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RESUM

La migranya és un trastorn neurologic comu que afecta un 15% de la poblaci6é. Es
caracteritza per l'aparicid6 d’episodis de cefalees recurrents i incapacitants, molt sovint
acompanyades d’altres simptomes com la sensibilitat a la llum, les nausees o els vomits. La
seva prevalencga és variable en funcié de I'edat i el sexe, essent fins a tres vegades més
frequent en dones en etapa adolescent o adulta. Clinicament, la migranya es classifica en
dos subtipus, migranya sense aura i migranya amb aura, aquesta ultima caracteritzada per
I'aparicio de simptomes neurologics que precedeixen i/o acompanyen la cefalea.

La migranya comuna té una etiologia complexa, en qué participen factors genétics, encara
poc coneguts, i ambientals. Hi ha, perd, una forma rara monogénica del trastorn, la migranya
amb aura hemiplégica, de la qual ja s'han resolt molts casos amb gens i mutacions descrites,
i que per tant constitueix un bon punt de partida per abordar I'estudi de la migranya comuna.
En aquest treball hem aprofundit en els aspectes genétics de les formes rara i comuna de
migranya, en pacients amb i sense aura. S’han dut a terme cribratges mutacionals, basats en
seqlienciacio i analisi de CNVs, en pacients amb migranya hemiplégica o altres trastorns
paroxistics relacionats, tot identificant diverses mutacions causals. D’altra banda, s’han
realitzat estudis d’associacié a escala genomica i amb gens candidats amb I'objectiu de
detectar variants de susceptibilitat a la migranya comuna. Entre les dianes dels nostres
estudis hi ha els microRNAs, molécules reguladores de I'expressié génica que no havien
estat avaluades fins ara en pacients migranyosos. En ultim terme, es presenten els resultats
preliminars d'un estudi de transcriptdmica en un model animal de depressié cortical

propagant.
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INTRODUCCIO

1. GENERALITATS

1.1. CLIiNICA

La migranya és un trastorn neurologic primari molt frequent a la poblacié general. S’estima
que aproximadament un 15% de la poblacié europea la pateix (Stovner & Andree 2010). Es
de caracter episodic i incapacitant, i es manifesta amb atacs de cefalea de tipus pulsatiu,
unilateral, d’intensitat moderada a severa i que empitjora amb I'activitat fisica. Generalment
els episodis van acompanyats d’altres factors com la fotofobia, fonofobia, nausees i/o vomits.
La migranya s'accepta generalment com un trastorn d'etiologia complexa en qué participen
una combinacié de factors ambientals i genétics de risc (Wessman et al. 2007), tot i que hi ha
casos rars en qué presenta una heréncia mendeliana (Stovner & Andree 2010). S'han
identificat alguns desencadenants ambientals dels episodis migranyosos, que poden ser de
naturalesa diversa, com ara quimics, alimentaris, emocionals o climatologics (Kelman 2007).
D’altra banda, els estudis de bessons i d'agregacié familiar donen suport a la participacio de
factors genétics de susceptibilitat (Mulder et al. 2003, Ulrich et al. 1999).

1.2. DIAGNOSTIC

El diagnostic clinic de la migranya esta basat, a falta de marcadors bioldgics i per la seva
naturalesa episodica, en criteris subjectius que depenen de les impressions del propi pacient.
Aixo fa dificil en gran mesura l'obtencié d'un diagnostic acurat (Loder & Rizzoli 2006,
Wessman et al. 2007).

Es per aixd que es van establir criteris de classificacié i diagnostics universals, la primera
edicié dels quals fou publicada I'any 1988 per la International Headache Society (IHS), i es
van recollir a la International Classification of Headache Disorders (ICHD-I) (International
Headache Society (IHS) 1988). L’any 2004 van ser revisats i actualitzats, donant lloc a la
segona edicié (ICHD-II) (International Headache Society (IHS) 2004), que ha estat 'emprada
en aquesta Tesi (Taula 1). La migranya s’inclou en l'apartat de cefalees primaries.
Actualment s’esta elaborant una segona revisio (ICHD-IIl), que encara esta en fase beta
(Headache Classification Committee of the International Headache 2013).

En termes generals, la migranya es pot dividir en dos subtipus principals: migranya sense
aura (MO), caracteritzada pels episodis de cefalea i simptomatologia associada, i la migranya
amb aura (MA), en qué apareixen, a més de la cefalea, quadres focals neurologics que la

precedeixen o acompanyen.



Una altra classificacié utilitzada en algunes ocasions és I'analisi de classes latents (LCA), un
meétode estadistic per identificar subgrups de pacients a partir de dades categoriques
multivariables. Aquest s’aplica a les dades simptomatologiques de les cefalles per obtenir

grups ordenats segons la severitat (Nyholt et al. 2004).

Taula 1. Classificacié de la migranya segons I'lCHD-II (ISH 2004)

CEFALEES PRIMARIES
1. MIGRANYA

1.1. Migranya sense aura

1.2. Migranya amb aura
1.2.1. Aura tipica amb cefalea de tipus migranyoés
1.2.2. Aura tipica amb cefalea no migranyosa
1.2.3. Aura tipica sense cefalea
1.2.4. Migranya hemiplégica familiar
1.2.5. Migranya hemiplégica esporadica
1.2.6. Migranya de tipus basilar

1.3. Sindromes periodiques de la infancia
1.3.1. Vomits clinics
1.3.2. Migranya abdominal
1.3.3. Vertigen paroxistic benigne de la infancia

1.4. Migranya retiniana

1.5. Complicacions de la migranya
1.5.1. Migranya cronica
1.5.2. Estatus migranyds
1.5.3. Aura persistent sense infart
1.5.4. Infart migranyos

1.5.5. Crisis comicials desencadenades per migranya

1.2.1. Migranya sense aura (MO)

La migranya sense aura (MO, 1.1 ICHD-II) es defineix com un trastorn consistent en cefalees
recurrents que es manifesten en atacs de 4-72 hores de durada. Les caracteristiques
tipiques dels mals de cap soén la localitzacié unilateral, qualitat pulsativa, intensitat moderada
0 severa, empitjorament amb activitat fisica rutinaria i 'associacié amb nausees i/o fotofobia i
fonofdbia (International Headache Society (IHS) 2004). Es el subtipus migranyés més
frequent entre els pacients i aquests presenten un major nombre d’atacs, aixi com més
severitat dels episodis (Russell et al. 1995). Els criteris diagnostics de la migranya sense
aura es recullen a la taula 2. Hi ha, a més, algunes variacions per al diagnostic dels casos
infantils, que presenten una durada dels atacs i caracteristiques de la cefalea diferents (com
ara la possibilitat d’episodis inferiors a dues hores o dolor bilateral) ) (International Headache
Society (IHS) 2004).



Taula 2. Criteris diagnostics per a la migranya sense aura (MO)

MIGRANYA SENSE AURA
A. Un minim de 5 crisis que compleixin els criteris B-D
B. Cefalea d'entre 4-72 hores de durada (no tractada o amb tractament ineficag)
C. Cefalea que presenta un minim de dues de les seglients caracteristiques:
1. Localitzacié unilateral
2. Qualitat pulsativa
3. Intensitat moderada a severa
4. Empitjora o fa evitar I'activitat fisica rutinaria (ex. caminar, pujar escales)
D. Durant la cefalea es presenta com a minim una de les seglents caracteristiques:
1. Nausees i/lvomits
2. Fotofobia i fonofobia

E. No atribuible a cap altre trastorn

La MO sovint presenta una relacié estricta amb el cicle menstrual, i és per aix0 que la
classificacié contempla criteris annexos distintius per a la migranya menstrual pura (A1.1.1),
la migranya relacionada amb la menstruacié (A1.1.2) i migranya sense aura no relacionada
amb la menstruacio (A1.1.3), tot i que hi ha debat sobre si cal considerar les dues primeres
entitats com a independents.

Aquells pacients que presenten una freqiiéncia dels episodis >15 atacs/mes durant >3 mesos
son diagnosticats alhora com a migranya cronica (1.5.1) sense abus de medicaments. En cas
contrari se’ls diagnostica com a cefalea per abus de medicament (8.2), ja que la MO és un
dels trastorns que es desencadena amb més freqiéncia com a conseqiieéncia de la

medicacio simptomatica ) (International Headache Society (IHS) 2004).

1.2.2. Migranya amb aura (MA)

La migranya amb aura (MA) és un trastorn recurrent que es manifesta amb simptomes
neurologics focals reversibles que generalment es desenvolupen de manera gradual al llarg
de 5-20 minuts i duren menys de 60 minuts . La fase de cefalea amb caracteristiques de MO
apareix generalment després dels simptomes de I'aura. En alguns casos aquest mal de cap
no presenta caracteristiques migranyoses o és completament absent ) (International
Headache Society (IHS) 2004). Els criteris de diagnostic per a la MA es detallen a la taula 3.
La majoria de pacients amb migranya presenten atacs exclusivament sense aura.
Aproximadament un ter¢ dels pacients migranyosos son diagnosticats com a MA, tot i que

molts d’ells també poden patir alguns atacs sense aura.



Taula 3. Criteris diagnostics per a la migranya amb aura (MA) (IHS 2004).

MIGRANYA AMB AURA
A. Un minim de 2 crisis que compleixin el criteri B
B. Aura migranyosa que compleixi els criteris B i C per un dels subtipus 1.2.1-1.2.6
B. Aura caracteritzada per un minim d'una de les seglients caracteristiques,
sense déficit motor:
1. Simptomes visuals totalment reversibles que inclouen fendomens positius (ex.
llums pampalluguejants, punts o linies) i/o negatius (p.ex. perdua de visio)
2. Simptomes sensorials totalment reversibles que inclouen fenomens positius
(ex. formigueig, parestésies) i/o negatius (ex. pérdua de sensibilitat)
3. Trastorn del llenguatge totalment reversible
C. Un minim de dos dels seglients punts:
1. Simptomes visuals homonims i/o sensorials unilaterals
2. Com a minim un dels simptomes de I'aura es desenvolupa gradualment
durant 5 minuts o més i/o diferents simptomes de I'aura tenen lloc en
successions de 5 minuts o més
3. Cada simptoma te una durada d'entre 5 i 60 minuts

C. no atribuible a cap altre trastorn

*Es detallen els criteris del subtipus 1.2.1 a la taula, corresponents a la migranya amb aura tipica.

L’aura consisteix en un conjunt de simptomes neuroldgics que tenen lloc just abans o en el
moment de l'aparicié de I'episodi migranyds. La majoria de pacients MA presenten aura
visual, tot i que també hi ha casos en qué l'aura és sensorial o motora. Abans o
simultaniament a l'aparicid dels simptomes de l'aura, el flux sanguini cerebral local
disminueix a la regi6 de I'escorga corresponent a I'area afectada i sovint inclou una zona més
extensa. Aquesta reduccid del flux sanguini s’inicia en regions posteriors i s’estén
anteriorment. Passades d'una a diverses hores té lloc una transicié gradual a hiperémia a la
mateixa regi6é. El fenomen conegut com a depressio cortical propagada (Cortical Spreading
Depression, CSD), del qual parlarem a la seccié de fisiopatologia de la migranya, esta
implicat en el desenvolupament de I'aura (Lauritzen 2001).

La MA inclou un subtipus rar de migranya, la migranya amb aura hemiplégica (HM), que
classifica els pacients de forma separada si presenten déficits motors durant els episodis. Es
tracta d’'una malaltia mendeliana autosdomica dominant, que pot presentar-se en families
(1.2.4, ICHD-II) o de forma esporadica (1.2.5, ICHD-II) (vegeu l'apartat 3.1).

1.2.3. Comorbiditats

La comorbiditat es defineix com la coexisténcia de dues malalties en un mateix individu de
manera més freqiient del que hom esperaria per atzar. Es important conéixer les
comorbiditats per tal de determinar i adequar el tractament de cada pacient.

En diversos estudis poblacionals s’ha observat que hi ha comorbiditat entre la migranya i
algunes malalties neurologiques i psiquiatriques (ictus, epilépsia, depressio i trastorn bipolar)
i vasculars (infart i malalties cardiovasculars) (Bloudek et al. 2012, Jensen & Stovner 2008,



Sacco et al. 2006). A més, els pacients migranyosos presenten més freqientment
comorbiditat amb altres tipus de cefalees, com la tensional (Tension-Type Headache, TTH)
(Russell 2005).

1.3. TRACTAMENT

Per establir un tractament adequat per a un pacient migranyés, el pas més critic és el
diagnostic clinic. Aquest haura de ser acurat i tenir en compte la severitat i freqiéncia dels
atacs, aixi com la simptomatologia associada i comorbiditat amb d'altres malalties que
presenti el pacient. El tractament farmacologic de la migranya pot dividir-se en dos tipus
principals: el tractament profilactic, administrat diariament amb ['objectiu de reduir la
frequéncia i la severitat de les crisis, i el tractament agut, per aturar els atacs (Goadsby et al.
2002, Rapoport 2008).

1.3.1. Tractament agut

El tractament agut té com a objectiu aturar la crisi migranyosa quan aquesta ja ha comengat.
Esta indicat per a cada episodi que pateix el pacient, tot i que si se superen els 10-15 dies de
tractament al mes, un tractament profilactic esta més indicat.

Pot fer-se una distinci6 entre farmacs no especifics (analgésics i antiinflamatoris no
esteroideus (AINEs)) i especifics per a la migranya (com els triptans i els ergots) (Rapoport
2008).

Els triptans son els farmacs especifics més efectius que es coneixen per a la migranya. Sén
agonistes selectius dels receptors de serotonina 1B i 1D. L’activacié dels receptors 1B
provoca la constriccio de les artéries de les meninges, mentre que l'activacié dels receptors
D1 en els nervis sensorials trigémins centrals i periférics inhibeix la transmissid nociceptiva i
l'alliberament de neurotransmissors (Goadsby et al. 2002, Kalra & Elliott 2007, Rapoport
2008). Els ergots, a diferencia dels triptans, presenten un efecte no selectiu a nivell de
receptors, produint l'aparici6 de multiples efectes secundaris derivats de la seva
administracié. Es per aixd que només s’administren en aquells casos en qué els triptans sén
ineficacos (Kalra & Elliott 2007, Rapoport 2008).

