]
rs8104226 MAN2B1 A G 0287 981x107 0.73[0.64-0.83]
rs3815914 MAN2BI1 T C 0287 9.96x107 0.73 [0.64-0.83]
rs17476839 MAN2B1 T C 0.287 9.96x107 0.73 [0.64-0.83]
rs4804727  ZNF490, MAN2B1 C T 0.287 1.09x10° 0.73 [0.64-0.83]
154804728  ZNF490, MAN2B1 G A 0.287 1.09x10° 0.73 [0.64-0.83]
rs11670251 ZNF490, MAN2BI T G 0.288 1.11x10° 0.73 [0.64-0.83]
rs10415457 MAN2BI G A 0429 1.13x10° 1.33[1.19-1.50]
rs8108316 MAN2BI1 G A 0429 1.13x10° 1.33[1.19-1.50]
1s12984441 MAN2BI A C 0320 2.30x10° 0.74[0.66-0.84]
54804205 MAN2B1 A C 0321 7.08x10% 0.75[0.67-0.85]
rs8102193 MAN2BI1 T C 0294 7.13x10° 0.75[0.66-0.85]

Genome-wide significant SNPs are in bold. A1 = allele 1 (minor allele), A2 = allele 2, MAF =
minor allele frequency, OR = odds ratio in reference to minor allele, 95% CI = 95 % confidence
interval of 95%. N total = number of participants included in the analysis, N cases = number of

patients included in the analysis.
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Table 3. Genome-wide significant SNPs from the Discovery case-control GWAS of

Ischemic stroke, in each TOAST category.

Analysis | N (n cases) SNP Al A2 MAF Pvalue OR[95% CI]
rs34324185 T G 0382 9.21x10° 1.33[1.07-1.64]
AT 5520 (293)
18107196 G C 0.382 9.21x10° 1.33[1.07-1.64]
rs34324185 T G 0389 1.33x10* 1.39[1.17-1.64]
CE 5984 (757)
158107196 G = C 0.389 1.33x10* 1.39[1.17-1.64]
rs34324185 T G 0381 4.34x10* 1.68[1.26-2.26]
LAC 5350 (123)
18107196 G C  0.381 4.34x10* 1.68[1.26-2.26]
rs34324185 T G 0388 5.01x10* 1.40[1.15-1.69]
UNDET | 5699 (472)
18107196 G C 0.388 5.01x10* 1.40[1.15-1.69]

IS = ischemic stroke; AT = Atherothrombotic stroke; CE = Cardioembolic stroke; LAC = Lacunar
stroke; UNDET = Undetermined stroke. A1 = allele 1 (minor allele), A2 = allele 2, MAF = minor
allele frequency, OR = odds ratio, 95% CI =95 % confidence interval of 95%. N total = number

of participants included in the analysis, N cases = number of patients included in the analysis.
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Table 4. Results of the Replication analyses for the genome-wide significant SNPs

found in the Discovery analysis.

N A A OR [95%
Analysis SNP MAF P
(n cases) 1 2 CI]
1.01 [0.99
1s34324185 T G 0363  0.44
440,328 - 1.03]
IS (EUR)
(34,217) 1.01 [0.97
18107196 G C 0364  0.50
- 1.01]
9.70  1.06 [1.01
rs34324185 T G 0.365
. LAC 411,497 x10-3 -1.12]
5 (EUR) (5,386) 1.06 [1.01
< rs8107196 G C 0.365 0.01
S -1.12]
=
2 1.01 [0.99
s 1s34324185 T G 0.334 031
= IS 514,791 - 1.03]
D
&  (TRANS) (60,341) 1.01 [0.99
18107196 G C 0335 033
- 1.03]
590  1.06 [1.02
rs34324185 T G 0315
LAC 466,160 x10-3 - 1.11]
(TRANS)  (11,710) 7.85  1.06 [1.01
rs8107196¢ G C 0.314
x10-3 -1.12]
1.59 [1.01
g rs34324185 T G 0.358  0.04
£ . LAC -2.49]
B 282 (93)
= - (IBS) 1.64 [1.04
o rs8107196 G C 0.353  0.03
& - 2.58]

Detailed p value and odds ratio for rs34324185 and rs§107196. Significant results are in bold. IS
= Ischemic stroke; LAC = lacunar stroke; EUR= European; TRANS=Trans-ethnical; IBS =
Iberians (Spanish); N = sample size; n cases = number of cases included in the sample size; Al =
allele 1 (minor allele); A2 = allele 2; MAF = minor allele frequency; P = p value; OR=0dds ratio;
95% CI = 95% confidence interval.
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Table 5. Results of multi-SNP-based SMR and HEIDI tests for whole blood and

brain tissues.

multi-
GWAS eQTL SMR HEIDI
Top A A SMR
Gene @ Tissue
SNP 1 2 B B B
P P P P P N
+SE +SE +SE
MAN | Whole 1343 Tlg 032 4.63x | 0.16 1.57x 2.00 @ 852x 6.42x 083 | 4
2B1 Blood @ 24185 +0.06 10®  +0.03 10®  +0.51 @107 10 ’
MAN rs343 032 4.63x | 024 6.04x 128  2.29x 1.18x
Brain T G 030 5
2B1 24185 +0.06 10%  +0.05 107  +035 10* 107

Al = allele 1 (minor allele); A2= allele 2; P = p value; B = beta coefficient; SE = Standard Error;
multi-SMR = multi-SNP-based SMR; N = number of SNPs included in HEIDI test.
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A genome-wide association study reveals a new locus in MAN2BI gene for

lacunar stroke risk
SUPPLEMENTAL MATERIAL
appendix e-1

GENISIS cohort: Genetics of Early Neurological Instability after Ischemic Stroke

(GENISIS)®! is an international study currently recruiting patients from four different
locations: United States, Finland, Poland, and Spain. The inclusion criteria for the
GENISIS study are IS patients (age > 18 years) collected from 2003 to 2017 with a
measurable neurologic deficit on the NIHSS within 6 hours of last known normal. Patients
who received endovascular thrombectomy, or for whom consent and/or a blood sample
could not be obtained were excluded. For our study we only included Spanish patients.

Genotyping was performed with Human Core Exome chip (Illumina®).

GODS cohort: The Genetic contribution to functional Outcome and Disability after
Stroke (GODS)®? project is a study that aimed to find genetic factors associated with
stroke outcome. All participants met the following criteria: (1) European descent, aged
>18 years, diagnosis of IS in the anterior vascular territory; (2) assessed by a neurologist
during the acute phase of stroke; (3) initial stroke severity >4, according to the National
Institutes of Health Stroke Scale (NIHSS); (4) information on post-stroke functional
status at 3 months (or alternatively between 3 and 6 months); (5) evidence of acute IS in
a neuroimaging study; (6) lack of concomitant disease. Individuals with stroke recurrence
during the follow-up period were excluded, in addition to posterior vascular territory and
lacunar strokes. Samples were genotyped at the Genetic and Molecular Epidemiology
Laboratory of McMaster University (David Braley Research Institute) in Ontario,

Canada, with Human Core Exome chip (Illumina®).

CONIC cohort: The CONtrol ICtus (CONIC) study © is a national study focus on find
new genetic risk factors for ischemic stroke, it is a case-control matched study. Control
participants were recruited in Vall d’Hebron Hospital between 2007 and 2008. All
controls were older than 65 years of age and declared free of dementia, neurovascular
and/or cardiovascular disease, as evaluated by self-description during a direct interview
before recruitment. Subjects with a history of first and/or second-degree neurovascular

disorder were also excluded from the study.
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The IS cases were admitted to the emergency department of a university with a
documented middle cerebral artery (MCA) occlusion on transcranial Doppler
ultrasonography (TCD) and received tPA in a standard 0.9-mg/kg dose (10% bolus, 90%
continuous infusion over 1 hour) within 4.5 hours of symptom onset following National
Institute of Neurological Disorders and Stroke (NINDS) recommendations. Cases and

controls were genotyped with Human Core Exome chip (Illumina®).

GRECOS cohort: The Genotyping RECurrence Risk Of Stroke (GRECOS)* project is a

national study that aimed to find genetic factors associated with recurrence after stroke.
Control participants were relatives of patients (wife or husband, without any
consanguinity between cases and controls) and healthy volunteers visiting the same
hospital for routine testing. They were >65 years of age and classified as free of
neurovascular and cardiovascular history and family history by direct interview before

recruitment. All samples were genotyped with Human Core Exome chip (Illumina®).

ISSYS cohort: The Investigating Silent Stroke in hYpertensives: A magnetic resonance
imaging Study (ISSYS)® is an observational prospective study in hypertensive
participants to determine the prevalence of silent or magnetic resonance imaging (MRI)—
defined brain infarcts and cognitive impairment. This cohort comprises 1000 non-
demented individuals, aged 50 to 70 years old, and diagnosed of essential hypertension
at least one year before inclusion in the ISSYS study. Those individuals were genotyped

with Human Core Exome chip (Illumina®).

GCAT cohort: GCAT|Genomes for Life Study °>*7 is a long-term project that was set up
to integrate and assess the role of epidemiological, environmental and omic factors (ie,
genomic, metabolomic, proteomic, epigenomic) in the development of chronic diseases.
GCAT aims to assess the prevalence of risk factors and their association with disease
incidence over time. The GCAT cohort is a prospective collection recruited from the
general population of the north-east region of Spain, Catalonia. The GCAT Study have
recruited 20 000 participants aged 40—65 years. Participants complete a self-administered
computer-based questionnaire that collects data on a large number of lifestyle and health
factors that are of interest in epidemiological and genetic studies. Participants who agreed
to take part in the study completed a self-administered computer-driven questionnaire,
and underwent blood pressure, cardiac frequency and anthropometry measurements.
Participants will be followed for 20 years after recruitment. Genome-wide genotypes have

been generated using [llumina Infintum SNP-bead array technology (Multi-Ethnic Global
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(MEGAEX, V.2) consortium array), a multipurpose, multiethnic genotyping array with
two million selected markers (including previously described germline mutations,
insertions-deletions (InDels) and SNPs). Genotyping was performed at the Genomics and
Bioinformatics Unit of the PMPPC Institute for Health Science Research Germans Trias
1 Pujol, in Badalona, Spain. Data is deposited in the public repository EGA accessible
upon demand (EGAD00010001665). All genotyped individuals from Caucasian ancestry
born in Spain were included in the study, and those with myocardial infarction or heart

diseases were excluded.
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table e-1. Detailed number of individuals included from each participating

Hospital for the Discovery cohort and the Replication cohort 2.

Hospitals (City)

Hospital del Mar
(Barcelona)

Hospital Universitari
Germans Tries i Pujol
(Badalona)

Hospital Universitari
Vall d'Hebron
(Barcelona)

Hospital Universitari Son
Espases (Palma de
Mallorca)

Hospital Universitario
Rio Hortega (Valladolid)
Hospital Universitari
Mutua de Terrassa
(Terrassa)

Hospital Universitario
Virgen del Rocio Y
Virgen Macarena
(Sevilla)

Hospital Clinic de
Barcelona (Barcelona)
Hospital Universitario
Doctor Josep Trueta
(Girona)

Complejo Hospitalario
Universitrio de Albacete
(Albacete)

Hospital Universitario de
Basurto (Bilbao)
Hospital Clinico
Universitario de Santiago
(Galicia)

Hospital de la Santa
Creu i Sant Pau
(Barcelona)

Hospital Arnau de
Vilanova (Lleida)

GCAT Project

TOTAL

Discovery cohort

Controls
0

0

310

4,916
5,227

Cases
711

330

306

227

23

22

16

52

22

36

1,752

Total
711

330

616

227

23

23

16

52

22

36

4,916
6,979

Publicaciones

Replication cohort 2

Controls
0

0

189

189

Cases
58

10

357

70

53

35

112

174

607

39

1,531

Total
58

10

546

70

53

35

112

174

607

39

1,720
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table e-2. eQTLs from GTEx data associated with rs34324185.

Gencode 1d Gene P NES Tissue
Symbol
ENSG00000104774.8 MAN2B1 8.20E-13 0.24 Nerve - Tibial

ENSG00000104774.8 MAN2B1 2.00E-10 0.21 Thyroid
ENSG00000104774.8 MAN2B1 8.50E-10 0.18 Cells -
Transformed

fibroblasts
ENSG00000104774.8 MAN2B1 1.60E-08 0.16 Whole Blood

ENSG00000105576.11  TNPO2 2.10E-08 0.14 Artery - Tibial

ENSG00000104774.8 MAN2B1 5.70E-08  0.24  Esophagus -

Muscularis
ENSG00000105576.11  TNPO2 1.10E-07 0.17 Adipose -

Subcutaneous
ENSG00000104774.8 MAN2B1 1.70E-07 0.27 Heart - Left

Ventricle

ENSG00000104774.8 MAN2B1 2.30E-07 0.14 Lung

ENSG00000104774.8 MAN2B1 2.80E-07 0.15  Adipose -
Subcutaneous
ENSG00000104774.8 MAN2B1 3.10E-07 0.28  Colon -
Sigmoid
ENSG00000104774.8 MAN2B1 3.80E-07  0.16 Skin - Not Sun
Exposed
(Suprapubic)
ENSG00000104774.8 MAN2B1 4.40E-07 035  Testis

ENSG00000104774.8 MAN2B1 5.90E-07 0.15  Muscle -
Skeletal

ENSG00000104774.8 MAN2B1 6.60E-07  0.19  Esophagus -
Mucosa

ENSG00000104774.8 MAN2B1 6.70E-07  0.16  Skin - Sun
Exposed (Lower

leg)
ENSG00000104774.8 ~ MAN2B1  1.10E-06  0.15  Artery - Tibial

ENSG00000104774.8 MAN2B1 1.70E-05 0.30 Adrenal Gland
ENSG00000105576.11  TNPO2 2.00E-05 0.17 Artery - Aorta

ENSG00000095066.7 HOOK?2 2.30E-05 0.19 Heart - Left
Ventricle

P = P value. NES = Normalized Effect Size.
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table e-3. eQTLs from GTEx data associated with rs8107196.

Gencode Id

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000105576.11

ENSG00000105576.11

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000104774.8

ENSG00000105576.11

Gene
Symbol
MAN2B1

MAN2B1
MAN2B1

MAN2B1

MAN2B1
TNPO2

TNPO2

MAN2B1
MAN2B1

MAN2B1

MAN2B1
MAN2B1

MAN2B1

MAN2B1

MAN2B1
MAN2B1
MAN2B1
MAN2B1

TNPO2

P

8.3e-13

2.3e-10

2.6¢-9

4.6e-9

4.1e-8

7.2e-8

8.7e-8

1.5e-7

6.0e-7

6.4e-7

7.3e-7

8.9¢e-7

1.3e-6

1.3e-6

1.9¢-6

2.1e-6

2.5e-6

1.3e-5

3.0e-5

P =P value; NES = Normalized Effect Size.

NES

0.24

0.21

0.17

0.17

0.28

0.17

0.14

0.23

0.28

0.14

0.14

0.19

0.16

0.15

0.33

0.14

0.14

0.31

0.16

Tissue

Nerve - Tibial
Thyroid
Whole Blood

Cells -
Transformed
fibroblasts
Heart - Left
Ventricle
Adipose -
Subcutaneous
Artery - Tibial

Esophagus -
Muscularis
Colon -
Sigmoid
Lung

Adipose -
Subcutaneous
Esophagus -
Mucosa

Skin - Not Sun
Exposed
(Suprapubic)
Skin - Sun
Exposed (Lower

leg)
Testis

Artery - Tibial

Muscle -
Skeletal
Adrenal Gland

Artery - Aorta
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4.2. Articulo 2

Clinical Variables and Genetic Risk Factors Associated with

the Acute Outcome of Ischemic Stroke: A systematic review

RESUMEN

El ictus es una enfermedad compleja y una de las principales causas de morbilidad y
mortalidad entre la poblacion adulta. Se sabe que una gran variedad de factores influye en
el pronoéstico del paciente, incluidas las variables demograficas, las comorbilidades o la
genética. En esta revision, exponemos lo que se sabe sobre la influencia de las variables
clinicas y los factores de riesgo genéticos relacionados en el pronéstico del ictus isquémico,
centrandonos en el pronéstico agudo y subagudo (dentro de las 24h-48h después del ictus
y hasta el dia 10, respectivamente), ya que son los primeros indicadores de dano tras un
ictus.

Se realizaron blUsquedas en la base de datos de PubMed para encontrar articulos que
investigaron la interaccion entre variables clinicas o factores genéticos y el pronéstico agudo
o subagudo del ictus. Finalmente se incluyeron un total de 61 estudios en esta revision.

Con respecto a los datos recopilados, las variables asociadas constantemente con el
prondstico agudo del ictus son: niveles de glucosa, presion arterial, presencia de fibrilacion
auricular, tratamiento previo con estatinas, gravedad del ictus, tipo de tratamiento agudo
realizado, complicaciones neurolégicas graves, niveles de leucocitos y factores de riesgo
genéticos. Se requieren mas investigaciones y esfuerzos internacionales en este campo, que

deben incluir estudios de asociacion de todo el genoma.
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Stroke is a complex disease and one of the main causes of morbidity and mortality among the
adult population. A huge variety of factors is known to influence patient outcome, including
demographic variables, comorbidities or genetics. In this review, we expound what is known about
the influence of clinical variables and related genetic risk factors on ischemic stroke outcome,
focusing on acute and subacute outcome (within 24 to 48 hours after stroke and until day 10,
respectively), as they are the first indicators of stroke damage. We searched the PubMed data base
for articles that investigated the interaction between clinical variables or genetic factors and acute
or subacute stroke outcome. A total of 61 studies were finally included in this review. Regarding
the data collected, the variables consistently associated with acute stroke outcome are: glucose
levels, blood pressure, presence of atrial fibrillation, prior statin treatment, stroke severity, type of
acute treatment performed, severe neurological complications, leukocyte levels, and genetic risk
factors. Further research and international efforts are required in this field, which should include
genome-wide association studies.
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Introduction

Stroke is one of the main causes of morbidity and mortality
worldwide. In addition, as stroke is a main cause of disability in
adults, there is a huge interest in improving the recovery of pa-
tients post-stroke.

A wide variety of factors are known to influence the out-
come’? after stroke, most of which are clinical variables related
with the disease (stroke severity, etiology, etc.), cardiovascular
risk factors (hypertension, heart failure, etc.) and other demo-
graphic variables (age, sex, etc.). However, there are studies
that present contradictory results, making the relationship be-
tween clinical variables and stroke outcome not so clear.

In addition, ischemic stroke is a complex disease with a sub-
stantial genetic component, the heritability of which ranges
from 16% to 40%.* Several genome-wide association studies
(GWAS) have found genes associated with stroke risk and have
been confirmed in independent studies.”® However, with the
exception of two recent GWAS,”# the studies performed to find
genetic variables associated with stroke outcome are candidate
gene studies that have not been consistently replicated.’

Fast fibrinolysis or thrombectomy treatments are related
with better recovery.”®" This suggests that outcome-related
molecular mechanisms are taking place in the first 24 to 48
hours, the period defined as the acute phase of stroke. Acute
outcome is defined as the outcome during the acute phase,
and it is the first indicator of the impact of stroke on patient
health. Acute outcome commonly reports the neurological sta-
tus of the patient, usually measured by the National Institute
of Health Stroke Scale (NIHSS). This scale is a systematic as-
sessment tool that provides a quantitative measure of neuro-
logical deficit, evaluating different neurological aspects (con-
sciousness, language, neglect, etc.), and can be used to predict
long term outcome.'"* Consequently, acute outcome is associ-
ated with long-term outcome.

In this review, we detailed what is known about the influ-
ence of clinical variables and related genetic risk factors on the
acute and subacute outcome of patients after an ischemic
stroke (within 24 to 48 hours after stroke and until day 10, re-
spectively). The aim of this review is to summarize all the
knowledge acquired in recent years that could be useful for
clinical practice and to perform studies in the field.

Methods

We used the National Center for Biotechnology Information
(NCBI) website to search in the PubMed database. The key-

2 http:/fj-stroke.org
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non

words used were: "ischemic stroke,
logic," “associated" or “predictor,” and "outcome.” We included
articles that searched for a relationship of acute and subacute
outcome with other clinical variables or genetic factors, and
which were written in English or Spanish. We excluded animal
trials, childhood trials and articles with less than 100 patients
analyzed. Using these criteria, we found 1,321 different articles
by May 2019, plus six specific articles that were searched for
specific clinical variables. A total of 61 were finally included,
excluding process is detailed in a flow diagram performed fol-
lowing Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA)'* statements (Figure 1).

neurological” or "neuro-

Variables associated with acute outcome

We classified the variables into three fields: (1) baseline vari-
ables, (2) early outcome variables, and (3) genetic factors,
which summarized a total of 38, 20, and three articles, respec-
tively (briefly detailed in Table 1).

Baseline variables

We defined as baseline variables those clinical factors present
at the time of stroke onset and which are non-modifiable.
These variables include demographics, comorbidities and phar-
macological treatments prior to stroke.

- 1,321 Records identified 6 Additional records
2 throught PubMed identified throught
.§ database searching specific searching
g l !
| | 1,327 Records after duplicates removed |
. l 382 Records excluded by filters:
£ 1327 Records screened | _ Not in English or Spanish
o - No-human studies
A
| 452 Articles excluded:
— A - Childhood or infant studies
945 betr?C_ts_ gssesed —1 - Reviews and case-reports
> or eligibility - Studies with <100 participants
= - No ischemic stroke studies
=)
o
- 432 Full-text articles excluded:
493 Full-text _ar_tl_cl_es | - No acute outcome studied
— assesed for eligibility - No relevant variable studied
el
S
=
2| | o studiesincuded |

Figure 1. Flow diagram of the systematic review.
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Detailed summary of each article included in this review
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Study Outcome studied (definition) Cohort size (n)  Variable studied Influence
Adams etal.  7-day and 3-mo outcome (measured by Barthel Index and 1,281 Stroke severity Association
1999 the Glasgow Outcome Scale
(1999)" he Glasgow O Scale)

Kugleretal.  Early recovery at 24 hr and 1 wk (Barthel Index) 2,219 Age Week influence (only at 1 wk)
(2003)'

Siegleretal.  END (increase in NIHSS score of >2 points within 24 hr) 366 Age Independent association

18
(2013) Sex No association
Stroke severity Independent association
Yeo et al. ENI (reduction of >10 points on NIHSS score, or score of 4 or 263 Age Non-independent association
19 5 Heym 1 i
(2013) less, at 2 hr); CNI (reduction in NIHSS score of >8 points Sex Female gender associated with CNI
between 2 and 24 hr, or an NIHSS score of <4 at 24 hr)
Stroke severity Independent predictor of CNI

Naessetal.  7-day NIHSS, neurological worsening, mortality 1,867 Age >80 yr associated with worse outcome
(2014)*°

Boehmetal.  END (increase of >2 points on NIHSS score during first 24 hr 4,925 Age Covariate

21 (e
(2014) after hospitalization) Sex Non-independent association
Ethnicity Non-independent association
Geng et al. END (increase of >2 points on NIHSS score during 1st wk 1,064 Age No association
22
(2017) after stroke) Sex No association
Diabetes mellitus Association with END
Hyperlipidemia LDL and total cholesterol were associ-
ated with END, but not triglycerides
Body mass index No association with END

Hassaballa et  7-day and 3-mo outcome (measured by Glasgow Outcome 1,093 Ethnicity No association
al. (2001)*  Scale)

Machumpu-  ENR (improvement at least 50% on NIHSS score within 24 161 Diabetes mellitus Association (hyperglycemia patients
rath et al. hr) were less likely to have ENR)
(2011)%®

Roqueretal.  END (increase of >4 points on NIHSS score during first 72 hr Diabetes mellitus Association with END
(2014)” after stroke)

Tang et al. Favorable neurological outcome (decrease of >4 points on 419 Diabetes mellitus Predictor of unfavorable outcome
(2016)* NIHSS score or score of 0 at 24 hr, decrease of >8 points

on NIHSS score or an score of 0 at 7 days; good functional
outcome (MRS 0-1) at 3 mo

Yiet al. END (increase of >2 points on NIHSS score within 10 days 426 Diabetes mellitus Association with END
(2016)” after admission)

Hui et al. END (increase of >2 points on NIHSS score within 5 days af- 336 Diabetes mellitus Association with END
(2018)* ter stroke)

Forlivesi et al. No neurological improvement (NIHSS score at 24 hr >NIHSS 200 Diabetes mellitus Association with END
(2018)"" score at baseline)

Vicek et al. 5-day outcome (Rankin Scale score >2 was defined as poor 372 Blood pressure Independent association with poor
(2003)* outcome) outcome (high diastolic BP)