1.3.2. Tractament profilactic

Aquest tipus de tractament té com a objectiu reduir la freqiiéncia de les crisis migranyoses,
aixi com la seva durada i severitat. El mecanisme d’acci6 dels farmacs profilactics consisteix,
en general, en la reduccié de I'excitabilitat cortical (gupta 2007). Hi ha diversos tractament
preventius, entre els quals destaca I'ls de p -bloquejants, els antidepressius o els

antiepileptics (Goadsby et al. 2002, Rapoport 2008).



1.4. EPIDEMIOLOGIA

Els estudis epidemiologics en migranya han patit I'abséncia de criteris diagnostics ben definit
durant molts anys, un factor que ha anat millorant amb el temps gracies a la classificacio
oficial de I'NCHD-II, d’aplicacié universal actualment. No obstant, la manca de marcadors
biologics diagnodstics continua essent una dificultat afegida, de manera que en general aquest
tipus de trastorn esta subestimat (Russell 2007). A Europa, perod, la migranya és el trastorn
neurologic del cervell més prevalent a la poblacié i s’estima que un 15% de la poblacio la
pateix (Figura 1) (Jensen & Stovner 2008, Vos et al. 2012).

=1 Africa 4.0 (2 estudis) 1 Europa 14.8 (9 estudis) « Criteris IHS o adaptats de I'lHS
[ Asia 10.6 (6 estudis) [ Nord América 11.1 (7 estudis) - Estudis basats en poblacions o comunitats
[ Australia 1 Sud América 9.6 (10 estudis) - >500 participants

« Cobertura d’edat dels grups minim dels 25-60 anys

Figura 1. Estudis de prevalenga anual de la migranya en adults. Adaptada de (Jensen & Stovner 2008).

La distribucié de la migranya a la poblacié varia en funcio de I'edat i el sexe dels individus.
S’estima que la seva prevalenga en homes és de I'11% i en dones arriba al 19% (Vos et al.
2012). Per ambdds sexes, el pic més elevat de prevalenga s’assoleix al voltant dels 35 anys,
essent més elevat en les dones, especialment durant els anys de menarquia (25%, mentre
que en homes esta al voltant del 10%). A diferéncia de la prevalenca en 'edat adulta, durant
la infancia no s’observen gaire diferéncies entre els dos sexes, i s’observa una davallada en
les darreres décades de vida, tot i que en aquest cas la prevalenga entre les dones segueix
essent més alta. Es al voltant dels 40 anys quan s’observa el desequilibri maxim, establint-se
una relacio d’afectats home:dona de 1:3 (Figura 2) (Gupta et al. 2007, Lipton & Bigal 2005) .
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Figura 2. Distribucio de la prevalenga anual per sexes de migranya a la poblacié. Adaptada de (Ferrari et al. 2015).

1.5. IMPACTE SOCIOECONOMIC

La darrera enquesta realitzada per I'Organitzaci6 Mundial de la Salut I'any 2010 situa la
migranya com la tercera malaltia més prevalent i la vuitena causa de discapacitat a nivell
global (Vos et al. 2012). A I'hora d’avaluar I'impacte economic d’un trastorn es consideren els
costos directes (prevencid, diagnostic i tractament) i indirectes (consequeéncies a nivell de
reduccié de productivitat i absentisme laboral), aixi com aquells que so6n intangibles (com ara
el dolor i l'alteraci6 de les activitats quotidianes que pateixen els pacients). Essent la
migranya un trastorn amb una elevada prevalenga, s’estima que l'impacte econdmic a
Europa representa el cost més elevat per a malalties neurologiques a Europa (Figura 3)
(Linde et al. 2012). A nivell social, la migranya afecta sobretot la qualitat de vida dels

pacients, tant en les seves activitats socials rutinaries com en la seva vida laboral.
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Figura 3. Costos anuals directes i indirectes de la migranya per persona en paisos europeus, representats amb un
interval de confianga del 95%. Adaptada de (Linde et al. 2012).



2. FISIOPATOLOGIA

2.1. FASES DE LA CRISI MIGRANYOSA

Una crisi de migranya tipica consta de cinc fases: 1) Prodrom, que té lloc des d’hores fins a
dos dies abans de l'atac. Consisteix en un conjunt de simptomes premonitoris que es
manifesten amb fatiga, rigidesa cervical, dificultat per concentrar-se, visié borrosa i un
augment de la sensibilitat a la llum i al soroll, entre d’altres; 2) Aura (present en pacients MA),
que acostuma a precedir i/o acompanyar la cefalea i durant la qual els pacients poden
presentar anoréxia o nausees; 3) Cefalea, acompanyada de simptomes associats com ara la
fotofobia, fonofobia, nausees i/o vOmits i agreujament amb l'activitat fisica; 4) Resolucio,
quan comencen a remetre els simptomes i els pacients generalment poden resoldre I'episodi
mentre dormen; 5) Recuperacié o postdromica, fase durant la qual els pacients encara poden
experimentar fatiga, dificultats cognitives i debilitat (Figura 4) (Charles 2013, Kelman 2004,
Kelman 2006).

Un episodi migranyds, doncs, pot arribar a durar fins a tres dies en alguns pacients. Una
possible explicacié és un llindar més baix de sensibilitat sensorial en els pacients, cosa que
explicaria la descripcid que donen molts d’ells dels desencadenants dels episodis que

pateixen, com ara I'exposicié perllongada a la llum o als sorolls molt forts.

Gana Ansia Anoréxia/Nausees Vomits Baixa tolerancia

Estat de son Cansat/badallant Somnolent/badallant Son profund Cansament

Tolerancia a la llum Fotofobia Fotofobia

Tolerancia al soroll | Percepcié augmentada | Fonofobia Fonofobia IRERESES ENgTSTiERE
o disminuida

Percepcié olors Osmofobia Osmofobia

Equilibri de fluids Retencio Retencio Retencio Ditresi

ESTAT NORMAL PRODROM AURA CEFALEA RESOLUCIO POST-PRODROM

Figura 4. Fases de la crisi migranyosa i canvis que experimenta el pacient en cadascuna d’elles.

2.2. TEORIES VASCULAR | NEURONAL

Encara avui no hi ha una teoria capag¢ d’explicar tot el conjunt d’esdeveniments que tenen
lloc durant un episodi de migranya, i la seva fisiopatologia roman for¢a desconeguda.

Historicament s'han proposat dues teories independents per explicar l'etiologia de la
migranya. La primera teoria que es va plantejar fou la vascular, introduida per Thomas Willis
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a finals del segle XVII, que proposava que el dolor migranyés era degut a la dilatacié dels
vasos cranials de les meninges (Grand 1999). Anys després es va suggerir que la migranya
consistia en un esdeveniment vascular iniciat per la vasoconstriccid intracranial seguida
d’'una vasodilatacié (Eadie 2005). L’administracié dels ergots com a vasoconstrictors per al
tractament dels pacients migranyosos recolzava aquesta teoria, aixi com la inducci6 de la
cefalea amb nitroglicerina, un vasodilatador potent (Baron & Tepper 2010, Spierings 2009).
Més recentment, el paper del sistema vascular s’ha fet més evident gracies a I'accié efectiva
dels triptans i els agonistes del péptid relacionat amb el gen de la calcitonina (CGRP), els
efectes pal-liatius dels quals es donen a través de la vasoconstriccio (Humphrey 2008).
Recentment, pero, els estudis d’(Amin et al. 2013) han mostrat com, tot i que la vasodilatacié
combinada amb l'alliberament de substancies vasoactives sén claus en la fisiopatologia de la
migranya, la dilatacié no és la causa de I'activacié de les vies centrals i perifériques del dolor.
Tot i aix0, els esdeveniment de naturalesa vascular que tenen lloc durant els episodis de
migranya son importants en el conjunt de mecanismes que tenen lloc durant 'atac.
L’alternativa a la teoria vascular és la neuronal. Posteriorment a la formulacié de la teoria
vascular, es proposa que l'origen de la migranya podria residir en una disfunci6 de les xarxes
neuronals, en base al fet que els simptomes neuroldgics que apareixen durant I'aura no
poden explicar-se unicament amb un model vascular de cefalea (Moskowitz 1984). Estudis
posteriors han anat reforgant també aquesta teoria, que s’ha desenvolupat ampliament
(Noseda & Burstein 2013, Parsons & Strijpos 2003). Aquesta sosté que l'origen del dolor
migranyos esta en l'activacié del sistema trigeminovascular. La component principal seria el
nervi trigémin i les fibres nervioses que innerven els vasos sanguinis de les meninges i
d’'altres estructures del tronc encefalic (Goadsby et al. 2009). L’alliberaci6 de peptids
vasoactius, procedents dels axons trigeminovasculars, provocarien la inflamacié i el dolor.
Aquesta teoria proposa també una disfuncié que desemboca en un estat d’hiperexcitabilitat
cortical que explicaria el fenomen de la depressioé cortical propagant (Pietrobon & Striessnig
2003).

Actualment ambdues teories coexisteixen, ja que encara no s’ha trobat una explicacié de
tots els mecanismes que desencadenen la migranya i tenen lloc durant I'episodi migranyés.
Es per aixd que hom pretén arribar a una teoria neurovascular, segons la qual la migranya
seria el resultat d’'una successio d’esdeveniments que donarien lloc a una disfuncié neuronal

amb una resposta del sistema vascular, que també estaria afectat (Gasparini et al. 2013).

2.3. L’AURA | LA DEPRESSIO CORTICAL PROPAGANT

La depressié cortical propagant (Cortical Spreading Depression, CSD) és una ona de
despolaritzacié de les neurones i la glia que progressa per l'escorga cerebral des de la regio
occipital a la regid frontal (Figura 5). Aquesta esta associada i va seguida d’'una depressio de
Iactivitat neuronal durant la qual té lloc una pérdua transitoria dels gradients ionics (Ca*, K*,

Na®) i provoca, en Ultima instancia, l'alliberament de neurotransmissors (Gasparini et al.
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2013, Moskowitz 2007) . En pacients amb infart i dany cerebral s’ha descrit fenomens
similars (Charles 2013) .

Figura 5. Representacié del progrés de la depressio cortical propagant (Cortical Spreading Depression, CSD) per

I'escorga cerebral.

Els possibles desencadenants de la CSD s’han estudiat ampliament en models animals,
incloent I'estimulacié eléctrica o quimica (KCI, CaCly), o els agonistes de receptors de
glutamat, entre d'altres. Tipicament, l'esdeveniment inicial clau és lelevacié del K
extracel-lular. L’'Us d’agonistes del glutamat per a I'activacioé de la CSD, i I'Us d'antagonistes
per a la seva inhibicid, suggereixen que aquest neurotransmissor tindria també un paper clau
en la iniciacié de la CSD (Figura 6). La font de l'increment de K* o de glutamat, pero, es

desconeix (Charles 2013, Lauritzen et al. 2011) .

Desencadenants en models animals

= Estimulacio electrica

= KCI

= Glutamat Desencadenants en humans

= Embolia = Infart

= Activacio astrocits = Dany cerebral per traumatisme
= Altres = Hemorragia subaracnoidal

Tendéncia augmentada en:
= Mutacions FHM + -
= Mutacions 18 casein kinasa
= Sexe femeni, estrogens

Tendéncia disminuida en:
= Androgens
= Tractament preventiu de migranya

+K*, glutamat

CSD

= Activacié neuronal, glial i vascular

= Desacoblament funcié neurovascular
= Alliberacié de missatgers nociceptius

= Activacio dels aferents trigeminals

= ? Modulacié descendent directe
de l'activitat talamica i tronc encefalic

')

Figura 6. Depressié cortical propagant: factors de risc, desencadenants, mecanismes i consequéencies funcionals.
Adaptada de (Charles 2013).
FHM: Migranya hemiplégica familiar (Familial Hemiplegic Migraine), CSD: Depressié cortical propagant (Cortical

Spreading Depression).
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Estudis en humans i en models animals mostren com la CSD, en propagar-se, deixa zones
de l'escorca afectada amb un flux sanguini disminuit, i suggereixen que la CSD és el
mecanisme subjacent a 'aura migranyosa (Cui et al. 2014). Les tecniques de neuroimatge
emprades en estudis amb pacients migranyosos amb aura visual han corroborat aquesta
teoria, ja que han permés observar una correlacié espacial i temporal entre les fases de
l'aura i l'activitat cortical i els canvis de flux sanguini a I'escor¢a (Hadjikhani et al. 2001). S’ha
vist també que l'area del cervell fins on es propaga la CSD determina el tipus d’aura que
experimenten els pacients. Aixi, si la despolaritzacié avanga fins la regié de I'escorga visual,
sensorial o motora, el pacient experimenta el subtipus d’aura corresponent.

La CSD permet explicar de moment I'aparicioé de I'aura, perd encara no s’ha pogut relacionar
de forma consistent amb la fase de cefalea. Es creu que en pacients amb MO aquesta CSD
podria tenir lloc en regions silents de I'escorga, i d’aquesta manera l'aura no arribaria a
desenvolupar-se (Pietrobon & Striessnig 2003). Recentment s’ha presentat un model de CSD
(Dahlem et al. 2013) en qué es postula que la CSD no es propagaria indefinidament per tota
'escorga, sind que hi hauria una retroalimentacié inhibidora a nivell local que l'aturaria, tot
fent una distincié entre una fase primerenca i una tardana, aquesta ultima deguda a la
inhibicié. D’altra banda, el model també fa referencia a I'extensio i forma de la CSD, que
podria determinar I'aparicié d’'una crisi de MO i de MA, essent I'Gltima conseqiéncia d’'una

CSD major i de més durada.

2.4. CSD | ACTIVACIO DEL SISTEMA TRIGEMINOVASCULAR

El sistema trigeminovascular (Trigeminovascular System, TGVS) consta del nervi trigémin i
les fibres nervioses que innerven el vasos sanguinis intra- i extra- cranials de les meninges i
del tronc encefalic, i d’altres neurones que projecten cap al nucli caudal del trigémin, situat al
tronc encefalic, que alhora projecta cap als centres de dolor (May & Goadsby 1999). Diversos
estudis apunten que la CSD és el fenomen clau en l'activacio del TGVS, la qual
desembocaria en la cefalea (ladecola 2002).

En models animals murids s’ha vist que la CSD activa nociceptors de les meninges i de
neurones trigeminovasculars. En un estudi recent de (Karatas et al. 2013) s’ha suggerit que
la despolaritzacio de la CSD i la sobreactivacio dels receptors N-metil-D-aspartat (NMDA) de
glutamat activen els canals neuronals Pannexin 1. Aix0 provocaria una cascada inflamatoria
que indueix l'alliberament sostingut de péptids pro-inflamatoris, i aquests mantindrien
I'estimul necessari per sensibilitzar i activar els aferents trigémins. En resum, el TGVS
s’activaria amb una resposta inflamatoria provocada per la CSD (Figura 7) (Ferrari et al.
2015).