Castillo etal.  END (diminution on Canadian Stroke Scale of >1 points 304 Blood pressure Extreme values of BP were associated
(2004)* within first 48 hr); neurological outcome and mortality at with poor outcome

3 mo

Pezzinietal.  END (increase of >4 points on NIHSS score at 48 hr); 90-day 264 Blood pressure Association, but dependent on stroke
(2011)* functional status (measured by mRS) etiology

Geeganage et  Death or neurological deterioration at 10 days 1,479 Blood pressure Association (high systolic BP)
al. (2011)*

Kvistad et al.  CNR (no ischemic stroke symptoms at 24 hr); favorable 749 Blood pressure No association
(2013)* short-term outcome (7-day mRS score of 0-1)

Chung etal.  END within 72 hr (increase of NIHSS score of >2 points) 1,116 Blood pressure Independent association with END
(2015)* (high systolic BP)

https://doi.org/10.5853/j0s.2019.01522
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Continued
Study Outcome studied (definition) Cohort size (n)  Variable studied Influence
Gill et al. Early neurological outcome (improvement of NIHSS score at 327 Blood pressure Independent association with ENR (low
(2016)* 24 hr) diastolic BP)
Kellert et al.  ENI (improvement of >20% on NIHSS score, or improvement 28,976 Blood pressure No association
(2017)* of >8 points on NIHSS score); long-term functional out-
come (MRS at 90 days)
Kang et al. END (worsening by 2 points on NIHSS score) at 1,2 and 3 2,545 Blood pressure Independent association (systolic BP)
(2017)"° days
Keezeretal.  Poor outcome at 10 days (Rankin Scale score >3) 364 Blood pressure Independent association with poor
(2008)" outcome (high and low BP values)
Sare et al. Neurological impairment (high 7-day NIHSS score than 1,722 Blood pressure Association with neurological impair-
(2009)* median NIHSS score); 90-day functional outcome ment and poor outcome (high systol-
(measured by mRS) ic BP)
Zhangetal.  END (increase in NIHSS score >4 or increase in la of NIHSS 278 Blood pressure Independent association (high systolic
(2018)* >1 within 72 hr after recanalization treatment) BP)

Stroke etiology Independent association in intrave-
nous treated patients (large artery
occlusion)

Sanaketal. 24 hrand 7-day NIHSS score; 7-day mortality 157 Atrial fibrillation Association with 7-day mortality
(2010)*
Yaghi et al. ENR (decrease of >8 points in NIHSS score, or score of 0-1 306 Atrial fibrillation Significantly more present on non-ENR
(2016)* at 24 hr) group; independent negative associa-
tion with ENR
Restrepo et al. 7-day NIHSS score 142 Hyperlipidemia Association with hyperlipidemia history
(2009)"
Choi et al. END (increase in NIHSS score of >4 at 24 hr) or ENR (reduc- 736 Hyperlipidemia Extreme triglyceride levels associated
(2012)* tion of NIHSS score of >4) within a week after stroke with poor outcome
onset
Branscheidt et ENR (improve >40% on NIHSS score at 24 hr); good 896 Body mass index No association
al. (2016)”" outcome (MRS 0-1), favorable outcome (mRS 0-2) and
mortality at 3 mo
Poweretal.  NIHSS score at baseline and 24 hr 229 Renal dysfunction Association
(2013)*
Lo etal. NIHSS improvement at 24 hr post-thrombolysis; 3-mo 199 Renal dysfunction No association
(2015)* functional independence; 30-day mortality
Yu et al. 10-day functional outcome (mRS) 339 Prior statin treatment ~ Association
(2009)*
Prior antithrombotic ~ No association
treatment
Ni Chréinin et  7- and 28-day functional outcome (mRS); 7-, 28-, 90-day, 448 Prior statin treatment ~ Associated with good outcome
al. (2011)*® and 1-yr mortality
Tsivgoulis et al. ECR (reduction of >10 points NIHSS score at 24 hr); good 1,660 Prior statin treatment  Association with ECR
(2015)* functional outcome (mRS 0-1) and mortality at 3 mo
Yietal. Neurological deterioration (increase of 2 points of NIHSS 1,124 Prior statin treatment ~ Concomitant use of antiplatelet and
(2017)® during 10 days after admission) statins was associated with a favor-
able outcome
Prior antithrombotic ~ Concomitant use of antiplatelet and
treatment statins was associated with a favor-
able outcome
Cappellariet  Neurological improvement (reduction of >4 points in NIHSS 250 Prior statin treatment  Prior and continued use of statins after
al. (2011)% score between 24 and 72 hr) stroke was associated with worse
outcome
McAlpine et al. ENR (diminution on NIHSS score during first 24 hr after 158 Leukoaraiosis No association
14)° stroke
(2014) ke)
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Continued
Study Outcome studied (definition) Cohort size (n)  Variable studied Influence
Saposnik et al. 7-, 30-day, and 1-yr mortality; neurological deterioration 3,631 Stroke severity Independent association
(2008)** (measured by Canadian Neurological Scale, worsening
neurological deficit or deterioration in the level of
consciousness)
Kim et al. Early dramatic recovery (reduction of >8 points in NIHSS 102 Stroke severity Independent association
(2017)%* score or NIHSS score of 0-1 at 24 hr)
Schmitzetal. ENR (NIHSS score improvement of >4 points at 24 hr) 557 Stroke etiology Cardioembolic stroke patients more
(2017)%¢ likely to have ENR
Forlivesi et al. Neurological improvement (NIHSS score improvement of >4 122 Stroke etiology Large artery strokes had lower odds ra-
(2017)% points or NIHSS score of 0) at 7 days tio than cardioembolic strokes
Ciccone et al.  Neurologic deficit (NIHSS score >6) at 7 days; functional 362 Acute treatment No association
(2013)® outcome (mRS) and mortality at 90 days
Saver et al. NIHSS score changes at 27 hr; 3-mo functional outcome 196 Acute treatment Mechanical thrombectomy after IVT
(2015)® (mRS) treatment had higher NIHSS score
decrease
Jovin et al. ENR (decrease of 4 points in NIHSS at 24 hr); functional 206 Acute treatment Mechanical thrombectomy had better
(2015)" (Barthel Index) and neurological (NIHSS score) outcome at outcome
90 days
Fiorellietal. ~ END (increase of NIHSS score of >4 at 24 hr post-stroke 609 Hemorrhagic Independent association (server HT)
(1999)" onset); 3-mo disability (mRS score >1) and 3-mo death transformation
Kablau etal.  ENR (decrease of >4 on NIHSS score) and END (increase of 122 Hemorrhagic No association with END; non-severe
(2011)" >4 on NIHSS score) at 5 days transformation HT more common on ENR
Dharmasaroja  ENR (NIHSS of O to 4 at 24 hr) 203 Hemorrhagic Inversely association with ENR
etal. (2011)" transformation
Gill et al. Reduction in NIHSS score after 24 hr 339 Hemorrhagic Inversely associated (server HT)
(2016)" transformation
Boehme et al. END (NIHSS score increase of >2 at 24 hr) 334 Infections Non-independent association
(2013)”
Nardi et al. NIHSS score at baseline and at 72 hr; functional outcome 8N Leukocyte counts Independent association
(2012)® (mRS) at discharge
Kumaretal.  Neurological deterioration (NIHSS score increase of >2 292 Leukocyte counts Association
(2013)"" within 24 hr)
Tian et al. ENI (decrease NIHSS score of >4 points or complete recovery 240 Leukocyte counts Independent association
(2018)” after 24 hr of intravenous treatment)
Furlanetal.  7-, 30-, and 90-day mortality rate 9,230 Blood platelet counts  Non-independent association for 7-day
(2016)* mortality rate; associated with 30-
and 90-day mortality
Turcato etal.  Lack of neurological improvement at 7 days (no NIHSS score 316 Red blood cell counts  Association with worse outcome
(2017)% of 0, nor NIHSS score <4 from baseline)
Pinho et al. NIHSS score at baseline and NIHSS score changes at 24 hr 602 Red blood cell counts  No association
(2018)%
Furlanetal.  7-,30-, and 90-day mortality rate 9,230 Red blood cell counts  High hemoglobin associated with high
(2016)* 7-day mortality
Yietal. 10-day END (NIHSS score increase of >2 points) 396 Genetic factors CYP polymorphism associated with
(2017)® CYP plasma metabolites levels in END
patients
Yietal. 10-day END (NIHSS score increase of >2 points) 297 Genetic factors 3 SNPs independent risk predictors for
(2017)% END
Yietal. 10-day END (NIHSS score increase of >2 points) 850 Genetic factors High-risk interactive genotypes were
(2017)* associated with END

END, early neurological deterioration; NIHSS, National Institute of Health Stroke Scale; ENI, early neurological improvement; CNI, continuous neurological im-
provement; LDL, low density lipoprotein; ENR, early neurological recovery; mRS, modified Rankin Scale; BP, blood pressure; CNR, complete neurological recov-
ery; ECR, early clinical recovery; HT, hemorrhagic transformation; CYP, cytochrome P450.
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Demographics

In the literature, age, sex and race are the demographic vari-
ables that have been most often related to the acute outcome
of stroke. We found seven articles that reported association of
age, sex andfor race to acute outcome.

The relation of stroke outcome with age is well established.'®
Some prior studies reported advancing age as a major negative
factor in morbidity, mortality, and long-term stroke outcome.
Regarding acute outcome, there are also several studies report-
ing its association with age.'®?' Kugler et al.”® analyzed a co-
hort of 2,219 patients to study the association between age
and early recovery after ischemic stroke. The authors studied
the functional status with the Barthel Index score at 24 hours
after admission, at 1 week and at discharge. Linear multiple re-
gression showed significant independent negative influence of
age on functional status at 1 week and at discharge, although
this influence was weak. Other authors® analyzed age as a di-
chotomic variable, dividing the cohort used into >80 or <80
years old (592 and 1,275 patients were included in each group,
respectively). They found that elder patients presented higher
NIHSS score (at baseline and 7-day) and, at day 7, more neuro-
logical worsening and mortality. However, linear regression
analysis showed that a higher 7-day NIHSS score was associ-
ated with a higher NIHSS score on admission and neurological
worsening, but not with age >80. In contrast, in one study®
with 1,064 patients that searched for variables associated with
early neurological deterioration (END; defined as an increase of
>2 in NIHSS score during the first week after stroke), the au-
thors did not find significant differences in age between END
and non-END patients. So, it seems that only older ages might
be associated with worse acute and subacute outcome, al-
though the association of age with long-term outcome is
much clearer.

Another demographic factor that influences stroke outcome is
sex. Stroke is a dimorphic disease, and incidence and outcome
differences between genders have been reported previously.”**
However, due to the difference in lifespan between men and
women, age is an important factor to take into consideration
when sex influence is analyzed in stroke outcome.’®'%2"22

Boehme et al.”

performed a study to analyze the influence of
sex and ethnicity on outcomes in which they included a total of
4,925 patients, (27.6% women, 26.9% Afro-Americans). The
outcomes of interest were admission NIHSS, END (defined as in-
crease of >2 points in NIHSS score within the first 24 hours after
hospitalization) and functional outcome. Authors found differ-
ences in admission NIHSS and functional outcome depending on
sex, although after adjusting by age and glucose on admission,

the association was no longer significant. In addition, in a study?
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with 1,064 patients, sex was not associated with END at 1 week.
So, it seems that the influence of sex on acute outcome might
be dependent on other variables.

Although the role of ethnicity in stroke outcome is not wide-
ly considered, there are several studies reporting its influence
on long-term outcome. However, in reference to acute out-
come, we found two studies”* that fulfilled our inclusion cri-
teria for this review (others did not reach sample size). In both
studies, authors found no significant differences in acute out-
come between Afro-American patients and Caucasian patients.

Comorbidities

Among the long list of comorbidities that can influence out-
come, we included those that have been reported to be associ-
ated with stroke outcome: diabetes mellitus (DM), high blood
pressure (BP), atrial fibrillation (AF), hyperlipidemia, body mass
index (BMI), renal dysfunction, heart failure, prior dementia,
and prior disability.

The presence of DM as well as elevated levels of glucose has
been associated with worse long-term outcome and acute out-
come. >3 The largest study”’ that reported an association of
DM with acute outcome included 1,088 patients. In this study,
DM was associated with END (defined as an increase of >4 on
NIHSS score during the first 72 hours after stroke). These studies
indicate that DM or high levels of glucose on admission are as-
sociated with worse outcome in the acute and subacute phase.