El TGVS juga un paper integrador en la regulacié del to vascular i la transmissié de senyals
de dolor. Es creu que l'activacié d’aquest sistema durant la fase de dolor de la migranya fa
que s’inicii una cascada d’activitat quimica des de les terminals nervioses sensorials

trigémines (Arulmani et al. 2004, Goadsby et al. 2009). Aquests nervis acumulen diversos
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neuropéptids vasoactius: substancia P (SP), péptid relacionat amb el gen de la calcitonina
(CGRP), neurokinina A (NKA) i oxid nitric (NO), entre d’altres. L’alliberacié d'aquests
neuropéptids condueix a la inflamacio6 i dilataci6 dels vasos, tot agreujant el dolor i provocant
també una resposta inflamatoria a les estructures vasculars de les meninges (Gasparini et al.
2013).

Alliberament de

Cél-lula glial

HMGBH1 i
interleukina 18
AR Ay 2 EESSELES 4 . Alliberament
N . mediadors
Activacio canals

‘inflamatoris
Panx1 H

@3) '."l Membrana glia

Neurona
aferents

)‘\{,
trigeminals

%L% Vasos meninges Activacio dels|

Activacié de zones
centrals del cervell

Figura 7. Activacié del TGVS per la CSD. Els experiments en rates han mostrat que la CSD induida podria activar
en primer lloc els nociceptors que innerven les meninges i que es localitzen als ganglis trigémins, aixi com neurones
de segons ordre centrals trigeminovasculars. El lapse de temps fins a I'activacié neuronal es correlacionaria amb el
periode que té lloc entre 'aura i els simptomes de la cefalea. Aquest procés d’activacié molt probablement implica
'obertura dels canals Panx1 (Pannexin 1), que promouen l'alliberament de proteines HMGB1 (High-mobility group
box-1) activant aixi astrocits veins de la membrana glial limitant que envolta els vasos de les meninges, innervades
al seu torn pel nervi trigémin. Aixi doncs, la CSD podria no només causar l'aura migranyosa, sin6 també
desencadenar els mecanismes subjacents de la cefalea. Adaptada de (Ferrari et al. 2015).

CSD: Depressio cortical propagant (Cortical Spreading Depression); TGVS: Sistema trigeminovascular

(TriGeminoVascular System); TG: gangli trigemin.
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3. MIGRANYA | GENETICA

Els estudis poblacionals han demostrat que hi ha un gran nombre de pacients migranyosos
amb historia familiar positiva, especialment en parents de primer grau .

Una manera d'estimar la component genética en la migranya sén els estudis de bessons.
Aquests han descrit una concordanga major en bessons monozigotics (MZ) que en dizigotics
(DZ) a les dues formes principals de migranya: MA (MZ 50%, DZ 21%) i MO (MZ 43%, DZ
31%) (Gervil et al. 1999, Ulrich et al. 1999). Estudis més recent han permés confirmar que la
correlacié entre bessons MZ (34-56%) és gairebé el doble que en DZ (12-28%). En conjunt
han permés calcular una heretabilitat (és a dir, la proporcié de la variancia fenotipica deguda
a factors genétics) per a la migranya d’entre el 34 i el 57% (Mulder et al. 2003).

D'altra banda, els estudis familiars i poblacionals permeten calcular el risc relatiu (RR) de
patir la malaltia, que es defineix com la relacié entre la probabilitat que un individu migranyés
tingui un familiar afectat i la probabilitat que una persona presa a I'atzar de la poblacio estigui
afectada. La majoria d’estudis que s’han realitzat en migranya han permés establir que la
probabilitat de la malaltia en familiars de primer grau d'un afectat és significativament més
gran que en la poblacié general. Per a un d’aquests estudis, en el cas de pacients amb MO el
RR dels familiars és de 1,9 de patir MO i 1,4 de patir MA. Per a pacients MA, el RR dels
familiars de presentar MA és de 3,8 i per MO no hi hauria un increment del risc (Russell &
Olesen 1995) . Aquestes dades indicarien que la carrega genética de la MA podria ser
superior a la de la MO.

Es important tenir en compte que diversos factors ambientals poden influir sobre I'aparicié i el
desenvolupament posterior de la malaltia. Els estudis de bessons, en qué la concordanca
entre bessons MZ no arriba al 100%, donen suport a la contribucié de I'ambient (Svensson et
al. 2003).

Per concloure, la migranya és en la majoria de casos una malaltia d'etiologia multifactorial, en
que participarien factors ambientals desencadenants i factors genétics que tindrien una
contribucié de pes sobre el trastorn, la qual s’estima que pot arribar al 60% (Ferrari et al.

2015) . Només alguns casos concrets de migranya tenen una naturalesa monogenica.

3.1. FORMES MONOGENIQUES DE MIGRANYA: LA MIGRANYA HEMPLEGICA

La migranya hemiplégica (HM) és un subtipus rar i sever de migranya amb aura. Pot
presentar-se en families (Familial Hemiplegic Migraine, FHM, ICHD-Il 1.2.4) o de forma
esporadica (Sporadic Hemiplegic Migraine, SHM, ICHD-II 1.2.5). La migranya hemiplégica es
caracteritza per laparicid6 d’episodis d’hemiparésia que generalment precedeixen o
acompanyen I'atac migranyos. En el cas de la FHM, la patologia presenta un patré d’heréncia

mendelia autosdomic dominant amb penetrancia incompleta.
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Les metodologies més emprades fins ara en 'estudi genétic de la FHM han estat I'analisi de
ligament i la seqienciacié de gens candidats (Maher & Griffiths 2011). Els primers tenen
com a objectiu la identificacié de regions cromosomiques o /oci que cosegreguen amb la
malaltia a les families, mitjangant I'is de marcadors genétics com els microsatel.lits o els
polimorfismes d'un uUnic nucledtid (SNPs, per Single Nucleotide Polymorphisms). Un cop
definida la regié de cosegregacio, poden identificar-se els gens que hi queden inclosos i
sequenciar-los en malalts amb la finalitat d’identificar les variants genetiques que causen el
fenotip clinic.

Actualment, la recerca de gens responsables de malalties mendelianes com la FHM es basa
sobretot en la seqlienciacié massiva d’exomes, una técnica que permet la identificacié a gran
escala de les variants presents a les regions codificants del genoma de malalts i familiars
sense haver de passar necessariament per I'analisi de lligament genétic.

En el cas de la SHM no és possible fer analisi de lligament, i per aixd el recurs més utilitzat
en aquests casos ha estat la sequienciacié de gens candidats (normalment aquells que
previament s'havien implicat en FHM) o, més recentment, la seqlienciacié d'exomes. Les
causes geneétiques de la SHM no estan encara clares, perd en alguns casos s'han identificat
mutacions en els mateixos gens que causen FHM (de Vries et al. 2007, Stam et al. 2011,
Terwindt et al. 2002, Thomsen et al. 2008). La naturalesa esporadica s'explicaria, en alguns
casos, pel fet que algunes mutacions apareixen de novo (no sén heretades) i en d'altres, per
la penetrancia incompleta del fenotip en individus que sén portadors de mutacions.

La migranya hemiplegica presenta una amplia heterogeneitat genética no al.lelica i al.lélica.
Es a dir, mutacions en gens diferents poden donar lloc a la patologia en families diferents; i, a
més, en cadascun dels gens responsables identificats son diverses les alteracions
moleculars concretes que poden donar lloc al trastorn. Els estudis de lligament i d’analisi
genétics duts a terme fins ara han permés identificar sis gens (CACNA1A, ATP1A2, SCN1A,
PRRT2, SLC4A4 y SLC1A3) (Jen et al. 2005, Meneret et al. 2013, Russell & Ducros 2011,
Suzuki et al. 2010) responsables de HM i dos loci, a 1931 i 14932, per als quals encara no
s’han identificat els gens subjacents (Cuenca-Leon et al. 2009b, Gardner et al. 1997). No
obstant, I'elevat nombre de casos familiars no resolts fa pensar que el nivell d'heterogeneitat
genética no al.lelica és encara més gran, i per tant quedarien gens responsables de les
formes monogéniques de migranya sense identificar (Maher & Griffiths 2011). De fet, entre
els dos gens quantitativament més importants en relacié a la base genética de les HM,
CACNA1A i ATP1A2, només es cobreix entre un 20 i un 40% del total de séries de pacients
FHM estudiats amb la malaltia, i un 7-15% de SHM (Carreno et al. 2013).

3.1.1. Principals gens responsables de la migranya hemiplégica

El primer locus identificat correspon al gen CACNA1A (FHM1, OMIM #141500), situat al
cromosoma 19p13, que codifica la subunitat o 1A del canal neuronal de calci Ca,2.1
dependent de voltatge de tipus P/Q (Ophoff et al. 1996). Aquest gen s’expressa ampliament

en el sistema nervids central, especialment a les terminals presinaptiques glutamatérgiques i
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té un paper important en el control de l'alliberacié de neurotransmissors mitjangant la
recaptacio del calci (Figura 8). S’han descrit més de 30 mutacions en el gen, aixi com algun
cas de delecioé d’una part del gen (Carreno et al. 2013, de Vries et al. 2009b, Labrum et al.
2009, Riant et al. 2010a). La gran majoria de mutacions identificades en el gen CACNATA
en pacients HM so6n de guany de funcié. Es creu que aquest guany de funcié provoca una
recaptacido del calci en resposta a despolaritzacions més petites, fent que es doni un
increment de I'alliberacié del neurotransmissor excitador glutamat als espais sinaptics a nivell
de l'escorga cerebral, afavorint aixi la neurotransmissié i disminuint el llindar perqué es
produeixi la CSD (Wessman et al. 2007). L'heterogeneitat al.lélica que observem al gen
CACNAT1A en els pacients va associada en certa mesura a heterogeneitat clinica, de la qual
parlarem més endavant.

El segon gen identificat com a responsable de HM és ATP1A2 (FHM2, OMIM #602481),
situat al cromosoma 1923 (Ducros et al. 1997). Codifica la subunitat « 2 de I'ATPasa
intercanviadora de Na'/K" i s’expressa en astrocits. Aquesta ATPasa esta implicada en el
transport actiu de ions mitjangant I'eliminacié de ions K* extracel-lulars, tot afavorint la sortida
de ions Na® cap a I'exterior que s'utilitza en la recaptacié del glutamat per les cél-lules (Figura
8). Hi ha més de 60 mutacions descrites en aquest gen, i la gran majoria causen una perdua
de funci6 (Carreno et al. 2013, De Fusco et al. 2003). Aixd produeix una menor recaptacio de
glutamat, que augmentan aixi la seva concentracié a l'espai sinaptic, tot provocant una
despolaritzacié que impedeix la recuperacio després de I'excitacié neuronal, cosa que facilita
I'aparicio de la CSD (Wessman et al. 2007)
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Figura 8. Rols funcionals de les proteines codificades per gens relacionats amb migranya hemiplegica a la sinapsi
glutamatérgica en el sistema nerviés central. La neurona presinaptica rep la informacié de la interneurona inhibidora
GABAérgica. Els canals Cav2.1 es localitzen a les terminals presinaptiques de les neurones excitadores i
inhibidores. En resposta a un potencial d’accid, aquests canals permeten I'entrada de calci a la terminal presinaptica,
tot desencadenant I'alliberament de glutamat a I'espai sinaptic. Les mutacions al gen CACNA7A (FHM1) provoquen
una disfuncié dels canals, conduint a una alteracié de la neurotransmissié. En el cas d’'un guany de funcid, per tant,
augmentara I'entrada de calci i, aixi, 'augment de glutamat a I'espai sinaptic. Les bombes Na+-K+ codificades pel
gen ATP1A2 (FHM2) s’expressen a la membrana dels astrocits i sén les encarregades de recaptar el potassi per tal
de limitar I'excitabilitat neuronal i mantenir el gradient de sodi, cosa que permet la captacié de glutamat mitjangant el
transportador EAAT1, codificats pel gen SLC1A3. Mutacions de pérdua de funcié en aquests dos gens
desembocarien en una disfuncié de la recapatacié de potassi i glutamat, i aquest ultim augmentaria els seus nivells a
I'espai sinaptic. Es prediu que les mutacions al gen SCN1A (FHM3) afectarien I'activitat GABAergica de les neurones
inhibidores, En el cas de les mutacions a SLC4A4, que codifica la proteina NBCe1, es creu que podria desregular el
pH i aixi alterar I'excitabilitat neuronal. Mutacions en el gen PRRT2, que codifica una proteina capa¢ d’unir-se a
SNAP25, interferirien en la interaccid, tot afectant I'alliberament de glutamat. En termes generals, les disfuncions en
els transportadors resultarien en concentracions elevades de glutamat a I'espai sinaptic, tot afavorint la CSD.
Adaptada de (Ferrari et al. 2015, Li et al. 2015).
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3.1.2. Gens responsables d’altres fenotips amb migranya hemiplégica

El gen SCN1A (FHM-, OMIM #609634), a més de ser responsable d'alguns casos de
migranya hemiplegica, esta estretament lligat a I'epilépsia (Dichgans et al. 2005). Esta situat
al cromosoma 224 i codifica la subunitat « 1 del canal neuronal de sodi Nav1.1, que juga un
paper important en la generacié i propagacié dels potencials d’accié i s’expressa a les
membranes de les interneurones inhibidores (Figura 8). Només s’han descrit només cinc
mutacions en aquest gen en pacients HM (alguns dels quals també presenten epilepsia)
(Castro et al. 2009, Dichgans et al. 2005, Gargus & Tournay 2007, Vahedi et al. 2009,
Vanmolkot et al. 2007), mentre que n’hi ha més de 700 identificades en pacients amb
epilepsia (Claes et al. 2009). Es creu que les mutacions al gen SCN1A provoquen una
disminucio en la funci6 del canal, amb la consequent reduccié de la recaptacié de glutamat,
que condiciona una recuperacio accelerada de la inactivacié del canal, fent que la freqiieéncia
d’activacié augmenti i incrementant aixi I'excitabilitat neuronal (Wessman et al. 2007).