We found several studies associating BP with acute neuro-
logical outcome.*”** In one study with 1,116 patients included
(210 with END), the authors® analyzed the relationship among
different measures of BP and END presented within 72 hours
after stroke onset. Authors analyzed mean, maximum and min-
imum systolic and diastolic BP as well as the difference be-
tween maximum and minimum, the standard derivation and
the coefficient of variation. The statistical analyses showed
that all parameters, except diastolic BP mean, were indepen-
dently associated with END. Moreover, other authors® also
found a relationship between systolic BP and early neurological
outcome (END) in a cohort of 327 ischemic stroke patients.
Specifically, authors found that a reduction in systolic BP 24
hours after thrombolysis was independently associated with
improvement in NIHSS score at 24 hours after thrombolysis. All
those findings suggest that BP (both diastolic and systolic) is
influencing outcome, with high systolic BP and diminution of
diastolic BP being associated with worse outcome.

AF is one of the major risk factors for stroke* and its impact
on outcome has been widely studied, although mostly with
reference to long-term outcome. Regarding acute outcome,
one study® analyzed a cohort of 157 patients treated with in-
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travenous thrombolysis (IVT). No association of AF with NIHSS
was found at 24 hours or 7 days, and, even AF was significantly
associated with 3-month modified Rankin Scale (mRS) and
7-day mortality, this association was no longer significant in
the multivariable regression analysis. On the other hand, in a
more recent study,’® authors searched for factors associated
with early neurological recovery (ENR; defined as a decrease of
>8 points in NIHSS score or a score of O to 1 at 24 hours) in a
cohort of 306 patients treated with IVT. In this case, AF was
significantly more present in the non-ENR group; this was also
associated with 90-day mortality and 90-day disability.

There is no clear association of hyperlipidemia comorbidity
with stroke outcome, neither with acute outcome.”*’* In one
study,” the authors briefly reported an association between
history of hyperlipidemia and 7-day NIHSS score in their co-
hort of 142 patients. Alternatively, other authors* analyzed the
relationship between triglycerides (TG) and END (increase in
NIHSS score of >4 at 24 hours, or ENR, reduction of NIHSS
score of >4) within a week after stroke onset. Authors include
a total of 736 patients in their study. Statistical analysis
showed that TG levels had a non-linear J-shape association
with END and inverse J-shape association with ENR. Those re-
sults suggested that hypoTG and hyperTG were a risk factor for
poor early outcome after ischemic stroke. In contrast, other
study”? found that total cholesterol and low density lipoprotein
levels were associated with END (defined as an increase of >2
on NIHSS score in the first week after stroke) in a cohort of
1,064 patients, but not TG. Consequently, it seems that lipid
content may have an influence on acute outcome, but further
research is needed to establish a definitive conclusion.

The BMI is associated with cardiovascular diseases, being
overweight and obesity well established risk factors.** Never-
theless, its influence on stroke outcome has been controversial
due to the “obesity paradox."® A recent study®' included 896
patients treated with IVT to determine the association of BMI
with 3-month stroke outcome and, as secondary outcome, ENR
at 24 hours (defined as an improvement of >400% on NIHSS
score). In all cases, BMI was not associated with any studied
outcome, even after adjusting for potential confounding fac-
tors. Moreover, these findings were observed in another study?
with 1,064 patients, where no association was found between
BMI and 1-week END. In conclusion, it seems that BMI had no
impact on acute outcome.

Renal dysfunction is a cardiovascular risk factor commonly
found in stroke patients,* it is defined as estimated glomerular
filtration rate (eGFR) <60 mL/min. We found two studies that
analyzed the role of eGFR with acute outcome.”** On one
hand, one study* analyzed the association of renal dysfunction
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in a cohort of 229 ischemic stroke patients treated with IVT.
The authors found that patients with eGFR <60 mL/min had
higher NIHSS scores at baseline and at 24 hours. On the other
hand, another study,* with 199 patients recruited, did not find
any significant difference in NIHSS improvement at 24 hours
post-thrombolysis, functional independence at 3 months, nor
30-day mortality between patients with or without renal dys-
function. As a consequence, it is not clear if renal dysfunction
could be associated with worse acute outcome. Further re-
search is needed to clarify these controversial results.

For heart failure, prior dementia or prior disability we did not
find any study related with acute outcome. Nonetheless, other
studies had reported the influence of these variables on long-

term outcome."®

Pharmacological treatments prior to stroke

Statins are prescribed for treatment of hypercholesterolemia.
In stroke, statins are reported to reduce the risk of cerebrovas-
cular events, and their role in outcome improvement have been
highly studied with controversial results (several studies*’*¢
found that statins improved outcome, although another study®’
did not find this association). Besides, antithrombotic drugs are
used to prevent stroke recurrence and several studies have also
analyzed the influence of prior antithrombotic treatments on
acute outcome.®®® In the most recent study,® the authors used
a cohort of 1,124 patients to examine the association of statins
and antiplatelet pretreatments with neurological deterioration
after stroke (defined as an increase of 2 points on NIHSS dur-
ing 10 days after admission). They found that only concomitant
use of antiplatelet and statins was associated with a favorable
outcome. Moreover, another study®® with a cohort of 339 pa-
tients observed that statins pretreatment was associated with
good outcome (mRS score of O to 3) at 10 days, as well as the
concomitant use of antihypertensive, antiplatelet and statins
drugs, but not with the use of antiplatelet drugs alone. Fur-
thermore, Tsivgoulis et al.*® found that use of statins prior to
stroke was independently related with early clinical neurologi-
cal recovery in their cohort of 1,660 patients, although it was
not related with good 3-month outcome.

In summary, prior use of only antiplatelet drugs is not
enough to influence acute stroke outcome. In contrast, treat-
ment with statins prior to stroke could be associated with bet-
ter acute outcome, but not with long-term outcome.

Early outcome variables

Early outcome variables are those that can be described during
the first few hours after stroke symptoms onset, such as: leu-
koaraiosis, stroke severity, acute treatment performed, neuro-
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logical/clinical complications, levels of blood constituents, and,
in some cases, stroke etiology.

Leukoaraiosis

Leukoaraiosis is a radiological phenomenon which represents
white matter lesions and is commonly observed in elderly people.
Patients with leukoaraiosis are described as more likely to suffer
ischemic stroke and it has been demonstrated that leukoaraiosis
is more common and more severe in ischemic stroke patients
than in healthy people.”? However, little is known about the role
of leukoaraiosis on acute stroke outcome, and most of the stud-
ies have been performed with small cohorts. In the largest
study® that we found, the authors analyzed the association of
leukoaraiosis with ENR (defined as diminution on NIHSS score
during the first 24 hours after stroke) in 158 patients and did not
find any association. However, larger studies are warranted to
clarify the role of leukoaraiosis in acute outcome.

Stroke severity

Stroke severity is one of the variables most strongly correlated
with outcome, and its association with acute outcome has
been widely reported.'>"7"#5*% |n the largest study,”* a cohort
of 3,631 ischemic stroke patients was analyzed to describe the
influence of clinical variables on 7-, 30-day, and 1-year mor-
tality. The authors found that stroke severity (measured by Ca-
nadian Neurological Scale) was independently associated with
mortality at all three time points, as well as neurological dete-
rioration during hospitalization. Stroke severity therefore seems
to be more highly related with acute outcome than other fac-
tors, as its association is always reported as an independent
association after multivariable regression analysis.

Stroke etiology

In one study,’® authors observed that cardioembolic (CE) stroke
patients were more likely to have ENR (NIHSS score improve-
ment of >4 points at 24 hours) than large vessel disease (LVD)
etiology in their cohort of 557 ischemic stroke patients; no dif-
ferences were found between LVD and the other Trial of Org
10172 in Acute Stroke Treatment (TOAST) categories. Moreover,
another study® found similar results in their cohort of 122
ischemic stroke patients when analyzing 7-day neurological
improvement depending on stroke subtype. So, it seems that
LVD is associated with worse acute outcome in terms of recov-
ery compared with CE stroke etiology. However, both studies
were performed on patients undergoing thrombolysis, so fur-
ther research is needed to clarify the role of stroke etiology in
acute stroke outcome.
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Acute treatments

By acute treatments we refer to those treatments performed to
treat ischemic stroke during the acute phase, commonly
thrombolysis and/or thrombectomy. We found several studies
about their influence on acute outcome.®*" In one study,” au-
thors tested the efficacy of mechanical thrombectomy after IVT
compared to the use of IVT alone. A total of 196 patients un-
derwent randomization, with 98 patients in each group; there
were no significant differences in demographic or clinical char-
acteristics between groups. The primary outcome of the study
was functional outcome at 3 months, and secondary outcome
was NIHSS changes at 27 hours. They found that combined
treatment had a significantly better outcome at 3 months and
a higher decrease in NIHSS score, with a better neurological
status at 27 hours. Moreover, another study’ found similar re-
sults in a cohort of 206 patients divided into two groups: med-
ical therapy (control group; including IVT when eligible) and
medical therapy combined with endovascular therapy by Soli-
taire stent retriever (thrombectomy group). They found that the
thrombectomy group presented a higher rate of ENR (defined
as a decrease of 4 points in NIHSS at 24 hours) as well as bet-
ter 90-day functional and neurological outcome (by Barthel
Index score and NIHSS score respectively). In conclusion, me-
chanical thrombectomy (after IVT or not) is associated with a
better acute and long-term outcome.

Neurological complications

By neurological complications we mean those medical compli-
cations that may conclude with cognition deficit and could oc-
cur during the first days of hospitalization. We focused on
hemorrhagic transformation (HT) and edema, due to their
prevalence during acute and subacute phase.

HT is defined as an intracranial bleeding commonly detected
by imaging (computed tomography or magnetic resonance im-
aging). In the literature, HT is commonly linked with stroke
outcome and frequently more detected in IVT treated patients.
Nevertheless, influence of HT on stroke outcome depends on
its severity.”"* Fiorelli et al.”" analyzed the influence of HT on
ischemic stroke outcome: END (increase of NIHSS score of >4
at 24 hours post-stroke onset), 3-month disability (Rankin
score >1) and 3-month death. Authors used a cohort of 609
patients treated with IVT or placebo, and used the European
Cooperative Acute Stroke Study | (ECASS 1) protocol for HT
classification (hemorrhagic infarct 1 or 2 [HI-1, H1-2]; paren-
chymal hematoma 1 or 2 [PH-1, PH-2]). They found that PH-2
subtype entailed higher risk of END and 3-month death, inde-
pendently of age and extent of initial ischemic damage, in pla-
cebo and IVT patients. On the other hand, in the most recent
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study’* authors used a cohort of 339 stroke patients to analyze
the influence of HT on stroke outcome at 24 hours after
thrombolysis measured by NIHSS. In this case, authors found
that PH-2 subtype of HT was associated with worse neurologi-
cal outcome. The authors concluded that mild to moderate HT
should not be considered a complication and might be related
with successful treatment and vascular recanalization. In sum-
mary, we may conclude that severe HT (i.e,, PH-1, PH-2) is as-
sociated with worse acute outcome.

Cerebral edema is an accumulation of fluid in brain tissue,
commonly observed in the acute phase of stroke. This neuro-
logical complication seems to have a more direct effect on
stroke long-term outcome than HT.”® However, we found no
references in the literature to its influence on acute or sub-
acute outcome.

Other clinical complications

As clinical complications, we included infections, gastrointesti-
nal bleeding, and dysphagia. These three are the most com-
monly observed during the first days of hospitalization after
stroke.”® However, in reference to acute or subacute outcome,
we only found information about infections. In Boehme et al.,”’
the authors analyzed the influence of infections on acute out-
come of ischemic stroke patients for the first time, with END
being the primary outcome (NIHSS score increase of >2 at 24
hours). They used a cohort of 334 patients, of which 77 had an
infection, and classified the infections as present on admission
(POA; infection diagnosed within the first 24 hours) and hospi-
tal-acquired infections (HAls; infection diagnosed after 24
hours). Authors found that both POA and HAls were associated
with END, but after adjustment by age, NIHSS at baseline, glu-
cose on admission and IVT treatment, only HAIs remained sig-
nificant. Thus, as END was defined at 24 hours, and HAIs were
posterior to 24 hours, we cannot conclude that infections af-
fect acute outcome. And, as POA were not independently asso-
ciated with END, it seems that the influence of prior infections
on acute outcome is much lower than the influence of other
variables, such as stroke severity or acute treatment.