D’altra banda, el gen PRRT2 s'ha relacionat recentment amb el fenotip HM. Esta en el
cromosoma 16p11. Codifica una proteina transmembrana capa¢ d’unir-se a la proteina
associada al sinaptosoma 25 (SNAP25)), que participa en la fusié de vesicules durant el
procés d’exocitosi, tot suggerint un paper de PRRT2 en I'exocitosi sinaptica (Figura 8). Fins
ara s’hi han descrit només set mutacions en families amb HM pura, i en la majoria de
pacients amb mutacions a PRRT2 la HM acompanya d'altres fenotips que inclouen la
discinésia paroxistica cinesigénica i I'epilépsia benigna infantil familiar (Meneret et al. 2013).
El gen SLC4A4, situat al cromosoma 4q13, codifica la proteina NBCe1, que és un
cotransportador de Na*-HCO3™ (Figura 8). S’hi han descrit mutacions en casos de families
amb acidosi renal tubular (pRTA), migranya hemiplégica i anomalies oculars (Demirci et al.
2006, Suzuki et al. 2010). Els estudis suggereixen que les mutacions en homozigosi alteren
I'excitabilitat neuronal mitjangant canvis en el pH i que aixd seria la causa de FHM, MA o MO,
en funcié de la mutacié concreta que porti el malalt.

L’altim gen responsable de HM identificat és SLC1A3, situat a 5p13, un transportador de
glutamat (Figura 8). S'hi ha identificat només una mutacié en un pacient amb hemiplegia,

ataxia episodica i convulsions (Jen et al. 2005).

3.1.3. CACNA1A i heterogeneitat clinica

El gen CACNA1A és el gen responsable de migranya hemiplégica, juntament amb ATP1A2,
en qué s’han descrit més casos a la literatura. Fins ara s'han identificat més de 100
mutacions diferents a CACNA1A, tant relacionades amb el fenotip HM (unes 30), com amb
d'altres fenotips neurologics, algunes de les quals s'han observat en un Unic individu, mentre
que d'altres han aparegut en diversos pacients no emparentats. Aquesta heterogeneitat
al-lélica va acompanyada, a més, de variacions en el quadre clinic dels pacients, de tal
manera que determinades variants estan relacionades amb patologies diferents de la HM,
principalment I'ataxia episddica de tipus 2 (Episodic Ataxia type 2, EA2, OMIM #108500) i
I'ataxia espinocerebel-lar de tipus 6 (Spinocerebellar Ataxia type 6, SCA6, OMIM #183086).
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Més recentment s’han descrit altres fenotips en pacients portadors de mutacions en el
CACNA1A, com I'hemiplegia alternant de la infancia (Alternating Hemiplegia of Childhood,
AHC, OMIM #104290), la necrosi aguda de l'estriat, I'accident isquémic recurrent o la
sindrome hemiplégia-hemiconvulsié-epilepsia (Carreno et al. 2011, de Vries et al. 2008,
Knierim et al. 2011, Vila-Pueyo et al. 2014, Yamazaki et al. 2011).

L’ataxia episodica de tipus 2 (EA2) és una malaltia rara amb un patr6 d’heréncia mendelia
autosomic dominant, tot i que també se n’han identificat alguns casos esporadics (Nachbauer
et al. 2014). Es caracteritza per una presentacid en forma de brots que es manifesten
inicialment amb ataxia, vertigen, desequilibri, vomits i la preséncia de nistagme entre els
episodis (Rajakulendran et al. 2010, Spacey et al. 2005). Els episodis solen durar d’entre
hores i 2-3 dies i generalment es desencadenen per l'estrés emocional, I'exercici fisic,
l'alcohol o la cafeina. Aproximadament un 50% dels pacients també pateixen atacs de
migranya, i un 80% vertigen posicional durant els atacs. Molts dels pacients son tractats amb
acetazolamida, farmac al qual no tots responen positivament (Cuenca-Leon et al. 20093,
Rajakulendran et al. 2012, Spacey 1993). S'han identificat més de 80 mutacions diferents en
pacients EA2, la majoria de les quals s6n mutacions disruptives sense sentit (codons de
parada de la traduccié) o que introdueixen un canvi en la pauta de lectura, amb
consequeéncies funcionals no sempre ben caracteritzades (Rajakulendran et al. 2012). D’altra
banda, en els darrers anys I'is de técniques quantitatives ha permeés caracteritzar delecions
en el gen, que comprenen des d’un a diversos exons, en pacients EA2 (Labrum et al. 2009,
Riant et al. 2010b, Riant et al. 2008, Wan et al. 2011). En termes generals, les mutacions al
gen CACNA1A presenten efectes contraris en EA2 i en HM. Mentre que en HM veiem que la
majoria de mutacions produien un guany de funcio, en el cas d’EA2 la majoria donen lloc a
una perdua de funci6 (Pietrobon 2010). Aquesta logica, perd, queda en entredit en algunes
families en que un mateix individu presenta ambdds fenotips, HM i EA2, i en principi una
unica mutacié responsable d'aquests trastorns episodics al gen CACNA1A (Carreno et al.
2013, Ducros et al. 1999, Mantuano et al. 2010). Tot i que que el gen CACNA1A és un bon
candidat per als estudis genétics en els casos EA2, una gran proporcié de pacients presenta
resultats negatius en les analisis mutacionals, cosa que suggereix una potencial
heterogeneitat genética no al-lélica també per a aquesta malaltia.

L’'ataxia espinocerebel-lar de tipus 6 (SCA6) és també una malaltia rara que segueix el
mateix patré d’heréncia autosdomic dominant que HM i EA2 (Pietrobon 2010). Es caracteritza
per problemes progressius en el moviment, que inicialment es manifesten amb dificultats en
la coordinacio i I'equilibri. En aquest cas, la variacié genética consisteix en I'expansié d'un
trinucledtid CAG (glutamina), situat a I'ex6 47 del gen CACNA1A, i present en algunes
isoformes, expressades predominantment a les cél-lules de Purkinje, com una sequéncia de
poliglutamina (Giunti et al. 2015). A la poblacié general aquesta unitat es repeteix entre 4 i 18
vegades, mentre que en pacients supera les 20. Hi ha una relaci6 inversa entre el nombre de
repeticions i 'edat d’aparicié de la malaltia. La poliglutamina esta situada a la cua C-terminal

citoplasmatica de la proteina, que conté residus implicats en la inactivacié del canal i
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modulacié per senyals intracel-lulars. L’efecte d’aquesta expansié a nivell de funcié del canal
no esta clara, i el resultats obtinguts fins ara en models cel-lulars sén controvertits. La
formacid d’agregats insolubles és rar en SCAG, tot i que és un dels mecanismes més
frequents en trastorns d’expansions de poliglutamines. En aquest cas no queda clar com la

mutacié afecta la funcié del canal.

3.2. FORMES COMUNES DE MIGRANYA

Aixi com els estudis de lligament han estat molt utils en la identificacié de gens responsables
de formes mendelianes de migranya, la seva utilitzacié en families normalment petites amb
migranya comuna (tant MA com MO) no ha donat resultats concloents (Maher & Giriffiths
2011). Aquests estudis, que s’han realitzat tant a escala genomica com dirigits a
determinades regions candidates, han permés identificar alguns Jloci cromosdmics de
susceptibilitat a formes comunes de migranya, entre els quals han destacat regions properes
als gens responsables de FHM1 (CACNA1A) i FHM2 (ATP1A2) (Jones et al. 2001, Lea et al.
2002, Nyholt et al. 1998). Malgrat aix0, la sequenciacié d'ambdds gens com a candidats
posicionals a estar implicats en MA o MO no va donar resultats positius (Curtain et al. 2005,
Lea et al. 2001).

En l'etiologia de la migranya comuna intervenen factors genétics multiples i també factors
ambientals. Els factors genétics, entesos en aquest cas com a variants comunes de
susceptibilitat, tindrien una contribucié individual petita al fenotip (Figura 9), perd quan actuen
de forma combinada, ja sigui additivament o a través d'interaccions epistatiques, poden
explicar un percentatge important del trastorn (McCarthy et al. 2008). La metodologia més
emprada fins ara per identificar variants genétiques comunes de risc en malalties complexes
sén en els estudis d’associacié. Aquests estudis estan dissenyats per detectar variants
genétiques que son més frequents entre els malalts (variants de risc) o menys freqlients en
els malalts (variants protectores) que a la poblacié general. Es per aixd que en aquest tipus
d'estudis és molt important tenir una avaluacidé clinica acurada que permeti separar
correctament els casos dels controls, aixi com una mida mostral suficient per assegurar que

s'assoleix la robustesa i el poder estadistic adequats.
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Figura 9. Relacio entre les malalties genétiques, la penetrancia dels al‘lels i la seva frequéncia. Adaptada de
(McCarthy et al. 2008).

3.2.1. Estudis d’associacié amb gens candidats (Candidate Gene Association Studies,
CGAS)

Fins fa pocs anys els estudis d’associacidé en migranya se centraven en la seleccié de
variants genétiques situades en regions candidates, on en general es procurava obenir la
maxima cobertura genética. En altres casos se seleccionaven variants que tenien un impacte
funcional conegut i que estaven situades també en gens candidats. Actualment hi ha més de
100 publicacions en qué es recullen estudis d'associacié de tipus cas-control per a més de
200 gens candidats.

La seleccié dels gens candidats s’ha basat tipicament en la implicacié d’aquests gens en vies
funcionals relacionades amb la fisiopatologia de la migranya (revisat a Maher & Giriffiths
2011):

= Neurotransmissié: Partint de la hipotesi que el TGVS esta estretament relacionat amb la
iniciaci6 de I'atac migranyds (Moskowitz 2008), s’han considerat neurotransmissors
(dopaminérgics, serotoninérgics i glutamatérgics), neuropéptids, receptors i canals associats.
En aquest cas, una disfuncié a nivell de sistema nerviés podria desencadenar I'activacié del
sistema vascular i activar els senyals de dolor.

El sistema serotoninérgic és particularment rellevant, ja que el neurotransmissor serotonina
(5-HT) esta implicat en la nocicepcié (Goadsby 2007). D’altra banda, els triptans, que en sén
agonistes amb efecte vasoconstrictor, son capagos de pal-liar I'atac migranyés. Es creu que
la implicacio de la serotonina en la migranya es basa en una desregulacié de 5-HT central en

els pacients, ja que alguns han estudis han observat que els malalts presenten un augment
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de la capacitat de sintesi de serotonina, i que el seu alliberament sobtat podria formar part
del esdeveniments que desemboquen en I'episodi migranyds (Panconesi 2008).

La relacié del sistema dopaminérgic amb la patogénesi de la migranya rau en la preséncia
de processos activats per la dopamina que tenen lloc abans o durant I'episodi, la incidéncia
dels quals augmenta per I'efecte la dopamina i dels seus agonistes. Es creu que els pacients
presentarien hipersensibilitat a la dopamina i aixd podria ser el desencadenant de l'atac.
Malgrat aixo, el mecanisme exacte pel qual el desenvolupament de la migranya esta influit
per aquest sistema no esta massa clar (Akerman & Goadsby 2007).

El glutamat és el neurotransmissor excitador més important i hi ha un elevat nombre de
receptors, transportadors i d’altres proteines associades que hi interaccionen. Es considera
necessari per a la CSD i per a I'activacié del TGVS i la sensibilitzacié central (Gasparini &
Griffiths 2013). A causa de la seva implicaci6 a nivell fisiopatologic en les formes
monogeéniques, el sistema glutamatérgic resulta un molt bon candidat per al seu estudi en les
formes comunes. D’altra banda, I'is dels antagonistes del glutamat en el tractament de la
migranya recolzen la seva implicacio en la patologia.

= Sistemes hormonals: A causa de la diferéncia en la prevalenca de la migranya entre
dones i homes i de l'existéncia de casos de migranya estretament relacionats amb la
menstruacio, els receptors d’estrogen (ESR) i de progesterona (PRG) han estat objecte de
diversos estudis d’associacié (Lipton et al. 2001). Concretament, es creu que els nivells
d’estrogen podrien jugar un paper important en I'atac migranydés. S’ha hipotetitzat que nivells
elevats d'estrogens seguits d'una caiguda en la seva concentracié desencadenarien I'episodi.
La majoria d’estudis s’han centrat en el receptor d’estrogen 1 (ESRT), que esta implicat en la
regulacié de I'expressié genica, i que també podria modular neuropéptids com el CGRP o
neurotransmissors com la serotonina i el glutamat (MacGregor 2004). D’altra banda, també
es creu que podria tenir efecte vasculars gracies a la seva influéncia sobre la produccio
d’oxid nitric.

= Sistema vascular: La migranya es va considerar un trastorn vascular durant molts anys,
ja que els pacients presentaven un augment en el flux sanguini abans de I'episodi i durant
aquest, tot i que amb el temps s’ha suggerit que la vasodilatacié seria un fenomen secundari
causat per l'activacio del TGSV (Goadsby et al. 2002). No obstant aixd, la implicacié del
sistema vascular en la fisiopatologia de la migranya és evident. Cal destacar el gen MTHFR,
un dels més estudiats en migranya. Codifica la reductasa de metilé tetrahidrofolat, implicada
en el metabolisme del folat (vitamina B9) (Rubino et al. 2009). Un altre gen sovint associat
amb MO o MA és el gen ACE, que codifica I'enzim convertidor d’angiotensina (Kara et al.
2007).

= Canals ionics: Donat que les formes mendelianes de migranya es consideren
canalopaties perque els gens identificats fins ara codifiquen canals o proteines relacionades,
sembla logic que s'investigui la implicacié dels canals ionics també en les formes comunes.
Un estudi va seleccionar i analitzar variants genetiques comunes en els gens que codifiquen

155 canals ionics i, tot i que es van detectar algunes associacions nominals a la mostra de
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descoberta, els resultats no es van confirmar a la mostra de replica. Si que s'observa una
associacio significativa entre la migranya i la interaccié epistatica entre els gens codificants
dels canals de potassi i calci KCNB2 i CACNB2 (Nyholt et al. 2008).

Moltes de les variants associades amb la migranya han estat objecte d'estudis de réplica. Tot
i aixd, la gran majoria d'aquests estudis han ofert resultats contradictoris o poc concloents.
En alguns casos la no replicacié pot tenir a veure amb el limitat poder estadistic de les
mostres en els diferents estudis, perd també poden haver-hi altres raons, com les diferéncies
etniques entre les poblacions o I'heterogeneitat clinica dels diferents estudis, que no sempre

serien comparables.

3.2.2. Estudis d’associaci6 a escala genomica (Genome-Wide Association Studies,
GWAS)

Aquests estudis permeten crivellar variants de tipus SNP distribuides a intervals regulars per
tot el genoma. A diferéncia dels estudis dirigits a gens candidats, aquest enfoc no parteix
d'hipotesis preconcebudes, evitant biaixos que podrien allunyar-nos de gens causals que no
serien candidats a partir dels coneixements que tenim actualment sobre la fisiopatologia del
trastorn, encara incomplets. No obstant, i donat que els GWAS interroguen de forma
simultania centenars de milers o milions de variants, s6n necessaries mides mostrals molt
grans per tenir un poder estadistic suficient que permeti detectar associacions amb la
patologia.

Fins ara s’han realitzat diversos GWAS en migranya, quatre dels quals han donat resultats
significatius (un d’ells una meta-analisi), tot descrivint un total de 13 loci amb variants
associades.

El primer de tots, publicat I'any 2010 per (Anttila et al. 2010) i dut a terme pel Consorci
Internacional de Genética de les Cefalees (International Headache Genetics Consortium,
IHGC) en un estudi d'una mostra clinica de migranya amb aura consistent en 2731 pacients i
10747 controls. En aquesta primera fase del treball es va detectar associaci6 amb una
variant de tipus SNP, rs1835740, situada al cromosoma 8. El resultat positiu es va replicar
amb éxit en un estudi de réplica en pacients europeus migranyosos (MA i MO), que reunia
3202 casos i 40062 controls. Aquesta associacid, malgrat tots els estudis posteriors de
replica que s’han realitzat en altres poblacions, només s’ha pogut validar de forma
significativa en un cas. Tot i aixi, aquest SNP es considera potencialment rellevant a nivell
funcional, ja que esta situat prop del gen MTDH, que regula negativament la transcripcié del
gen SLC1A2, gen que codifica el transportador de glutamat EAAT2. De fet, el propi GWAS
compta amb un estudi addicional d’analisi de I'expressié genica en fibroblasts, on s’observa
que l'al-lel de risc presenta correlacié amb nivells més alts d’expressié del gen MTDH.

L’any 2011 (Chasman et al. 2011) van presentar el segon GWAS, la mostra del qual consistia
en 5122 pacients i 18108 controls del Women’s Genome Health Study. En l'estudi de
descoberta cap variant assolia el nivell de significacié minim per als estudis d’associaci6 a

gran escala, tot i que SNPs localitzats a 7 loci diferents presentaven P-valors < 5x10°. Els



més significatius per a cadascun dels loci seleccionar per a un estudi de réplica, on es van
utilitzar tres poblacions: Dutch Genetic Epidemiology of Migraine study (GEM; amb 774
migranyosos i 942 controls), German Study of Health in Pomerania (SHIP; 306 pacients i
2260 controls), i la poblacié clinica de ''CGH (2748 pacients i 10747 controls). Només en la
meta-analisi tres associacions van assolir nivells de significaci6 amb els SNPs rs2651899,
rs11172113 i rs10166942 en els gens PRDM16, LRP1 i prop de TRPM8, respectivament.

Un nou GWAS publicat per (Freilinger et al. 2012) i presentat en aquesta tesi, es va centrar
Unicament en pacients amb migranya sense aura, tot identificant un total de 12 loci que
incloien 18 SNPs nominalment associats amb la patologia. La mostra original consistia en
una poblacio clinica de 2326 pacients (1208 alemanys i 1118 holandesos) i 4580 controls
(2564 alemanys i 2016 holandesos). L’estudi de réplica constava de quatre poblacions:
poblacié finesa de 871 pacients MO i 1024 controls, poblacié espanyola de 837 pacients MO
i 971 controls, poblacié holandesa de 555 pacients MO i 456 controls, i poblacié noruega de
245 pacients MO i 201 controls. Per a aquesta fase, en qué es van analitzar aquests 18
SNPs, s’observa associacio potencial amb vuit de les variants, mentre que en la meta-analisi
es va arribar a nivells significatius per a un total de 5 SNPs. A més, en aquest treball es
repliquen les associacions de I'estudi previ de (Chasman et al. 2011) per als gens TRPM8 i
LRP1.

Finalment, una meta-analisi publicada I'any 2013 per (Anttila et al. 2013) recollia les dades de
29 estudis independents, alguns centrats en mostres cliniques i d'altres de tipus poblacional,
amb un total de 23.285 pacients i 95.425 controls. La meta-analisi considera, a més del grup
que inclou tots els individus (all samples), tres grans grups: Clinics only (5175 pacients i
13972 controls), MA only (mostra poblacional de 5118 pacients MA i 74239 controls) i MO
only (mostra poblacional de 7107 pacients MO i 69427 controls). En aquest estudi
s’identifiquen 12 variants de susceptibilitat a la migranya, cinc de les quals no s’havien descrit
previament.

Els estudis GWAS han senyalat diversos gens que no havien entrat en els llistats de
molécules candidates per a la patologia. Entre ells hi ha gens relacionats amb la
neurotransmissio glutamatergica (MTDH, LRP1, MEF2D), el desenvolupament i la plasticitat
sinaptica (FHL5, ASTN2), dolor (TRPM8) o components del sistema vascular (PRDM16,
PHACTRT) (Taula 4) (Ferrari et al. 2015).
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Taula 4. Gens de susceptibilitat a la migranya identificats en GWAS.

Subgrup Tipus de

b Locus Gen migranyés mostra

Referénciales

Neurotransmissié glutamatergica

rs1835740 8q22.1 MTDH MA Clinic (Anttila et al. 2010)

(Chasman et al.

rs11172113 12913 LRP1 MO Poblacional o 2011) (Freilinger et

Clinic al. 2012) (Anttila et
al. 2013)
Poblacional o (Freilinger et al.
rs3790455 1922 MEF2D Migranya; MO L 2012) (Anttila et al.
Clinic 2013)
Desenvolupament i plasticitat
sinaptics
(Freilinger et al.
rs6478241 9933 ASTN2 Migranya Clinic 2012) (Anttila et al.
2013)
113208321 6016 prop deFHL5 MO poplacional o (antila et al. 2013)
Dolor
(Chasman et al.
Poblacional o 2011) (Freilinger et
rs10166942 2937 TRPM8 MO Clinic al. 2012) (Anttila et
al. 2013)

Metal-loproteinases
Poblacional o

rs10504861 8g21 prop de MMP16 ~ MO Clinic (Anttila et al. 2013)
rs10915437 1p36 prop de AJAP1 Migranya Clinic (Anttila et al. 2013)
prop de . Poblacional o .
rs12134493 1p13 TSPAN2 Migranya Clinic (Anttila et al. 2013)
rop de (Freilinger et al.
rs7640543 3p24 prop Migranya Clinic 2012) (Anttila et al.
TGFBR2
2013)
Sistema vascular i metabolisme
rs4379368 7014 SUGCT MO poolacional o (antiia et al. 2013)
Poblacional o (Chasman et al.
rs2651899 1p36 PRDM16 Migranya Clinic 2011) (Anttila et al.
2013)
Poblacional o (Freilinger et al.
rs9349379 6p24 PHACTR1 MO iy 2012) (Anttila et al.
Clinic 2013)

*Per a cada locus s’indica la variant amb el p-valor més significatiu.

3.2.3. Noves perspectives: Els microRNAs com a elements reguladors

Tot i que els estudis actuals d'associacié estan més centrats en les analisis a gran escala
que en gens candidats, de moment no s'ha fet prou émfasi en els elements reguladors del
genoma, com ara els promotors dels gens o els microRNAs (miRNAs). Aquests ultims, més
de 1500 en el genoma huma, no sempre estan ben coberts pels marcadors dels GWAS d'Us
més extés. Es per aixo que els miRNAs han estat objecte d'estudi en un dels treballs que es
presenta en aquesta Tesi.

En les malalties mendelianes la major part de la variacié genética causal esta en els exons
(>85%). Hi ha debat sobre si l'arquitectura genética de les malalties complexes és similar o
si, pel contrari, hi tindran més pes les regions reguladores de I'expressio génica. Publicacions
recents en qué s’estudien gens, variants i patrons d’expressié de miRNAs demostren la seva
contribucié al fenotip normal i a la patologia (Kress et al. 2013, Lett et al. 2013, Muinos-
Gimeno et al. 2011).



Els miRNAs sén molécules reguladores curtes no codificants d’ARN d'entre 18 i 24
nucleotids (Mishra et al. 2008). Es calcula que podrien estar implicats en la regulacié de
I'expressio de dos tercos dels gens en el genoma (Friedman et al. 2009). Actuen a nivell
post-transcripcional, ja sigui inhibint la sintesi proteica o degradant molécules diana d’ARN

missatger.

3.2.3.1. Biogénesi i expressié dels miRNAs

Els gens de miRNA s’expressen com a transcrits primaris llargs, els pri-miRNAs, que
comprenen entre 100 i 1000 nucleotids i que prenen estructures internes en forma de llag,
En la majoria de casos és la polimerasa d’ARN Il la implicada en el seu mecanisme de
transcripcio (Bicker & Schratt 2008).

El pri-miRNA, encara localitzat al nucli, és processat per la RNasa de tipus Ill Drosha, que
talla el pri-miRNA i n’allibera I'estructura de llag. El resultat del clivellament és el pre-miRNA,
que té una longitud d’uns 70 nucleotids. Aquest és transportat al citoplasma, on és processat
per la RNasa de tipus Il Dicer. Aquesta és I'encarregada de dur a terme una segona escissio
que dona lloc a un ARN de doble cadena de 18-24 nucledtids, corresponent al miRNA madur
i a la seva cadena complementaria (miRNA*). Una helicasa és la responsable de separar el
duplex miRNA:miRNA*, i generalment només una de les dues té funcié reguladora, mentre
que l'altra es degrada. El miRNA madur entra en un complex proteic (miRNA-containing RNA
Induced Silencing Complex, miRISC) encarregat de guiar el miRNA cap al seu mRNA diana.
El miRNA madur conté un regié d’'uns 7 nucledtids anomenada seed, que s’uneix al
missatger diana per complementarietat de bases, en la majoria de casos a la regié 3'UTR.
Els miRNAs presenten dos tipus de mecanismes reguladors: la inhibicié translacional i la
degradacié de I'’ARN missatger. Aquest ultim esta afavorit quan la complementarietat de
bases entre el missatger i el mMiRNA és molt elevada, mentre que un aparellament imperfecte
de bases entre la regié seed i el missatger facilita la inhibicié translacional. S’ha vist que el
bloqueig de la traduccié dels ARN missatgers és el mecanisme més freqlient en animals
(Kim et al. 2009).

En el genoma huma els gens de miRNAs es presenten en la seva majoria separats
(singletons), perd també poden organitzar-se agrupats (clusters) i ser transcrits en una Unica
molécula. D'altra banda, els gens de miRNAs poden estar situats en regions intergéniques o,
en alguns casos, en regions introniques o exoniques tant d’ARNs llargs no codificants com
de gens que codifiquen proteines. Quan els gens de miRNAs estan situats dins d'altres gens
que codifiquen proteines, la seva expressié pot estar coordinada amb la del gen hoste. Hi ha
casos en qué el miRNA es troba en anti-sentit amb el gen hoste o la regid intronica, i
aleshores sol comptar amb el seu propi promotor (Kim et al. 2009).

La majoria de miRNAs presenten patrons d’expressié especifics de teixit i/lo de moment del
desenvolupament, en part atribuits a la seva transcripcié coordinada amb els gens hostes,

aixi com a la regulacié transcripcional mitjangant factors de transcripcié especifics dels gens.
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Algunes publicacions han suggerit que els miRNAs i els factors de transcripcié poden
regular-se reciprocament, i que I'expressio dels miRNAs pot tenir també una regulacié post-
transcripcional. Es per aixd que una expressié ubiqua dels pre-miRNAs no es correspon
necessariament amb I'expressié dels miRNA madurs, ja que hi ha punts de control especifics
de teixit que podrien blogquejar la seva maduracio, com ara el bloqueig de Dicer (Liang et al.
2007).

3.2.3.2. miRNAs i malalties neurologiques

En els dltims anys els miRNAs s’estan comengant a tenir en consideracié com a mecanismes
reguladors del desenvolupament i les funcions madures del sistema nerviés central (Central
Nervous System, CNS), sobretot per la seva capacitat reguladora de I'expressié génica
especifica de teixit. Molts d’ells s’han identificat en cervell utilitzant técniques de clonatge i
perfils d’expressio, i tenen papers clau en diferents fases del desenvolupament . En termes
generals, i particularment en el CNS, s'ha constatat la seva implicacié en processos com la
plasticitat sinaptica, la diferenciacié neuronal, la formacié de la sinapsi, el desenvolupament
de denditres o la regulacié de neuropéptids (Kress et al. 2013).

En el camp de les malalties neurologiques, els estudis s’han centrat en la determinaci6 dels
patrons d’expressiéo dels miRNAs en pacients, amb troballes notables en malalties com
'Alzheimer, el Parkinson o I'esclerosi multiple (O'Connor et al. 2012, Soreq & Wolf 2011).
Una altra via d’estudi és la identificacié de variants genétiques de susceptibilitat, tant les
localitzades en el RNAm diana com en el gen de miRNA que en regula la traduccié a
proteina (Borel & Antonarakis 2008). Diversos miRNAs presenten nivells d’expressio alterats
en els teixits implicats en determinades patogies. Aquesta alteracié s’atribueix en part a
I'efecte de variants genétiques de risc. S’ha suggerit que les situacions de dolor poden
desregular també I'expressio dels miRNAs, tot afectant els nociceptors aferents primaris, que
desemboquen en arees del cervell associades amb components emocionals de percepci6 de
dolor (Lugli et al. 2008). Aixi doncs, I'analisi dels miRNAs pot obrir una nova via d’estudi,
convertint-los en potencials biomarcadors amb aplicacions diagnostiques (Kress et al. 2013).
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4. MODELS ANIMALS EN MIGRANYA

La utilitzaci6 de models animals t¢ com a objectiu I'estudi de la fisiopatologia i els
mecanismes subjacents als atacs que tenen lloc durant les crisis migranyoses.