Blood constituents

As there is an important inflammatory response during stroke
events, the cells implicated in the immune system are likely to
be associated with stroke outcome. In addition, it is reported
that neutrophils are related with the blood brain barrier break-
down and their infiltration seems to be associated with higher
inflammation and have a role in cerebral ischemia,’® and higher
neutrophil counts before thrombolysis have been associated
with worse 3-month outcomes.”® However, there are few stud-
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ies analyzing the relation of leukocytes (including neutrophils
and lymphocytes) with acute stroke outcome.”® In Nardi et
al.® authors aimed to establish whether admission leukocyte
count affects early stroke outcome. A total of 811 ischemic
stroke patients were included in the study. NIHSS score was
measured at baseline and after 72 hours, as well as mRS at dis-
charge, and leukocytes counts were measured within 12 hours
post-stroke onset. Authors found that higher leukocytes counts
were independently associated with high NIHSS scores at base-
line and 72 hours, and with poor functional outcome at dis-
charge. So, it seems that leukocyte counts have an impact on
subacute outcome independently of age or NIHSS at baseline.

Blood platelet counts (BPC) were previously associated with
ischemic stroke risk,® although their influence on outcome is
poorly described. The study by Furlan et al.®* described the as-
sociation of abnormal BPC with outcome. They analyzed the
mortality rate in a cohort of 9,230 patients at 7, 30, and 90
days post-stroke. In a univariate analysis, all variables were as-
sociated with BPC, but after adjustment by principal confound-
ers, only 30- and 90-day mortality remains significant. So, it
seems that abnormal BPC (such as thrombocytopenia or
thrombocytosis) is associated with long term outcome but not
with acute outcome. However, further studies are needed to
confirm these findings.

Red blood cell counts and hemoglobin levels could influence
the reoxygenation during acute ischemic stroke and, in turn,
the degree of neurological damage. Turcato et al.®* analyzed
the influence of red blood cell distribution width (RDW) on
stroke outcome in a cohort of 316 ischemic stroke patients.
Authors analyzed the association of RDW with lack of neuro-
logical improvement at 7 days (no NIHSS score of 0, nor NIHSS
score <4 from baseline). They found that patients with RDW
>14.5% showed a significantly lower decrease in NIHSS score
at 24 hours and 7 days from baseline compared to patients
with RDW <14.5%. A more recent study,®® which included 602
patients, found that RDW was not associated with NIHSS nor
NIHSS changes at 24 hours. Nevertheless, RDW was associated
with 1-year survival and better 3-month functional outcome in
older patients (>75 years). On the other hand, Furlan et al.¥’
analyzed the influence of blood hemoglobin concentration
(HGB) on stroke severity and outcome after ischemic stroke in
a large cohort of 9,230 ischemic stroke patients. They found
that high HGB, but not low HGB, was an independent predictor
of increased 7-day mortality compared to normal HGB. In sum-
mary, it seems that high oxygen availability in acute phase of
stroke is associated with worse acute and subacute outcome,
although more research is needed.
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Genetic factors

There are several reports searching for the relationship of po-
tential candidate genes with stroke outcome, most of them
performed on animal models. However, regarding acute or sub-
acute outcome, we found very few articles that attempted to
find genetic factors associated with outcome.’**° The genes of
interest in those studies were: cytochrome P450 (CYP), cyclo-
oxygenase-2 (COX-2), prostaglandin 12 synthase (PTGIS),
thromboxane A synthase 1 (TBXAS1), purinergic receptor P2Y1
(P2RY1), and integrin subunit beta 3 (ITGB3, or GPlla). In those
studies, authors found different single nucleotide polymor-
phisms (SNPs) independently associated with END at 10 days
after stroke (defined as a NIHSS score increase of >2). However,
no replication was performed in those studies. Only the SNP of
COX-2, rs20417,was independently associated to END in two
different studies.®*° So, it seems that genetic factors could
have an influence on END, although further in-depth research
is needed in this area. Additionally, in reference to long-term
stroke outcome, two GWAS (Genetic contribution to functional
Outcome and Disability after Stroke [GODS]” and Genetics of
Ischemic Stroke functional outCOME [GISCOME]® studies, with
1,791 and 6,165 participants, respectively) have been recently
published with remarkable results. One study’ had found a lo-
cus located within a candidate gene, confirmed by an external
replication. These studies are beginning to clarify the influence
of genetics on patient recovery, which can help us to under-
stand all the mechanisms involved.

Conclusions

Among all the clinical variables that were included in this re-
view, there are few variables strong and clearly associated with
acute or subacute stroke outcome (Table 2). These are: glucose
levels or DM, BP, presence of AF, prior statin treatment, stroke
severity, type of acute treatment performed, sever neurological
complications (PH-2), and leukocytes levels. These clinical vari-
ables can easily be collected, so might be useful for prognosis
of acute outcome. Other clinical variables that might be asso-
ciated include hyperlipidemia, renal dysfunction, BPCs, and red
blood cells (or hemoglobin) levels. For these variables, further
research is required to establish a clear association.

It is surprising that age and sex, which are used as covariate
in association studies such as GWAS, had a very weak influ-
ence on acute and subacute stroke outcome. However, it has
been observed that those variables had an important influence
on long-term outcome. Likewise, it is interesting that BMI is
clearly not associated with acute stroke outcome, in contrast
with the controversy observed about the relationship of BMI

10  http:/fj-stroke.org

Torres-Aquila et al.

What Impacts Acute Ischemic Stroke Outcome?

Reviewed variables classified depending on its association with
stroke outcome

Stroke outcome

(acute and Baseline variable =iy qutcome Genetic factor
variable
sub-acute)
Associated Glucose levels or Stroke severity rs20417 (located

diabetes melli- Type of acute treat-  in COX-2 gene)
tus ment performed

Blood pressure  Sever neurological

Atrial fibrillation ~ complications

Prior statin (PH-2)
treatment Leukocyte levels

Might associat- Hyperlipidemia  Leukoaraiosis Candidate genes:

ed Renal dysfunc-  Stroke etiology CYp
tion Prior infections PIGIS
Blood platelet TBXAST
counts P2RY1

Red blood cells or  /TGB3
hemoglobin levels

Unknown Heart failure Cerebral edema
Prior dementia  Gastrointestinal
Prior disability bleeding
Dysphagia
No associated  Age
Sex
Ethnicity

Body mass index

PH-2, parenchymal hematoma 2; COX-2, cyclooxygenase-2; CYP, cyto-
chrome P450; PIGIS, prostaglandin 12 synthase; TBXAS1, thromboxane A
synthase 1; P2RY1, purinergic receptor P2Y1; /TGB3, integrin subunit beta 3.

with long-term outcome. Additionally, it is important to high-
light the influence of initial stroke severity on acute outcome,
to the extent that it has been reported as an independent pre-
dictor in different studies and commonly included as covariate
for predictor scales.

Regarding genetic factors, there are several SNPs reported to
be associated with neurological deterioration. However, further
studies are needed to validate these data, as there is a lack of
replication in most of the studies performed. Only rs20417 (lo-
cated in COX-2 gene) was reported to be associated with END
in two different studies.®*° Alternatively, genetic factors have
been found to be associated with long-term outcome,”® pro-
viding evidence of the utility of GWAS for exploring the genes
associated with stroke outcome. Genetic analyses in this field
may be useful to understand the molecular mechanisms behind
the acute stroke outcome, and are required as no GWAS are
currently reported.

As limitation, we considered that there is a lack of studies
with enough statistical power to detect associations and per-
form consistent replication analysis, and also a no-consensus
definition of the acute variable studied (i.e., END) makes im-
possible to perform meta-analyses, an approach required in or-
der to obtain new qualitative and quantitative findings.
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In conclusion, our review provides a “state of the art”" of this
important field, reporting all the variables consistently associated
with stroke early outcome and highlighting the lack of genetic
studies. However, further research is required in this field. Analy-
sis of acute and subacute outcome is important to understand
the molecular mechanisms behind acute and long-term recovery
and, finally, treat or prevent the worsening after stroke.
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4.3. Articulo 3

Genome-wide association study of white blood cell counts

in ischemic stroke patients

RESUMEN

Antecedentes y objetivo: Las células inmunes desempenan un papel clave en las
primeras 24 horas después de un ictus (fase aguda), y se asocian con el prondstico de esta
patologia. El objetivo fue encontrar factores de riesgo genéticos asociados con el recuento
de leucocitos durante la fase aguda del ictus.

Métodos: Se incluyeron pacientes con ictus isquémico del cual se tenian datos del
ndmero de leucocitos durante las primeras 24 h. Se realizaron un Genome-Wide Association
Study (GWAS) y estudios de expresion génica in silico.

Resultados: Nuestro GWAS, que incluyd a 2.064 (Discovery) y 407 (Replicacion)
pacientes, reveld un nuevo locus (14924.3) asociado con los recuentos de leucocitos.
Después del analisis conjunto (n = 2.471) cinco polimorfismos mas alcanzaron significacion
gendmica (p <5x10-8). El locus 14q24.3 se asocid con el estado neurolégico agudo del ictus
(rs112809786, p = 0.036) y con la expresion de los genes ACOT1 y PTGR2. Los
polimorfismos previos asociados con los recuentos de leucocitos en otras poblaciones no
mostraron ninguna asociacion significativa en nuestro estudio.

Conclusiones: Hemos encontrado el primer locus asociado con los recuentos de
leucocitos en el ictus isquémico durante la fase aguda, también asociado con el pronéstico
agudo. El analisis genético de los endofenotipos agudos podria ser til para encontrar los
factores genéticos asociados con el prondstico del ictus. Nuestros hallazgos sugieren una
modulacion diferente de las células inmunes en el ictus en comparacién con condiciones no

patologicas.
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Abstract

Background and Purpose—Immune cells play a key role in the first 24h post-stroke (acute
phase), being associated with stroke outcome. We aimed to find genetic risk factors associated
with leukocyte counts during the acute phase of stroke.

Methods—Ischemic stroke patients with leukocyte counts data during the first 24h were
included. Genome-Wide Association Study (GWAS) and gene expression studies were performed.

Results—Our GWAS, which included 2,064 (Discovery) and 407 (Replication) patients,
revealed a new locus (14q24.3) associated with leukocyte counts. After Joint analysis (n=2,471)
five more polymorphisms reached genome-wide significance (p<5x1078). The 14q24.3 locus was
associated with acute stroke outcome (rs112809786, p=0.036) and with ACOTI and PTGR2 gene
expression. Previous polymorphisms associated with leukocyte counts in general-population did
not show any significance in our study.

Conclusions—We have found the first locus associated with leukocyte counts in ischemic
stroke, also associated with acute outcome. Genetic analysis of acute endophenotypes could be
useful to find the genetic factors associated with stroke outcome. Our findings suggested a
different modulation of immune cells in stroke compared to healthy conditions.

Keywords

Genome Wide Association Study; leukocyte; ischemic stroke; Genetic; Association Studies;
Inflammation; Risk Factors; Functional Genomics

INTRODUCTION

Ischemic stroke (IS) is a complex disease. Even though there are several genes associated
with stroke risk, little is known about the genetics behind stroke outcome. Only two
genome-wide association studies (GWAS)!2 have found two loci associated with 3-month
disability post-stroke. The clinical complexity and multifactorial modulation of stroke
outcome hinder the discovery of genetic associations. To avoid this problem, one strategy is
to individually analyze internal factors of stroke (endophenotypes) associated with stroke
outcome.

The acute phase of stroke (first 24h) dramatically influences the short and long-term
outcome. During this phase there is an important inflammatory and immune response.
Immune cell levels, such as white blood cell counts (WBCc), have been associated with
worse outcome?. Currently, there are several GWAS of WBCc performed in different
populations®> that have found more than 20 loci, but none have been related to stroke.

Stroke. Author manuscript.
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We aimed to find genetic risk factors associated with WBCc during the acute phase of IS
due to its relevant role in post-stroke outcome.

MATERIAL AND METHODS

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Study population

The IS patients included were >18 years old, had a measured neurological deficit on the
National Institute of Health Stroke Scale (NIHSS) within 6h post-stroke onset, and
underwent blood analysis with WBCc data within 24h post-stroke onset. The outcomes
studied were NIHSS at 24h (acute) and modified Rankin Scale (mRS) at 3 months (long-
term). Written informed consent and ethical committee approval was obtained for all
participants. Additional cohort details are in the online-only Data Supplement (Supplemental
Methods).

Genetic analysis

RESULTS

Genotyping, imputation and quality controls are described in the online-only Data
Supplement (Supplemental Methods). We performed the SNP association analysis using
SNPTEST software and the Joint analysis was performed with METAL software.