D’una banda, hi ha models animals murins per a I'estudi de la FHM1, el subtipus rar de
migranya amb aura hemiplégica causat per mutacions en el gen CACNATA (van den
Maagdenberg et al. 2004, van den Maagdenberg et al. 2010). Gracies a les técniques de
recombinacié homologa ha estat prossible generar models murins knock-in portadors de les
mutacions p.Arg192GiIn o p.Ser218Leu, ambdues identificades en humans i per a les quals
s’havien realitzat estudis funcionals a nivell cel.lular en qué s’observa un augment de
l'activitat del canal in vitro, de forma més acusada en el cas de la mutacié p.Ser218Leu. El
ratoli FHM1 presenta signes associats amb la migranya, incloent hemiparesi i debilitat
motora. S’ha vist que la preséncia de les mutacions fa que les CSDs es donin amb més
facilitat, frequiéncia i amplitud, ja que el seu llindar d’induccié queda disminuit. Hi ha també
un model animal per a l'estudi de FHM2 mitjagant knock-ins portadors d’una mutacié
(p-Trp887Arg), en qué s’ha observat una induccid i propagacié de la CSD més elevada (Leo
etal. 2011).

Hi ha també models animals basats en l'estudi de la CSD, en qué aquesta s’indueix
mitjancant diferents métodes: quimicament (aplicaci6 de K' a l'escorca cerebral),
mecanicament (es clava un objecte punxegut a la superficie de l'escorga cerebral) o
eléctricament (mitjangant I'aplicacié de corrents eléctriques a I'escorga) (Buzzi & Tassorelli
2010). Aquests models animals de CSD permeten estudiar les diferents estructures cerebrals
implicades i també un ampli espectre de caracteristiques del fenomen, com la nocicepcio,
I'expressio génica o I'efecte dels farmacs sobre la CSD. Els farmacs que s’empren en aquest
estudis inclouen els antiepiléptics (topiramat, acid valproic), S -bloquejants (metoprolol) o
antidepressius (fluoxetina, amitriptilina).

En questa tesi es presenten els resultats preliminars d’'un estudi de transcriptdmica en un

model muri de CSD a I'’Apéndix 1.
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OBJECTIUS

Aquesta tesi t¢é com a objectiu principal aprofundir en el coneixement genétic de les formes
rares de migranya i fenotips relacionats, aixi com l'estudi de la migranya comuna mitjangant
estudis d’associacio en pacients.

Els objectius concrets d'aquest treball son els seglents:

CAPITOL 1. Estudi genétic de pacients amb formes rares de migranya i fenotips relacionats.
1.1. Cribratge mutacional dels gens CACNA1A i ATP1A2 en 18 pacients amb migranya
hemiplégica (HM).

1.2. Cribratge mutacional del gen CACNA1A en 49 pacients amb ataxia episodica de tipus
2 (EA2).

CAPITOL 2. Estudi genétic de la migranya comuna: estudis d’associacié cas-control.
2.1. Estudi d’associacié de replica de la variant rs1835740 préviament associada amb la
migranya en el primer GWAS realitzat en pacients migranyosos amb i sense aura.
2.2. Col-laboracié en I'estudi GWAS realitzat en pacients amb migranya sense aura en el
marc del Consorci Internacional de Genética de les Cefalees (International Headache
Genetics Consortium, IHGC).
2.3. Estudi d’associacié de réplica en pacients amb migranya amb aura de variants
préviament associades en diversos GWAS.
2.4. Estudi d’associacié de variants relacionades amb gens que codifiquen miRNAs en

pacients amb migranya amb aura.
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CAPITOL 1. Estudi genétic de pacients amb formes rares de migranya i

fenotips relacionats.

Article 1

Cribratge del gens CACNA1A i ATP1A2 en pacients amb migranya hemiplégica: estudis

clinics, genétics i funcionals.

Resum

La Migranya Hemiplégica (Hemiplegic migraine, HM) és un subtipus rar i sever de migranya
amb aura autosOmica dominant, caracteritzada per una aura complexa amb debilitat motora.
S’han detectat mutacions en quatre gens (CACNA1A, ATP1A2, SCN1A i PRRT2) en casos
familiars i esporadics. Aquest trastorn presenta heterogeneitat clinica i geneética, i sovint esta
acompanyat d’ataxia permanent, atacs epiléptics, retard mental i atrofia cerebel-lar
progressiva cronica.

En aquest treball es presenta el cribratge mutacional dels gens CACNA1A i ATP1A2 en 18
pacients amb HM. A més, s’ha realitzat una analisi de variants de nimero de copies (Copy
Number Variant, CNV) del gen CACNA1A utilitzant técniques quantitatives. S’han identificat
quatre variants préviament descrites de canvi de sentit en el gens CACNA1A (p.Ser218Leu,
p.-Thr501Met, p.Arg583Gin i p.Thr666Met) i dues variants també de canvi de sentit en el gen
ATP1A2, la préviament descrita p.Ala606Thr i la nova variant p.Glu825Lys. No s’han
identificat variants estructurals. Aquest cribratge genétic ha permeés identificar més del 30%
dels al-lels causant de HM, tots ells presents en heterozigosi. S’han investigat les
consequencies funcionals de la mutacié p.Thr501Met al. gen CACNA1A, préviament descrita
en casos d’ataxia episodica, i de la mutacié p.Glu825Lys al gen ATP1A2 mitjangant estudis
electrofisiologics, assajos de viabilitat cel-lular o Western blot. Les nostres dades

suggereixen que ambdues variants son responsables de la malaltia.
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Abstract

Hemiplegic migraine (HM) is a rare and severe subtype of autosomal dominant
migraine, characterized by a complex aura including some degree of motor
weakness. Mutations in four genes (CACNAIA, ATP1A2, SCNIA and PRRT2)
have been detected in familial and in sporadic cases. This genetically and clini-
cally heterogeneous disorder is often accompanied by permanent ataxia, epilep-
tic seizures, mental retardation, and chronic progressive cerebellar atrophy.
Here we report a mutation screening in the CACNAIA and ATPIA2 genes in
18 patients with HM. Furthermore, intragenic copy number variant (CNV)
analysis was performed in CACNAIA using quantitative approaches. We identi-
fied four previously described missense CACNAIA mutations (p.Ser218Leu,
p-Thr501Met, p.Arg583Gln, and p.Thr666Met) and two missense changes in the
ATPIA2 gene, the previously described p.Ala606Thr and the novel variant
p-Glu825Lys. No structural variants were found. This genetic screening allowed
the identification of more than 30% of the disease alleles, all present in a het-
erozygous state. Functional consequences of the CACNAIA-p.Thr501Met muta-
tion, previously described only in association with episodic ataxia, and
ATPI1A2-p.Glu825Lys, were investigated by means of electrophysiological stud-
ies, cell viability assays or Western blot analysis. Our data suggest that both
these variants are disease-causing.

© 2013 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.
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Introduction

Familial or sporadic hemiplegic migraine (FHM, MIM
#141599, or SHM) are rare subtypes of migraine with aura
(MA) characterized by paroxysmal episodes of hemiparesis
generally preceding or accompanying a headache attack
(International Headache Society [IHS] 2004)). FHM is
considered a monogenic disorder and follows an autoso-
mal dominant inheritance pattern (Pietrobon 2007). Both
FHM and SHM are genetically heterogeneous disorders.
Up to now, four causative genes have been described in
hemiplegic migraine (HM): CACNAIA on chromosome
19p13 (FHMI1, MIM #301011) (Ophoff etal. 1996),
ATPIA2 at 1923 (FHM2, MIM #182340) (De Fusco et al.
2003), SCNIA at 2q24 (FHM3, MIM #182389) (Dichgans
et al. 2005) and, recently, PRRT2 at 1l6pll.2 (MIM
#614386) (Riant et al. 2012). Additionally, two other loci
have been reported in FHM families at 1q31 (Gardner
et al. 1997) and 14q32 (Cuenca-Leon et al. 2009), although
the specific genetic defects have not yet been uncovered.

Mutational screenings of HM patients have reported
more than 30 mutations in the CACNAIA gene, over 60
mutations in the ATPIA2 gene, only five in SCNIA (de
Vries et al. 2009; Riant et al. 2010a; Freilinger et al. 2011)
and eight in PRRT2 (Cloarec et al. 2012; Dale et al. 2012;
Gardiner et al. 2012; Marini et al. 2012; Riant et al. 2012).
Additionally, a quantitative study that used multiple liga-
tion-dependent probe amplification (MLPA) identified a
deletion of exons 39-47 of CACNAIA in a SHM patient
(Labrum et al. 2009). CACNAIA encodes the pore-forming
o1 subunit of the voltage-gated neuronal Ca,2.1 (P/Q-type)
channel. Ca,2.1 channels are located in cortical glutamater-
gic presynaptic terminals and play an important role in con-
trolling neurotransmitter release. ATPIA2 encodes the 02
subunit of the Na*/K" ATPase, is expressed in astrocytes
and is involved in the clearance of extracellular K and pro-
duction of a Na* gradient used in the reuptake of glutamate.
SCNIA encodes the a1 subunit of the neuronal voltage-
gated sodium channel Na,1.1. This channel is critical in the
generation and propagation of action potentials (Wessman
et al. 2007). Finally, PRRT2 codes for a transmembrane pro-
tein of unknown function that is capable to bind to synapto-
somal-associated protein 25 (SNAP25), which suggests a
role in synaptic exocytosis (Lee et al. 2012).

The allelic heterogeneity displayed by the CACNAIA
gene also correlates with substantial clinical variation, as
mutations in this gene are also responsible for two other
autosomal dominant diseases: episodic ataxia type 2 (EA2,
MIM #108500) and spinocerebellar ataxia type 6 (SCAS,
MIM #183086). The range of CACNAIA-linked phenotypes
has even been broadened by the recent descriptions of
patients presenting with alternating hemiplegia of child-
hood (de Vries et al. 2008), acute striatal necrosis (Carreno
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drome (Yamazaki et al. 2011), and recurrent ischemic

hemiplegia—hemiconvulsion—epilepsy syn-

stroke (Knierim et al. 2011). Clinical variation is also seen
within the HM phenotype, a condition in which CACNAIA
may sometimes be implicated as a modifier gene rather than
a disease-causing gene (Serra et al. 2010). Typical attacks in
HM are often associated with other aura symptoms: the
clinical spectrum includes permanent cerebellar signs and,
less frequently, various types of epileptic seizures, mental
retardation, and coma. Furthermore, in approximately 50%
of FHM1/CACNAIA families, chronic progressive ataxia
occurs independently of the migraine attacks (IHS 2004).
ATPIA2 has also been associated with alternating hemiple-
gia of childhood (Bassi et al. 2004). Also, the SCNIA gene
has been associated with phenotypes other than HM, as it
has been identified as a cause of generalized epilepsy with
febrile seizures plus type 2 (GEFS+2, MIM #604403)
(Escayg et al. 2000), severe myoclonic epilepsy in infancy
(SMEL, MIM #607208), also called Dravet syndrome
(Dravet 2011), childhood epilepsy with generalized tonic-
clonic seizures (ICEGTC, MIM #607208), familial febrile
convulsions type 3A (FEB3A, MIM #604403) (Mantegazza
et al. 2005), and elicited repetitive daily blindness (ERDB)
with HM (Vahedi et al. 2009). Finally, mutations in PRRT2
have been found in a number of paroxysmal disorders,
including paroxysmal kinesigenic dyskinesia (PKD,
MIM #128200), infantile convulsions with PKD (PKD/IC,
MIM  #602066), benign familial infantile epilepsy
(BFIE, MIM #605751), and episodic ataxia or febrile sei-
zures, apart from HM (Wood 2012).

At the functional level, HM and EA2 mutations typi-
cally have opposite effects on the Cay2.1 channels leading
to increased or decreased Ca”* influx, respectively (Pietro-
bon 2013). HM-related mutations in the ATPIA2 gene
typically produce a loss of function of the pump (de Vries
et al. 2009).

In a previous study, we analyzed 21 Spanish patients
with HM episodes and identified three mutations in the
CACNAIA gene, but no disease-causing changes in
ATPIA2 (Cuenca-Leon et al. 2008). In this study we ana-
lyzed 18 additional patients with HM of Spanish and
Greek origin and identified four mutations in the
CACNAIA gene and two mutations in ATP1A2. The two
changes that had not previously been studied at the func-
tional level were subjected to functional analyses to estab-
lish their relevance to the disease phenotype.

Materials and Methods

Patients

All 18 patients, examined and diagnosed by specialized
neurologists, fulfilled the International Criteria for
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Headache Disorders 2nd edition (IHS 2004) for FHM or
SHM diagnoses except patient #157, with probable HM
but only one severe HM episode at the time of diagnosis.
Clinical characteristics of the sample are presented in
Table 1 and the pedigrees in which mutations were iden-
tified are shown in Figure 1. One hundred Caucasian
Spanish or Greek unrelated adult control individuals with
no personal or family history of recurrent or disabling
headache were screened for the presence of the changes
identified in the CACNAIA and ATPIA2 genes. The
Spanish controls were blood donors or individuals that
underwent surgery unrelated to migraine at Hospital Vall
d’Hebron (Barcelona), whereas the Greek ones were
healthy individuals collected as controls for a mutation
screening of cystic fibrosis. This study was approved by
the local Ethics Committee and informed consent was
obtained from all adult subjects, children, and their par-
ents according to the Helsinki declaration.

Sampling and mutation screening

Peripheral blood samples were collected from all pro-
bands. Genomic DNA was isolated using a standard salt-
ing-out method (Miller et al. 1988). The CACNAIA and
ATPIA2 genes were sequenced as previously described,
including all exons, splice sites, and branch points (Cu-
enca-Leon et al. 2008).

The promoter and 3'UTR regions of CACNAIA were
also included in the mutational screening. We covered an
894-bp region upstream from the initiation codon and a
553-bp segment including exon 48, as previously
described (Veneziano et al. 2009). The extension of the
mutational screening was also applied to 18 HM patients
from our previous study (Cuenca-Leon et al. 2008). All
mutations were assessed by bidirectional sequencing. In
addition, all mutations were confirmed by restriction
fragment length polymorphism (RFLP) analysis of poly-
merase chain reaction (PCR) products (Table 2). Control
individuals were screened by Sanger sequencing, single-
strand conformation polymorphism or RFLP analysis to
test the possible presence of the identified changes. Muta-
tion nomenclature follows HGVS guidelines (http://www.
hgvs.org/mutnomen/recs-DNA.html) and refers to the
CACNAIA cDNA sequence NM_023035.1 (protein
sequence NP_075461.2), with nucleotide 283A (ATG) cor-
responding to +1 and the ATPIA2 cDNA sequence
NM_000702.3 (protein sequence NP_000693.1) with nucle-
otide 1A (ATG) corresponding to the initiation codon.

Copy number variant (CNV) analysis of CACNAIA was
performed using two complementary approaches in order
to cover most exons (Fig. S1): MLPA and quantitative
multiplex PCR of short fluorescent fragments (QMPSF).
For the MLPA assay, we used the SALSA MLPA kit P279-
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A2 for CACNAIA (MRC-Holland, Amsterdam, the Neth-
erlands), and for QMPSF we used four sets of probes that
covered 16 additional exons not included in the MLPA
kit design. Further information about the methods and
analysis is provided in Figure S1 and PCR conditions and
sample analysis are available upon request.

Paternity was assessed in the de novo mutation identi-
fied as previously described (Carreno et al. 2011).

DNA constructs and site-directed
mutagenesis

Human o, (Cay2.1) was originally cloned into a pCMV
vector and mutation p.Thr501Met was introduced by site-
directed mutagenesis (GenScript Corporation, Piscatway,
NJ). Rabbit a0 and rat Cayfs; Cay2.1 channel regulatory
subunits were subcloned into a pcDNA3 expression vector.

A full-length human ATPIA2 ouabain-resistant cDNA
clone (02_oua_wt, with p.Glnl116Arg and p.Asnl27Asp
changes conferring ouabain resistance), housed in
pcDNA3.1 with the myc tag, was used. Mutation ¢.2473G>A
(x2_oua_825Lys) was introduced in a #2_oua_wt clone with
the QuickChange II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA).

All cDNA clones used in this study were sequenced in
full to confirm their integrity.

Functional analysis of CACNA1A
Heterologous expression and electrophysiology

HEK 293 cells were transfected using a linear polyethyle-
neimine (PEI) derivative, the polycation ExGen500 (Fer-
mentas Inc., Hanover, MD) (8 equivalents PEI/3.3 ug
DNA/dish) as previously reported (Fernandez-Fernandez
et al. 2004). Transfection was performed using the ratio
for o354 (wild type or p.Thr501Met), Cayfs, 20, and
EGFP (transfection marker) of 1:1:1:0.3. Recordings were
done 24-72 h after transfection.

Calcium currents (Ic,) through wild-type (WT) or
p-Thr501Met Cay2.1 (P/Q) channels were measured using
the whole-cell configuration of the patch-clamp technique
(Hamill et al. 1981). Pipettes had a resistance of 2-3 M)
when filled with a solution containing (in mmol/L): 140
CsCl, 1 EGTA, 4 Na,ATP, 0.1 Na;GTP, and 10 Hepes
(pH 7.2-7.3 and 295-300 mosmoles/L). The external
solution contained (in mmol/L): 140 tetraethylammoni-
um-Cl, 3 CsCl, 2.5 CaCl,, 1.2 MgCl,, 10 Hepes, and 10
glucose (pH 7.3-7.4 and 300-305 mosmoles/L). Record-
ings were obtained with a D-6100 Darmstadt amplifier
(List Medical, Germany), filtered at 1 kHz and corrected
for leak and capacitive currents using the leak subtraction
procedure (P/8). Currents were acquired at 33 kHz. The
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Table 1. Clinical features of 18 patients with HM and other accompanying symptoms.

Age at Other
Age onset Triggering ictal Family

Patient Gender  (years) (years) factors Diagnosis  features Other history Origin Mutation

5C F 50 11-12 - FHM - - MA, HM Spain -

A03_44 F 66 - - FHM - Nystagmus, HM Spain p.Thr501Met
progressive (CACNATA)
ataxia

A00_100 F 31 Adolescent - FHM Episodic Progressive HM, MA, Spain p.Arg583GIn

ataxia ataxia, EA2 (CACNATA)
cerebellar
atrophy on
MRI

99 F 40 8 Fasting SHM MA - MO Spain -

112 M 19 11-12 - SHM MO - Headache Spain -

157 M 15 8 Stress HM (1 MA - MA, MO, Spain -

episode) vestibular
migraine

161 M 20 11 - SHM - - Spain -

322B F 47 <10 - FHM MA Interictal HM, Spain p.Thre66Met
cerebellar interictal (CACNATA)
signs nystagmus

388A F 15 11 - FHM - - HM Spain -

391A F 1" 5 Stress SHM Generalized - MO Greece  p.Ser218Leu

seizure, (CACNATA,
transient de novo)
cerebral

edema on

MRI

431 F 42 38 Stress SHM - - MO Spain -

475 E 50 14 - FHM - - HM Spain -

1713 M 37 12 - FHM MA - HM, MA Spain -

G248 F 43 17 Stress, SHM Aphasia - - Spain -

menses
8873 F 37 9 - FHM Aphasia, - HM Spain -
transient
episodes of
bilateral
visual loss
1310 F 47 15 Stress, FHM Partial - HM Spain p.Ala606Thr
strong epileptic (ATP1A2)
odors seizures
387A M 10 2 Head FHM Febrile Tension-type ~ HM Greece  p.Glu825Lys
injury seizures headache (ATP1A2)
489A F 8 5 - FHM Prolonged Nystagmus, MA, panic Spain -
dysphasia/ cerebellar attacks
confusion atrophy on
MRI

HM, hemiplegic migraine; FHM, familiar hemiplegic migraine; SHM, sporadic hemiplegic migraine; MA, migraine with aura; MO, migraine without

aura; EA2, episodic ataxia type 2; MRI, magnetic resonance imaging.

pClamp8 software (Axon Instruments, Foster City, CA)
was used for pulse generation, data acquisition, and sub-
sequent analysis.

Peak inward Ca®* currents were measured from cells
clamped at —80 mV and pulsed for 20 msec from —60 mV
to +70 mV in 5 mV steps. A modified Boltzmann equation
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(eq. 1) was fitted to normalized current voltage (I-V) to
obtain the voltage dependence of activation. The voltage
dependence of steady-state inactivation was estimated by
measuring peak Ic, currents at +20 mV following 30-sec
steps to various holding potentials (conditioning pulses)
between —80 and +5 mV. During the time interval between
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Figure 1. Pedigrees of patients with the identified gene variants. (A) Mutations in the CACNATA gene. (B) Mutations in the ATPTA2 gene.
Affected individuals are denoted by solid symbols; hemiplegic migraine (HM) in black and other phenotypes in gray; squares indicate males and
circles females. Probands are indicated by a black arrow. Clinical characteristics are indicated below each individual (HM, migraine with
hemiplegic aura; MA, migraine with aura; CA, cerebellar atrophy; EA2, episodic ataxia type 2). Gene variant carrier status is indicated below each
patient when known. Mutation p.Ser218Leu appeared de novo in the affected sib.

test pulses (20 msec) cells were held at —80 mV. Ic, cur-
rents obtained following the conditioning pulses were nor-
malized to maximal I, to determine the persistent current.
Half-maximal voltage (V1,2, inact) Was obtained by fitting
the data to the following Boltzmann equation (eq. 2). All

experiments were carried out at room temperature (22—
24°C).

I= Gmax(V - Vrev)/(1 + EXP(—[V - Vl/Z,act}/kact)) (1)
I/Imax = 1/(1 + CXP([V = Vl/2.inact]/kinact)) (2)

210 © 2013 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.
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Table 2. Disease-causing mutations identified in the CACNATA and ATP1A2 genes in hemiplegic migraine patients.

Mutation position Previously
reported in
Patient Gene Protein cDNA Exon Protein domain Detection method Phenotype other patients Reference
391A CACNATA p.Ser218Leu c.653C>T 5 Cytoplasmic, —Taql SHM and HM Kors et al.
1S4-5 generalized (2001, #164)
seizures
A03_44 CACNATA p.Thr501Met c.1502C>T 11 Transmembrane,  +Fatl FHM, EA2 Mantuano et al.
S1 Dl progressive (2010, #165)
ataxia
A00_100 CACNATA p.Arg583GIn ¢.1748G>A 13 Transmembrane, —Banll FHM, EA2, HM Ducros et al.
S4 DIl progressive (2001, #166)
ataxia
322B CACNATA p.Thr666Met c.1997C>T 17 Transmembrane,  +Bccl FHM, MA HM Ophoff et al.
hairpin loop DIl (1996, #119)
387A ATP1A2 p.Glu825Lys c.2473G>A 18 Cytoplasmic loop, —Pvull FHM No -
L6/7
1310 ATP1A2 p.Ala606Thr  c.1816G>A 13 Cytoplasmic loop, +Hhal FHM, partial  HM Riant et al.

M4/5

epileptic (2005, #922)

seizures

HM, hemiplegic migraine; FHM, familiar hemiplegic migraine; SHM, sporadic hemiplegic migraine; MA, migraine with aura; EA2, episodic ataxia

type 2.

Statistics

Data are presented as the means = SEM. Student’s ¢ test
or Mann—Whitney test was used for statistical analysis, as
appropriate. The t test assumes that data are sampled
from population that follow a normal distribution and
with equal standard deviations. Therefore, the use of the
Mann—Whitney test is justified either if at least one of the
two population data that are compared fails the normality
test (using the Kolmogorov—Smirnov method) or if there
are significant differences among the standard deviations
of the two populations. Differences were considered sig-
nificant if P < 0.05.

Functional analysis of ATP1A2
Cell viability assay

HeLa cells were transfected with 2 ug of constructs using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Forty-
eight hours after transfection, 2/3 of the cells were har-
vested for Western blot analysis and 1/3 of cells were
seeded in petri dishes. After 24 h, the Na*/K'-ATPase
inhibitor ouabain (1 umol/L) was added to the medium
(Dulbecco’s modified eagle medium containing 10% fetal
calf serum and 1% Penicillin-Streptomycin). After 48 h of
ouabain exposition, cell viability was quantified with the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) reduction assay (De Fusco et al. 2003; Van-
molkot et al. 2003).

Western blot analysis

A volume of 25 pug of total protein extract (per lane) was
subjected to 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Gels were transblotted to a nitrocellu-
lose membrane and were incubated overnight with
monoclonal antibodies against c-Myc (4 ug/mL). Horse-
radish peroxidase-conjugated anti-mouse immunoglobu-
lins were used as a secondary antibody. Proteins were
visualized with the enhanced chemiluminescence kit (GE
Healthcare, Little Chalfont, Buckinghamshire, U.K.). Blots
were probed with antitubulin antibodies as a loading
control.

Statistics

We performed four independent experiments, each with
triplicate measurements, and carried out statistical analy-
ses by the Student’s ¢ test, considering one-tail distribu-
tion and two-sample equal variance (homoscedastic).
Statistical significance was set at P < 0.05.

Results

Clinical data

Eighteen patients with HM and other accompanying clini-
cal features were identified and screened for mutations in
the CACNAIA and ATPIA2 genes. Eleven were classified
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as FHM and seven as SHM. The clinical characteristics of
all patients are summarized in Table 1.

As previously described, we observed a preponderance
of female patients in our HM population (13 female
patients/five male patients). Age of onset was known for
17 cases. Seven patients presented onset within the first
decade; the youngest age of presentation of hemiplegia
was at age 2 in one FHM case (#387A). Onset in post-
puberty or adolescence was documented in nine patients
while in one case (#431) an unusual late onset in the
fourth decade was reported. The episodes triggering fac-
tors did not differ from those commonly associated
with common migraine, except for mild head trauma-
induced attacks in case #387A, bearing an ATPIA2
mutation.

Other ictal manifestations were common in this cohort
of HM patients: four cases developed migraine with typi-
cal visual or sensory aura and one migraine without aura
(MO) episodes; three had episodes of aphasia or dyspha-
sia, presumably the expression of migrainous aura, in the
absence of concurrent hemiplegia. Two patients developed
epileptic seizures, one partial and one generalized, and
one patient had a history of febrile seizures; transient
visual loss and episodic ataxia were described in one case
each.

Four patients had interictal, permanent neurological
abnormalities, mainly a cerebellar syndrome featuring
nystagmus and different degrees of chronic ataxia. Three
or these harbored mutations in one of the two analyzed
genes. All patients were subjected to MRI studies. The
only remarkable neuroradiologic findings were chronic
cerebellar atrophy in three cases and cerebral edema at
the time of the episodes in one case. The remaining
patients did not have any chronic disability and had nor-
mal interictal exams (Table 1).

A more detailed clinical description of patient #387A
and his father, bearing a previously undescribed mutation
in the ATPIA2 gene, is provided as supplementary mate-
rial (see Data S1).

Genetic analysis

The extensive sequencing of the CACNAIA gene in 18
subjects with HM allowed the identification of four pre-
viously reported changes in four unrelated families. In
the remaining 14 patients, a novel and a previously
described mutation was detected in the ATPIA2 gene
(Table 2 and Fig. 2). The presence of all these variants
was confirmed by restriction analysis of the correspond-
ing PCR products (Table 2). The identified changes were
not present in 100 Spanish nonmigraineurs. The novel
p-Glu825Lys mutation in the ATPIA2 gene, identified in
a Greek patient, was also absent from a set of 100
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healthy Greek individuals. One of the changes, p.Ser218-
Leu, was present in the affected sib, but not in her par-
ents, indicating a de novo origin (Fig. 1A).
paternity was excluded by genotyping 16 polymorphic
microsatellite markers in all the family members (data
not shown).

All the identified mutations led to amino acid substitu-
tions (p.Ser218Leu, p.Thr501Met, p.Arg583Gln, and
p.-Thr666Met in CACNAIA; p.Glu825Lys and p.Ala606Thr
in ATPI1A2). One of them, p.Glu825Lys in ATPIA2, is
described here for the first time. The rest of the changes
had previously been reported in other patients from sev-
eral countries, four of them in HM and only one,
p.Thr501Met in CACNAIA, in association with another
phenotype, EA2.

The CACNAIA-p.Thr501Met mutation, described only
once prior to this study, and the novel missense mutation
p-Glu825Lys in ATPIA2, both of them subjected to func-
tional studies in this study (see below), alter amino acid

False

residues that are highly conserved in evolution as shown
by a comparison of their paralogous and orthologous
counterparts (Fig. 3). The p.Glu825Lys variant segregates
with the HM phenotype, being transmitted from the
affected father to the affected sib (Fig. 1B; for a detailed
clinical description see Data S1). DNA was not available
from the p.Thr501Met family, where a son and a daugh-
ter of the studied proband (#A03_44) have also been
diagnosed with HM.