To study expression Quantitative Trait Loci (eQTLs) associated with the candidate SNPs,
we performed in silico analyses with data from the Genotype-Tissue Expression (GTEx)
Project. The statistical analyses were performed using SPSS software v17.0 (detailed in
Supplemental Methods).

In this study, 2,132 European Caucasian IS patients were recruited in the Discovery cohort
and 407 American Caucasian patients were included in the Replication cohort. Detailed
characteristics of the Discovery cohort are included in the online-only Data Supplement
(Table I).

In the Discovery cohort, WBCc was independently associated with long-term and acute
outcome (3-month-mRS, p=3.88x1074; 24h-NIHSS, p=6.81x1073). Besides, several
variables were associated with WBCc in the univariate analysis (Table I in the online-only
Data Supplement). After stepwise linear regression, age, diabetes mellitus, baseline-NIHSS
and atherothrombotic etiology remained significant and were included as covariates in the
genetic analyses.

In the Discovery GWAS, 68 participants were excluded for lacking some covariate,
afterwards 2,064 patients and 7,340,003 SNPs were analyzed. We found one locus in
chromosome 14 associated with WBCc (Figure 1). Replication showed the same
directionality as in the Discovery cohort for the six suggestive SNPs (p<107°) of the
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14924.3 locus, three of them with nominal significance (p<0.05; Table 1). In the Joint
analysis all six SNPs reached genome-wide significance (p<5x107%; Table 1).

We performed an additional genetic association analysis in a subgroup of patients with data
collected within the first 6h after ischemic stroke, in order to test the influence of time
collection. In this sub-cohort that represents 69.67% of the Discovery cohort of the study
(n=1,438), the 14q24.3 locus was associated with WBCc but did not reach genome-wide
significance (Table II in the online-only Data Supplement). Additionally, in order to test
whether the identified locus was associated with a specific cell type of WBCc, we performed
genetic association analysis with the neutrophil and lymphocyte content for a subgroup of
patients included in the Discovery cohort (neutrophil counts, n=1,199; lymphocyte counts,
n=793). The 14q24.3 locus was not significantly associated specifically with neutrophil or
lymphocyte counts (Figure I in the online-only Data Supplement).

We tested the association of each genome-wide significant SNP in the Joint analysis with
stroke outcome. For acute outcome, rs112809786 was associated with 24h-NIHSS (p=0.036)
and four other SNPs showed a trend (p<0.1; Table III in the online-only Data Supplement),
with the same directionality of WBCc association (allele risk was associated with worse
NIHSS score). However, for long-term outcome, no association was found (Table III in the
online-only Data Supplement).

We searched previously described SNPs reported in GWAS of WBCec, in different
ethnicities and conditions, in our GWAS of WBCc in IS patients. Twenty-eight out of 30
SNPs were present in our GWAS, but none was significantly associated with WBCc after
Bonferroni correction (p>0.002; Table IV in the online-only Data Supplement).

In silico approaches showed that the 14q24.3 locus was associated with eQTLs of acyl-CoA
thioesterase 1 (4COT1) in adrenal gland tissue (p=2.0x107>), and prostaglandin reductase 2
(PTGR?2) in thyroid tissue (p=1.3x1075). For ACOT, minor alleles were associated with
higher gene expression, while for PTGR2, minor alleles were associated with lower
expression.

DISCUSSION

We have described the first locus (14q24.3) associated with the WBCc during the acute
phase of stroke, confirmed by the Joint analysis of two independent populations.
Additionally, this locus was not specific to any cell type population (neutrophils or
lymphocytes) and was not influenced by the time of collection, at least during the first 6h
after stroke. In addition, previous SNPs reported to be associated with WBCc in other
healthy populations and diseases were not consistently associated with WBCec in stroke,
suggesting a different genetic modulation for leukocyte proliferation/activation.
Furthermore, we confirmed the previously reported association of WBCc with stroke
outcome: we found an independent association of WBCc with acute and long-term stroke
outcome with a positive correlation, whereby higher WBCc was associated with higher
NIHSS and mRS, and was consequently associated with a worse outcome. Moreover, the
rs112809786 SNP within the 14q24.3 locus was associated with acute stroke outcome, in the
same directionality as WBCc (the risk allele group, associated with high WBCec, had higher
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24h-NIHSS mean than the no-risk allele group). This finding supports the idea that
individually analyzing endophenotypes could be an interesting strategy to find new genetic
associations for stroke outcome. Unexpectedly, rs112809786 was not associated with long-
term outcome. One reason could be that other factors that occur after the acute phase
(infection, rehabilitation, etc.) are influencing 3-month-mRS. Our results suggested that the
genetic factors associated with WBCc may have more influence on acute outcome than on
long-term outcome.

Besides, in silico approaches revealed eQTLs of ACOTI and PTGR2 genes for 14q24.3
locus. ACOT, an acyl-CoA thioesterase family gene member, is described as being
involved in the regulation of lipid metabolism by the peroxisome proliferator-activated
receptor alpha (PPARa), which participates in the activation and proliferation cascade of
some immune cells. Regarding PTGR2, it is described for the metabolism of prostaglandins
and in the regulation of other PPAR family genes. Interestingly, PTGR2 has been found
downregulated in monocytes of patients with leukemia®, which is consistent with our in
silico observation (14q24.3 alleles associated with higher WBCc were associated with lower
PTGR?2 expression). Thus, ACOTI and PTGR?2 are candidate genes for regulating leukocyte
proliferation and contributing to worse acute stroke outcome; however, further studies are
necessary to confirm this potential association.

As a limitation, we could not exclude patients with conditions that may influence WBCec.
However, this unbiased inclusion suggests that our findings could be applicable to any type
of IS patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Results of the Discovery analysis.
A) Manbhattan plot of the Discovery analysis. Lines represent genome-wide significance

(p<5.0x1078) and suggestive threshold (p<1.0x1075). B) Zoom plot performed on the
LocusZoom portal of the 14q24.3 locus (rs112106747, top SNP). The X and Y axes show
chromosome location and negative logarithm to base 10 of p-values (—logo(p)),

respectively.
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Table 1.

List of SNPs in the 14q24.3 locus associated with WBCec.

Discovery (n=2,064)

Replication (n=407)

Joint (n=2,471)

SNP Al | A2
MAF | P value B+SE P value | B+SE P value B+SE

rs112106747 | G A 0.016 | 3.57x10°8 | 0.67+0.12 | 0.061 0.43+0.23 | 8.05x10~° | 0.62+0.1
rs113898499 | A G 0.016 | 1.54x1077 | 0.64+0.12 | 0.055 0.4440.23 | 2.78x1078 | 0.60+0.1
rs113492829 | A G 0.016 | 1.67x1077 | 0.63£0.12 | 0.058 0.44+0.23 | 3.16x10°8 | 0.59+0.1
rs112809786 | A G 0.017 | 6.89x1077 | 0.59+0.12 | 0.047 0.49+0.25 | 3.16x10°8 | 0.57+0.1
1s78476982 C T 0.016 | 1.54x1077 | 0.64+0.12 | 0.018 0.59+0.25 | 8.01x107° | 0.63+0.1
rs74995185 A G 0.016 | 2.86x1077 | 0.63+£0.12 | 0.032 0.7240.33 | 2.51x1078 | 0.64+0.1

Genome-wide significant P values are in bold. A1 = Allele 1 (minor allele); A2 = Allele 2; MAF = Minor allele frequency; n = total sample size; B

= beta coefficient for minor allele; SE = Standard Error.
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SUPPLEMENTAL METHODS

Study population

In our Discovery Cohort we included 2,128 Spanish ischemic stroke patients. For
replication analysis, we used two external European cohorts with a total of 407 patients
(222 and 185, respectively). Etiologic subgroups of ischemic stroke patients were
classified following the TOAST! criteria. Ischemic stroke patients were recruited as part
of the GENISIS? and GODS? projects for the Discovery Cohort, and as part of the
GASROS* project for the Replication Cohort:

GENISIS project: Genetics of Early Neurological Instability after Ischemic Stroke

(GENISIS) is an international study currently recruiting patients from four different
locations: United States, Finland, Poland, and Spain. The inclusion criteria for the
GENISIS study are IS patients (age >18 years) collected from 2003 to 2017 with a
measurable neurologic deficit on the National Institutes of Health Stroke Scale
(NIHSS)within 6 hours of last known normal. Patients who received endovascular
thrombectomy, or for whom consent and/or a blood sample could not be obtained were

excluded. For our study we only included European Caucasian patients.

GODS project: The Genetic contribution to functional Outcome and Disability after

Stroke (GODS) project is a study that aimed to find genetic factors associated with stroke
outcome. All participants met the following criteria: (1) European descent, aged >18
years, diagnosis of IS in the anterior vascular territory; (2) assessed by a neurologist
during the acute phase of stroke; (3) initial stroke severity >4, according to the NIHSS;
(4) information on post-stroke functional status at 3 months (or alternatively between 3
and 6 months); (5) evidence of acute IS in a neuroimaging study; (6) lack of concomitant
disease. Individuals with stroke recurrence during the follow-up period were excluded, in

addition to posterior vascular territory and lacunar strokes.

GASROS project: Genes Associated with Stroke Risk and Outcomes Study (GASROS)
is prospective Institutional Review Board-approved study that enrolled ischemic stroke
patients between 2007-2011 with an magnetic resonance imaging (MRI) performed
within 48 hours. GASROS is a cross-sectional, hospital based cohort of consecutive
adults admitted to neurology service with diagnosis of ischemic stroke confirmed by

neuroimaging. Exclusion criteria include inability to obtain informed consent, or a

102



Publicaciones

verified diagnosis of secondary cerebral ischemia (vasculitis, subacute bacterial
endocarditis, etc.). All patients were evaluated emergently by a neurologist at the time of
admission, and clinical and laboratory data were abstracted from corresponding medical
records. The long-term functional outcomes were assessed using the mRS score collected
either in person or via a telephone interview at 3—6 months post-stroke. Only patients with

data of leukocyte counts during the first 24h post-stroke were included.

Statistical analysis

Statistical Analyses were performed using SPSS statistical package, version 17.0 (IBM,
Chicago, US). No-normal distribution of continuous variable was assessed by
Kolmogorov-Smirnov and Shapiro-Wilk tests. Correlation of continuous variables were
assessed by Spearman Test. The association between continuous variables and categorical
variables were assessed by Mann Whitney U test. Univariate General lineal model and

Stepwise Linear Regression was performed for test independent association of variables.

Genetic analysis

Genotyping of the Discovery cohort was performed with the Human Core Exome chip
(Illumina). For the Replication cohort, 222 participants were genotyped with Axion-
Biobank chip (Affimetrix) and 185 with Human Core Exome chip (Illumina).

Quality controls of genotyped data were: test of missingness (<5%), relatedness (pi-hat >
0.18), heterozygosity, and sex discrepancies, for samples; and for SNPs, genotype call
rate (<95%), Hardy-Weinberg equilibrium (p < 1x10-6), and exclusion of A/T and C/G
SNPs. Mitochondrial and sexual chromosomes (X/Y) were also excluded. Cohorts were
aligned with 1000G Phase 3 Panel reference and frequency alleles were compared.
Multidimensional scaling plots with principal components were performed and were used
to identify and remove ethnic outliers. Principal components were also used to adjust for

population stratification in the downstream analyses.

Genotype imputation was performed on Michigan Imputation Server Portal® using 1000G
Phase 3v5 panel. SNPs with r? <30%, SNPs with minor allele frequency (MAF) <1%,
and insertions and deletions were removed. Finally, a total of 7,340,003 SNPs were

included in the Discovery analysis.
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We performed a SNP association analysis using SNPTEST®® software, including as
covariates age, sex, principal components, and associated cofounders found by stepwise
linear regression. Using the METAL software, we performed a joint analysis with the

GWAS summary data of the cohorts.

Functional annotation

To study possible eQTLs associated with our candidate SNPs we performed in silico
analyses using the HaploReg v4.1 web-tool of Broad Institute, and the data available on

GTEx portal, from The Genotype-Tissue Expression (GTEx) Project’.
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SUPPLEMENTAL FIGURES
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Figure I. Comparative image of the locus 14¢24.3 associated with WBCc, neutrophil
counts and lymphocyte counts in the Discovery cohort. X and Y axis show
chromosome location and negative logarithm to base 10 of p-values (-loglO(p)),
respectively. N = number of patients included in the analysis. WBCc = white blood cell

counts.
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SUPPLEMENTAL TABLES

Table I. Detailed characteristics of the Discovery cohort and association of variables

with WBCe.
Characteristics Discovery Cohort
(n=2,132)
Age (SD) 73.4 (12.5)
Woman (%) 959 (45.1)
Hypertension (%) 1,457 (68.3)
Diabetes mellitus (%) 575 (26.9)
Atrial fibrillation (%) 676 (31.8)
WBCec (SD) 8.8 (3.1)
NIHSS at baseline (SD) 10.6 (7.2)
IV-tPA (%) 1,154 (54.1)
TOAST LAA (%) 341 (16.0)
TOAST CE (%) 906 (42.5)
TOAST SVS (%) 158 (7.4)
Other TOAST categories
%) 729 (34.2)
24h NIHSS (SD) 7.7 (7.8)
3-month mRS (SD) 2.5(2.0)

Association with WBCc
(p value)
3.37x10*

n.s.
n.s.
0.012

n.s.

8.52x10°8
n.s.
7.42x10*
0.042

n.s.
0.037

6.0x10°¢
1.91x107?

WBCc = white blood cell counts; n = number of samples; n.s. = non-significant; SD =

standard deviation; % = percentage of presence; [V-tPA = intravenous treatment with

tissue plasminogen activator; LAA = Large Artery Atherosclerosis; CE = Cardioembolic

stroke; SVS = lacunar or small vessel stroke.
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Table II. Detailed p values for the association of the SNPs of 14q24.3 locus with

WBCec in the Discovery cohort and a sub-cohort of patients with data collected

within first 6h after stroke onset.

SNP

rs112106747
rs113898499
15113492829
rs112809786
1578476982
1574995185

[

> O » > > Q

Q34 o aa o »

MAF
0.016
0.016
0.016
0.017
0.016
0.016

Discovery

(n=2,064)
P value
3.57x108
1.54x1077
1.67x107
6.89x107
1.54x1077
2.86x107

B+SE

0.67+0.12
0.64+0.12
0.63+0.12
0.59+0.12
0.64+0.12
0.63+0.12

Sub-cohort
(n=1,438)

P value

1.27x1077
7.73x1077
8.84x1077
4.97x10°¢
7.73x1077
1.06x107°

B+SE

0.81+0.15
0.76+0.15
0.74+0.15
0.66+0.14
0.76+0.15
0.77£0.16
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Table I1I. Detailed p values for the association of the SNPs of 14¢q24.3 locus with

stroke outcome.

SNPs of NIHSS at 24h 3-month mRS
14q24.3 (n=1,802) (n=1,951)
locus AA Aa p-value® AA Aa p-value®

rs112106747 8.13+7.84 9.70+7.83  0.068 2.45+£2.05 2.58+2.16 0.610
rs113898499 8.14+7.84 9.58+7.85 0.087 245+2.05 2.57+2.15 0.632
rs113492829 8.14+7.85 9.58+7.70 0.067 2.45+£2.05 2.56+£2.13 0.655
rs112809786 8.13+7.85 9.70+7.49  0.036 2.45+£2.05 2.49+2.10 0.836
rs78476982  8.14+7.84 9.58+7.85 0.087 245+2.05 2.57+2.15 0.632
rs74995185  8.15+7.84 9.34+£7.86 0.171 2.45+£2.05 2.53+£2.21 0.722
Significant p values are in bold. NIHSS = National Institute of Helath Stroke Scale; mRS
= modified Rankin Scale; AA = Homozygore reference allele group; Aa = heterozygote

allele group; aa = homozygote allele group. *Kruskal-Wallis Test, ®°Chi-Square Test.
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Table IV. List of previous described SNPs associated with WBCc in healthy

population.

SNP

rs4657616

rs2518564

rs2814778

rs12075

rs114477531

rs6734238
rs1449263

rs10932765

rs9880192
rs4328821

rs549280
rs1371799

rs2517510
rs3094212
rs2524079

rs2853946
rs4895441

rs9402686
rs445

Locus

IFI16
AIM2
DARC

DARC
HAAO
IL1F10
ITGA4
ARPC2
C3orf27
C3orf27

CXCL2
MTHFD2L
, CXCL2
HCG22
CDSN
HLA-C

HLA-C
HBSIL

HBSIL
CDK6

Reference

J. Lietal (2013)"°

M.F. Keller et al. (2014)"!
D.R. Crosslin et al. (2011)'%;
D. Jain et al. (2017)"

D.R. Crosslin et al. (2011)?
D. Jain et al. (2017)"3

M.F. Keller et al. (2014)"!
M.A. Nalls et al. (2011)"
M.F. Keller et al. (2014)"!
M.A. Nalls et al. (2011)'
M.A. Nalls et al. (2011)'%;
Y. Okada et al. (2011)"°
M.F. Keller et al. (2014)"!
A.P. Reiner et al. (2011)'®

M.A. Nalls et al. (2011)"
Y. Kamatani et al. (2010)"”
M.A. Nalls et al. (2011)"%;
D. Jain et al. (2017)"3

M.F. Keller et al. (2014)"!
Y. Kamatani et al. (2010)'7;
M.F. Keller et al. (2014)"!
M.F. Keller et al. (2014)"!
Y. Kamatani et al. (2010)'7;
M.F. Keller et al. (2014)'!;
A.P. Reiner et al. (2011)';
Y. Okada et al. (2011)"

P value

Discovery

0.016
0.221
0.961

0.221
NA

0.609
0.094
0.047
0.734
0.300

0.499
0.570

0.211
0.097
0.007

0.014
0.935

0.904
NA

P
value
Joint

0.023
0.468
0.961

0.270
NA

0.604
0.166
0.029
0.835
0.027

0.142
0.153

0.262

0.076

0.004

0.016
0.244

0.229
NA
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Table IV. Continuation.

rs2380606
rs2163950
rs10098310

rs10980800

rs12313946

rs3859192

rs4065321

rs4794822

rs8078723

rs2227336
rs10411936

110

SLCOS5A1
CCDC26
CCDC26

LPARI1
RAPI1B
GSDMA
PSMD3

PSMD3

CSF3,
PSMD3
MED24
EPSISLI

D. Jain et al. (2017)"3

M.F. Keller et al. (2014)"!
M.F. Keller et al. (2014)';
M.A. Nalls et al. (2011)™*
M.A. Nalls et al. (2011)'
Y. Kamatani et al. (2010)"7
D.R. Crosslin et al. (2011)?
D.R. Crosslin et al. (2011)'?;
Y. Kamatani et al. (2010)"7
M.F. Keller et al. (2014)";
M.A. Nalls et al. (2011)'4;
Y. Okada et al. (2011)"®
M.A. Nalls et al. (2011)™*

D. Jain et al. (2017)"3
M.A. Nalls et al. (2011)"*

0.223
0.538
0.013

0.136

0.104

0.168

0.903

0.264

0.278

0.270
0.274

0.196
0.428
0.085

0.233

0.152

0.065

0.404

0.123

0.130

0.126
0.242
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5. Discusioén

Los resultados de los trabajos que componen esta tesis indican primero, que es
posible encontrar nuevos factores de riesgo genéticos para ictus isquémico utilizando
cohortes geograficamente homogéneas y segundo, que el analisis de endofenotipos puede
ser una herramienta (til para encontrar nuevos factores de riesgo genéticos asociados al

pronéstico del ictus isquémico.

Pese a que tener un gran tamano muestral se ha demostrado fundamental para
encontrar resultados significativos en los estudios GWAS, aumentar la homogeneidad de la
muestra, aunque sea reduciendo drasticamente el niimero de pacientes a analizar, puede
ser una herramienta Gtil para encontrar factores de riesgo genético en determinados casos,
por ejemplo, al buscar factores de riesgo genético en poblaciones concretas. Asi pues, tanto
el uso de cohortes homogéneas a nivel geografico (hipbtesis 1) como analizar una variable
menos multifactorial como son los endofenotipos (hipétesis 2), permiten aumentar el poder
estadistico de los analisis GWAS al reducir la heterogeneidad y facilita el descubrimiento de

nuevos factores genéticos asociados al ictus isquémico.

5.1. Factores genéticos de riesgo en el ictus isquémico

Encontrar nuevos factores de riesgo genéticos asociados al ictus isquémico es
importante por varias razones, entre las que destacan el descubrimiento de nuevas dianas
terapéuticas, la implementacion de nuevos tratamientos resultantes del reposicionamiento
de farmacos o la mejora de las predicciones de riesgo anadiendo los factores genéticos a
las escalas de prediccion clinica como el REGICOR, por ejemplo. Asimismo, para poder
alcanzar estos hitos, es necesario entender las implicaciones biolégicas que tiene el factor

génico de riesgo, ya sea a nivel de regulacion genética o a nivel de funcionalidad proteica.

En el articulo 4.1 de la presente Tesis se ha realizado un GWAS con 5.227 controles y
1.752 casos, y se ha utilizado la cohorte internacional del MEGASTROKE45 como primera
replicacion y una segunda cohorte espanola independiente de 1.720 participantes como
segunda replicacion. Utilizando esta estrategia de GWAS caso-control de tres etapas, se ha
descrito por primera vez un factor genético de riesgo especifico de poblacién espanola,
cumpliendo asi con los objetivos 1y 2 de la presente Tesis, los cuales estaban enfocados en
el descubrimiento de nuevos factores genéticos de riesgo para el ictus isquémico.
Concretamente, en este trabajo se describe el SNP rs34324185 como factor de riesgo
genético para el ictus de tipo lacunar y, ademas, se demuestra que dicho factor afecta a los
niveles de expresion del gen candidato MAN2B1 (los individuos con el alelo de riesgo del
SNP rs34324185 presentaban mayor expresion de MAN2B1). Ademas, los estudios

funcionales descritos en el manuscrito 8.1, demuestran que la enzima a-manosidasa
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lisosomal, codificada en el gen MAN2B1, es mas activa en los pacientes con ictus lacunar
que en pacientes de otras etiologias o individuos sanos (objetivo 3 de la Tesis), abriendo la
posibilidad de utilizar esta proteina como biomarcador de ictus lacunar. Estos resultados

proporcionan nueva informacién sobre la fisiopatologia del ictus isquémico lacunar.

El ictus lacunar se produce por la obstruccion de un vaso pequefo del sistema
circulatorio cerebral. Este subtipo de ictus puede ser producido por mecanismos
relacionados o no con los vasos sanguineos pequenos. Los mecanismos de pequeno vaso
conocidos son la disfuncion endotelial y la degradacion de la barrera hematoencefalica (BBB,
del inglés ‘blood-brain barrier’)8. El ictus lacunar causado por estos mecanismos se
caracteriza por la presencia de lipohialinosis, el cual causa pequenas hemorragias,
agrandamiento de la pared de los vasos y presencia de depoésitos de fibrinoides; ademas,
este tipo de ictus lacunar es probable que esté relacionado con la presencia de
hiperintensidades de sustancia blanca (WMH, del inglés ‘white matter hyperintensities’).
Asimismo, los posibles mecanismos no relacionados con los vasos sanguineos pequenos
son la aterosclerosis y la fibrilacién auricular8l. Estos mecanismos suelen causar un ictus
lacunar de mayor tamano que los causados por mecanismos de pequeino vaso, ademas, la

asociacion con la presencia de WMH es menos clara.

Por lo que respecta a MAN2B1, este gen codifica para la enzima a-manosidasa
lisosomal. Esta enzima es miembro de la familia 38 de las glicosil-hidrolasas y es necesaria
para el catabolismo de los carbohidratos ligados a nitrégeno liberados durante el recambio
de glucoproteinas. La a-manosidasa lisosomal se localiza en el lumen del lisosoma e

hidroliza los residuos terminales de a-D-manosa en a-D-manésidos.

Es posible observar una conexion entre lisosoma y enfermedad de pequeno vaso y/o
ictus lacunar. Los genes que codifican a Catepsin A (CTSA) y adenosina desaminasa 2 (ADA2)
estan relacionados con enfermedades de pequeino vaso. En concreto, mutaciones en estos
genes causan las enfermedades monogénicas CARASAL y DADA2, respectivamente, que
afectan al sistema de pequeno vaso cerebral. Ademas, las proteinas codificadas en estos
genes también se encuentran localizados en el lumen del lisosoma&2, donde también se
localiza la proteina Man2bl. Asimismo, un estudio previo también demostré que la
sobreexpresion de MAN2C1, otro miembro de la familia 38 de las glicosil-hidrolasas paralogo
de MAN2B1, provocaba la subglicosilacion de las proteinas y la regulacién positiva de la via
de degradacion asociada al reticulo endoplasmatico83 pudiendo afectar a las proteinas

estructurales.

Teniendo en cuenta la informacion previa, es plausible que el papel de MAN2B1 en el
ictus lacunar esté relacionado con los dos mecanismos de pequeno vaso descritos para esta

patologia. Por una parte, MAN2B1 puede estar causando un malfuncionamiento del
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lisosoma y afectando a las células del endotelio (disfuncién endotelial), aumentando asi el
riesgo de ictus lacunar; y, por otra parte, MAN2B1 puede estar promoviendo la degradacion
de la BBB mediante la subglicosilacion de las proteinas estructurales de la BBB, actuando
de manera similar que MAN2C183, y desencadenando asi el ictus lacunar. No obstante, el
papel del lisosoma en las enfermedades de pequeno vaso que no sean enfermedades

monogénicas, y/o en el ictus lacunar adn esta por determinar.

Por otra parte, durante los Ultimos anos se han descrito diversos biomarcadores para
identificar los ictus de tipo lacunar84. Sin embargo, actualmente ninguno esta siendo

aplicado en la practica clinica.

La actividad enzimatica a-manosidasa esta claramente diferenciada entre subtipos de
ictus, siendo muy elevada en ictus de tipo lacunar, y se puede medir en 30 min en una
muestra de plasma del paciente. En base a esto, es posible que el ensayo enzimatico de la
actividad a-manosidasa sea un buen biomarcador para distinguir a los pacientes con ictus
isquémico aterotrombético y/o cardioembdlico de los pacientes con ictus lacunar. Asimismo,
esta posible aplicacion requiere de mas ensayos funcionales que prueben la eficacia,
sensibilidad y especificidad de este ensayo en la diferenciacion de los diferentes subtipos
de ictus. También, puesto que el ictus lacunar comparte caracteristicas de su patologia con
el ictus hemorragico, seria interesante analizar la actividad de esta enzima en el ictus
hemorragico para determinar si también tiene relaciéon con esta patologia y si es posible

utilizarlo como biomarcador para diferenciar este tipo de ictus.

5.2. Endofenotipos en el pronostico del ictus isquémico

El pronéstico del ictus isquémico es variado y esta influenciado por gran cantidad de
factores. En la literatura actual hay gran cantidad de estudios que reportan la asociacién de
diversas variables clinicas con el pronéstico del ictus isquémico, presentando a veces

resultados contradictorios.

Asimismo, una de las variables con mayor influencia en el pronéstico final del paciente
es la evolucién durante la fase aguda del ictus. Por ello, si se quiere mejorar el prondstico
final de esta enfermedad, analizar los factores que influyen en la evolucién de los pacientes

durante la fase aguda y subaguda del ictus es relevante desde un punto de vista clinico.

En este trabajo se ha realizado una revision sistematica de los principales factores,
tanto clinicos como genéticos, asociados al pronéstico durante la fase aguda del ictus
isquémico (objetivo 4 de la Tesis). Los resultados de dicha revision se han publicado en el
articulo 4.2 de la presente Tesis. Los articulos incluidos en la revision estudiaban el

prondstico durante la fase aguda del ictus a nivel funcional, medido mediante la escala mRS,
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y/0 a nivel neurolégico, medido mediante la escala NIHSS o la escala neurolégica

canadiense.

De entre las variables clinicas revisadas, aquellas que tienen una asociacibn mas
relevante con el prondstico durante la fase aguda del ictus son: los niveles de glucosa en
sangre (o la diabetes mellitus), la presion sanguinea, la fibrilacién auricular, el tratamiento
con estatinas previo al ictus, la severidad inicial del ictus, la realizaciéon de tratamientos en
fase aguda (trombectomia mecanica o trombdlisis), padecer una complicacion neurolégica

severa (hematoma parenquimatoso) y los niveles de células inmunes.

Estas variables se pueden obtener facilmente durante las primeras horas de ingreso
del paciente. Asi pues, pueden ser de gran utilidad para predecir el estado final del paciente.
Concretamente, los niveles de células inmunes se asocian de manera independiente con el
estado neurolégico del paciente32 (NIHSS a las 24h post-ictus) y con el deterioro
neurologicoss:8é (diferencia de NIHSS entre basal y 24h). Ademas, al ser una variable que se
recoge de manera sistematica en la entrada a urgencias de los pacientes, esto facilita la
disponibilidad de los datos de cara a realizar futuros estudios. Sin embargo, aun existen gran
cantidad de variables clinicas cuya asociacion al pronostico del paciente no es concluyente,

poniendo de manifiesto la necesidad de realizar mayor investigacion en este tema.

Respecto a los factores genéticos asociados al pronéstico durante la fase aguda del
ictus, estos no han sido estudiados en profundidad en la actualidad. Existen diversos genes
candidatos reportados en diferentes estudios basados en estrategias de analisis de gen
candidato. Sin embargo, ninguno ha sido adecuadamente validado con excepcion del
polimorfismo rs20417 situado en el gen COX-2, el cual se ha reportado asociado al deterioro

neurologico en dos estudios independientess?88,

Una mejor estrategia para encontrar nuevos factores genéticos asociados al
pronéstico del ictus isquémico es la realizaciéon de estudios GWAS, pero actualmente no
existe ningln estudio que analice el prondstico durante la fase aguda del ictus isquémico.
No obstante, dos estudios GWAS que analizaron el pronéstico funcional del paciente al tercer
mes*8.49, encontraron potenciales genes asociados con el grado de discapacidad post-ictus,

demostrando la utilidad de este tipo de estudios genéticos para este campo.

Asi pues, la revision realizada recoge los factores clinicos que intervienen en el
prondstico durante la fase aguda del paciente, determina endofenotipos importantes del
mismo, y pone de manifiesto la necesidad de realizar mas estudios en este campo,

incluyendo estudios genéticos que analicen el genoma completo de los pacientes.

120



Discusion

5.3. Factores genéticos para el prondstico del ictus isquémico

Encontrar nuevos factores genéticos asociados al prondstico del ictus isquémico tiene
una gran utilidad de cara a desvelar las moléculas, proteinas y vias metabdlicas implicadas
en este proceso. Con esa informacion seria posible encontrar nuevos farmacos para
estimular una mayor recuperacion del paciente. Asimismo, la heterogeneidad y el origen
multifactorial del pronéstico del ictus dificulta la realizacion de GWAS sobre esta variable y
eleva el nimero de pacientes necesarios para los analisis genéticos de asociacion. Una
posible estrategia para solventar este problema es analizar de manera individual factores

especificos asociados al pronodstico del ictus (endofenotipos).

En el articulo 4.3 se ha profundizado en la implicacion del contenido de células
inmunolégicas en sangre en el pronéstico durante la fase aguda del ictus isquémico, puesto
que es uno de los endofenotipos asociados al mismo. Concretamente, se ha realizado un
GWAS del nimero de leucocitos durante la fase agudo a del ictus en 2.064 pacientes y se
han replicado los resultados en una segunda cohorte independiente de 407 pacientes. El
objetivo de este estudio era encontrar posibles factores de riesgo genéticos asociados al
pronéstico durante la fase aguda del ictus isquémico por estar modificando una variable

asociada a dicho prondstico.

En este articulo se describe la asociacion del locus 14q24.3 con ndmero de células
inmunes durante la fase aguda del ictus isquémico. Estos resultados representan una
novedad en este campo puesto que el locus 14924.3 no ha sido previamente descrito en los
GWAS realizados que analizaban los factores genéticos asociados con el ndmero de
leucocitos en poblacién sana o en cohortes que presentaban otro tipo de patologias
diferentes al ictus. Ademas, los analisis in silico realizados en este trabajo demuestran la
asociacion de este locus con loci caracteristicos de expresion cuantitativa o eQTL (del inglés,
‘expression Quantitative Trait Loci’) de dos genes, acil-CoA tioesterasa 1 (ACOT1) y
prostaglandina reductasa 2 (PTGR2), convirtiéndolos en dos nuevos genes candidatos para

la regulacion de la proliferacion de leucocitos durante la fase aguda del ictus isquémico.

Concretamente, los individuos portadores del alelo de riesgo asociado a mayor nimero
de células inmunes presentan el gen ACOT1 sobre-expresado en la glandula suprarrenal,
mientras que PTGR2 se ve infra-expresado en tejido tiroideo. Por una parte, ACOT1 interviene
en la regulacion del metabolismo de lipidos, mientras que PTGR2 esta asociado al
metabolismo de las prostaglandinas; ademas, ambos genes interactlan con diferentes
miembros de la familia de receptores activados por proliferador de peroxisoma (PPAR, del
inglés ‘peroxisome proliferator activated receptor’), los cuales han sido descritos en la
activacion y proliferacion de algunas células inmunes8d. Asimismo, pese a que los eQTL de

ambos genes se han encontrado en tejidos diferentes al tejido sanguineo, en la literatura se
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ha descrito la regulacion negativa de PTGR2 en monocitos de pacientes con leucemia®o,

consensuando con los resultados obtenidos para este gen.

Adicionalmente, en el articulo 4.3 también se describe la asociacion del polimorfismo
rs112809786, perteneciente al locus 14924.3, con el pronéstico neurolégico agudo del
ictus isquémico. Concretamente, el grupo de pacientes portadores del alelo de riesgo
asociado a mayor nimero de células inmunes presentaba una media de NIHSS a las 24h
mayor que el grupo con el alelo de no-riesgo. Pese a que para este polimorfismo no se
encontraron eQTL significativamente asociados, los demas polimorfismos del locus 14q24.3
si se asociaron a eQTL de ACOT1 y PTGR2, por lo que es posible que el SNP rs112809786
también esté alterando la expresion de ambos genes teniendo impacto en el pronédstico
neurologico tras el ictus isquémico. La asociacidbn encontrada entre el polimorfismo
rs112809786 y el estado neurolégico agudo del paciente demuestra la utilidad de los
analisis génicos de endofenotipos para encontrar nuevos factores de riesgo genéticos

asociados al pronéstico del ictus isquémico (objetivo 5 de la presente Tesis).

Sin embargo, aln es necesario profundizar en la investigacion de ambos genes para
determinar como afectan a la proliferacion de los leucocitos en la fase aguda del ictus
isquémico y su potencial influencia en el deterioro neurolégico del paciente. Asimismo,
también es necesario continuar con la investigacion respecto al polimorfismo rs112809786
para determinar coémo influye éste en la evolucion neurolégica del ictus isquémico y si tiene

relacion con los genes candidatos del locus.

Asi pues, los resultados obtenidos en el articulo 4.3 validan la estrategia de analisis
génico de endofenotipos asociados al prondstico del ictus isquémico como una buena
estrategia para encontrar nuevos factores genéticos asociados al pronéstico del paciente.
Esto abre la posibilidad de realizar otros estudios GWAS centrados en otros endofenotipos
relevantes y mencionados en el articulo 4.2, con el objetivo de encontrar nuevos factores

genéticos asociados al prondstico neuroldgico y funcional del ictus isquémico.
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6. Conclusiones

Se ha identificado el polimorfismo rs34324185 como nuevo factor de riesgo especifico

de poblacién espafola para ictus de tipo lacunar y se ha validado en poblacion

internacional.

1.1. La utilizacion de poblaciones homogéneas aumenta el poder estadistico de los
analisis genémicos al disminuir la heterogeneidad del trasfondo genético.

Los analisis funcionales identifican a MAN2B1 como el gen candidato del locus asociado

con el ictus lacunar.

Los endofenotipos claramente asociados al pronéstico durante la fase aguda del ictus

isquémico son: los niveles de glucosa en sangre, la presidon sanguinea, la fibrilacién

auricular, el tratamiento con estatinas previo al ictus, la severidad inicial del ictus, la

realizacion de tratamientos en fase aguda, padecer una complicacion neurolégica severa

y el nimero de leucocitos.

Se ha identificado un nuevo factor genético asociado al pronéstico del ictus mediante el

analisis genético del nimero de leucocitos durante la fase aguda del ictus.

4.1. Hemos descrito un nuevo locus (14q24.3) asociado al nimero de células inmunes
en pacientes con ictus isquémico, no descrito previamente en poblacion sana.

4.2. El polimorfismo rs20417, perteneciente al locus 14924.3, se asocia al estado
neurologico durante la fase aguda del ictus isquémico.

4.3. El analisis genético de endofenotipos es una nueva estrategia para descubrir

nuevos factores genéticos asociados al pronéstico durante la fase aguda del ictus.
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