The 12 patients with no mutations identified after
extensive CACNAIA and ATPIA2 sequencing, as well as
18 HM patients negative for a mutational screening per-
formed in our previous study (Cuenca-Leon et al. 2008),
were subjected to MLPA/QMPSF quantitative analysis to
seek duplications/deletions in the CACNAIA gene. How-
ever, no structural variations were found in these pro-
bands.

Functional studies

We subjected two of the identified mutations, p.Thr501Met
(CACNAI1A) and p.Glu825Lys (ATP1A2), to functional
analyses. These changes are the only ones that had not pre-
viously been studied by other authors at the functional
level.

CACNATA (p.Thr501Met): current density and
activation/inactivation voltage dependence of
heterologously expressed Cay2.1 (P/Q) channels

Mutation p.Thr501Met changes a hydrophilic amino acid
to a hydrophobic one and is located in a functionally
important region of the human o, subunit of the neuro-
nal Cay2.1 (P/Q-type) Ca?" channel (Fig. 2A). It lies in
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Figure 2. Gene structure of CACNATA and ATPTA2 and detection of mutations. (A) 1: CACNATA gene structure, with black boxes indicating
exons. The identified mutations causing HM are indicated by colored dots: p.Ser218Leu (light green), p.Thr501Met (red), p.Arg583GIn (blue), and
p.Thre66Met (purple). 2: Protein structure and location of the identified mutations. (B) 1: ATP1A2 gene structure, with black boxes indicating
exons. The newly identified mutation p.Glu825Lys causing HM is indicated by a yellow dot and p.Ala606Thr with a green dot. 2: Protein structure
and location of the identified mutations. Detection of the mutations by direct sequencing of PCR products: electropherograms. Cyt, cytoplasm;

M, cytoplasmic membrane; ES, extracellular space.
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Figure 3. Protein alignment performed with ClustalW (http:/Avww.
ebi.ac.uk/Tools/msa/clustalw2) (Chenna et al. 2003). On top, the
CACNATA Thr501 residue is conserved in all the human calcium
channel «1 subunits studied (CACNA1A, B, C, D, E, F, and S) and in
the orthologous CACNAT1A proteins of several organisms. Bottom, the
ATPIA2 Glu825 residue is conserved in the four human ATP1
paralogous subunits (ATP1A1, A2, A3, and A4) and in orthologous
ATP1A2 proteins of several organisms. Key: “*" identical residues; “:"
conserved substitutions (same amino acid group); “.” semi-conserved
substitution (similar shapes). Human: Homo sapiens; Bovin: Bos
taurus; Rat: Rattus norvegicus; Mouse: Mus musculus; Fish (Zebrafish):
Danio rerio.

the S1 segment of domain II (II-S1) (Fig. 2A), which
makes up part of the voltage sensor (Tombola et al.
2006). Because in a previous study of a patient with HM
we found that another S1 mutation, p.Tyr1245Cys in
domain IIT of the protein mainly affected voltage depen-
dence of both activation and inactivation of the channel
(Serra et al. 2009), we focused our functional analysis of
the p.Thr501Met mutation on those same parameters.
Maximum current densities resulting from expression
of mutant p.Thr501Met oy (0tacrso1m)) Were signifi-
cantly higher than current densities of wild-type (WT)
o4 channels (P < 0.05) in a physiological range of depo-
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larized voltages (from —15 to +5 mV) (Fig. 4A and B,
left panel). The potential for half-maximal activation
(Vij2, ac) was also significantly (P < 0.0001) shifted to
hyperpolarized potentials for p.Thr501Met channels (by
~7 mV) (Fig. 4B, right panel). Consistently, the maxi-
mum current amplitude was elicited by depolarizing
pulses to ~ +15 mV or ~ +5 to +10 mV for WT or
p.Thr501Met channels, respectively (Fig. 4A and B).
The half-maximal voltage for steady-state inactivation
(V1/2, inact) induced by 30-sec-conditioning prepulses
between —80 and +5 mV was left-shifted (~12 mV) in
p-Thr501Met channels (P < 0.0001). (Fig. 4C and D).

ATP1A2 (p.Glu825Lys): Ouabain resistance survival
assays

p-Glu825Lys exchanges a negatively charged residue for a
positive one and is located in the intracellular L6/7 loop
of the ATP1A2 protein, between the transmembrane seg-
ments M6 and M7 (Fig. 2B). Potential pathogenicity of
the mutation p.Glu825Lys was indirectly tested through
ouabain resistance survival assays.

HeLa cells transfected with the o2_oua_825Lys con-
struction showed a 10% survival rate, compared with cells
transfected with o2_oua_ WT (P < 0.0003) (Fig. 5A).
Western blot analysis of Hela extracts obtained after
transfection with the mutant and WT constructions
showed a diminished amount of 825Lys protein com-
pared with the WT, indicating that the altered protein
may be unstable (Fig. 5B).

Discussion

We have identified six potentially disease-causing mis-
sense mutations in the CACNAIA and ATPIA2 genes in a
cohort of 18 unrelated probands with HM from Spain
and Greece (33% of patients covered).

There is evidence supporting the finding that the iden-
tified amino acid substitutions are indeed disease-causing
mutations: (1) When family material was available, the
mutations cosegregated with the disease phenotype within
the families, (2) the changes were not present in at least
200 chromosomes from unaffected individuals nor in the
main public single-nucleotide polymorphism databases
(Hapmap, dbSNP), (3) no other molecular alterations
were identified within the studied genes after the analysis
of the whole coding region and the exon—intron bound-
aries, including splice sites, branch points, the promoter,
and the 3'UTR region in CACNAIA, (4) for the two
mutations subjected to functional studies the involved
amino acid residues are strongly conserved in evolution,
both at the intraspecific (CACNAIA, B, C, D, E, F, S or
ATPI1A1L, A2, A3, A4) and interspecific levels (CACNAIA
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Figure 4. Mutation p.Thr501Met affects activation and inactivation properties of heterologously expressed P/Q channels. (A) Current traces
illustrating voltage dependence of WT (left) and p.Thr501Met (right) P/Q channels, in response to 20 msec voltage pulses. Dotted lines in the
current traces indicate the zero current level. (B) Current density-voltage relationships (left panels) and normalized |-V curves (right panels) for WT
(o) and p.Thr501Met (e) P/Q channels expressed in HEK 293 cells. V1., act and Kace values were (in mV): WT (o, n =9) 7.1 + 0.8 and 3.3 £+ 0.3;
p.Thr501Met (e, n = 14) —0.04 + 0.99 and 2.8 + 0.3, respectively. No significant difference was found for k, values (P = 0.29). (C and D)
Steady-state inactivation of WT or p.Thr501Met P/Q channels. Amplitudes of currents elicited by test pulses to +20 mV were normalized to the
current obtained after a 30-sec prepulse to —80 mV and fitted by a single Boltzmann function (see Materials and Methods, eq. 2). Vi/2, inact and
Kinact Values were (in mV): WT (o, n = 10) —24.2 + 0.9 and —5.5 + 0.4; p.Thr501Met (e, n = 15) —35.9 &+ 1 and —5 + 0.2, respectively. No
significant difference was found for ki, values (P = 0.53).

or ATP1A2 subunits from human, cattle, rat, mouse and mary headaches. In this regard, deciphering the molecular
zebrafish), indicating functional/structural relevance, (5) basis of this group of patients may shed new light on the
all these mutations but one (p.Glu825Lys) have been global landscape of migraine genetics.

reported previously in other HM or EA2 cohorts, and (6)
functional analyses reported here (p.Thr501Met in CAC-
NAIA and p.Glu825Lys in ATPIA2) and by other authors
(p.Ser218Leu [Tottene et al. 2005; Weiss et al. 2008; Four patients presented missense mutations in the CAC-
Debiais et al. 2009; Adams et al. 2010], p.Arg583Gln NAIA gene, all of them described in previous screenings by
[Kraus et al. 2000] and p.Thr666Met [Kraus et al. 1998; other authors: p.Ser218Leu, p.Arg583Gln, p.Thr666Met,
Tottene et al. 2002] in CACNAIA; p.Ala606Thr [Jen et al. and p.Thr501Met (Fig. 2A).

2007; Tavraz et al. 2008] in ATPIA2) demonstrate func-
tional consequences of all six changes suggesting pathoge-

CACNA1A screening

5 p.Ser218Leu
nicity.

Interestingly, all but one of the patients that have HM This change was identified as a de novo mutation in a
plus additional ictal/interictal neurological features or SHM patient with aphasia, transient cerebral edema and
atypical paroxysmal signs (e.g., epilepsy or cerebral edema generalized seizures. This transition in a CpG dinucleotide

on MRI) bore mutations in one of the two genes studied. had been described in eight HM patients (Kors et al.
In general, this was not the case for patients without such 2001; Curtain et al. 2006; Chan et al. 2008; Debiais et al.
“extended” HM phenotype, with no mutations identified 2009; Stam et al. 2009; Zangaladze et al. 2010) having

in those genes. The molecular defects associated with this appeared de novo in two of them (Stam et al. 2009). Pre-
extended phenotype are unlikely to mimic those present vious electrophysiological studies for the p.Ser218Leu
in common migraine. It is, however, possible that HM mutation revealed a lower activation threshold, an
cases without known mutation and with less severe clini- increase of channel recovery after inactivation (Tottene
cal presentations, which often overlap with common et al. 2005) and the reduction of the inhibitory pathway
migraine (in our series most had MO and MA attacks in carried by G-protein-coupled-receptor activation (Weiss
addition to HM) may represent a better model for pri- et al. 2008). This dramatic gain of function, compared to
© 2013 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc. 215
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Figure 5. (A) Viability of HelLa cells transfected with the mutant
ATP1A2 cDNA (E825K) normalized to the viability of cells transfected
with the ouabain-resistant wild-type ATPTA2 <DNA (WT). NT,
untransfected cells; pcDNA3.1, cells transfected with the empty
vector. Four independent experiments were performed, each with
triplicate measurements. The * symbol indicates the existence of
significant differences between the p.Glu825Lys and the WT ATP1A2
constructs (P < 0.0003). (B) Western blot assay of the different
protein extracts using anti-myc and anti-tubulin antibodies. The
molecular weight of the Na*/K*-ATPase «2 subunit and tubulin are
indicated. The constructs with the ATPTA2 ouabain-resistant cDNA
carry the myc tag. The clone with the mutation displayed diminished
band intensity.

pcDNA3.1 NT

other missense changes, is thought to explain the severe
clinical outcome observed in the patients carrying this
mutation. Studies with a mouse model provide evidence
that p.Ser218Leu mutations directly affect Ca**-dependent
facilitation and synaptic plasticity (Adams et al. 2010).

p.Arg583GIn

This prevalent mutation has been previously identified in
FHM families and in sporadic patients (Battistini et al.
1999; Ducros et al. 2001; Terwindt et al. 2002;Alonso
et al. 2003; Thomsen et al. 2007; Riant et al. 2010a). In
family #A00_100, only the proband presents HM
(Fig. 1A) and the mutation cosegregates with EA2, cere-
bellar atrophy and/or HM. Previous functional studies for
the p.Arg583GIln mutation revealed a change in the volt-
age dependence of activation and inactivation toward
more negative potentials due to the neutralization of resi-
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due 583 that is positively charged in the WT channel, and
a decrease in the recovery of inactivation (Kraus et al.
2000).

p.Thr666Met

This is also a prevalent mutation that has previously
been found in 24 FHM or SHM probands (Ophoff
et al. 1996; Ducros et al. 1999; Friend et al. 1999; Ter-
windt et al. 2002; Wada et al. 2002; Kors et al. 2003;
Thomsen et al. 2007; Freilinger et al. 2008; Yabe et al.
2008; Riant et al. 2010a) Functional studies in heterolo-
gous systems showed a gain of function through the
following mechanisms: a decrease in the recovery after
1998)
influx through the channel in a broad voltage range
around the threshold of activation, which was also
reduced (Tottene et al. 2002).

. > o : 2+
inactivation (Kraus et al. and increased Ca

p.Thr501Met

This change, found in patient #A03_044 with FHM, nys-
tagmus, and episodic and progressive ataxia, has been
described in another family with EA2 (Mantuano et al.
2010) and in a case with bouts of episodic ataxia and con-
fusion but no hemiplegia, in association with vermian cere-
bellar atrophy (Cleves et al. 2009). This is the second
reported mutation in the S1 segment in any domain of the
o4 subunit in patients with HM. As the previously
described p.Tyr1245Cys (Serra et al. 2009), p.Thr501Met
alters channel activation and inactivation. It promotes
channel activity by shifting the current activation curve to
lower voltages (~9 mV) and increasing Ca** current den-
sity to a range of voltages that neurons can encounter dur-
ing action potential firing. p.Thr501Met also shifts voltage-
dependent steady-state inactivation to less depolarized
voltages (~15 mV). These results further support an
important role of the S1 segments in the function of volt-
age sensors leading to channel gating (Campos et al. 2007).

The functional consequences of mutation p.Thr501Met
are consistent with a causative role in the disease. In this
respect, a reduction in the voltage threshold of channel
activation by ~10 mV is a trait shared by all FHM-caus-
ing mutations in CACNAIA (van den Maagdenberg et al.
2004; Tottene et al. 2005). Such gain of channel function
specifically promotes cortical excitatory neurotransmission
and favors cortical spreading depression (CSD) initiation
and propagation in FHM knock-in (KI) mouse models
(Tottene et al. 2009), which has been pointed out as the
cause of the aura and migraine itself (Bolay et al. 2002;
Pietrobon 2007).

Mutations in CACNAIA are also associated with other
autosomal dominant neurological disorders characterized
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by cerebellar dysfunction, such as EA2 (Ophoff et al
1996). However, contrary to FHM mutations, most EA2
mutations produce loss-of-channel function (Strupp et al.
2007). Our patient carrying the p.Thr501Met CACNAIA
mutation also developed cerebellar symptoms. This also
occurred with other FHM-causing CACNAIA mutations
(Ducros et al. 2001). As yet, it is not clear why some
CACNAIA mutations cause pure FHM and other FHM
with cerebellar signs, as functional studies in vitro do not
reveal any notable difference among these two groups of
FHM mutations (Pietrobon 2007). Nevertheless, the study
of p.Argl92GIn and p.Ser218Leu KI animals may help us
to unveil the role of FHM CACNAIA mutations in EA2
(van den Maagdenberg et al. 2004, 2010). While homozy-
gous p.Argl92GIn (RQ/RQ) and heterozygous p.Ser218-
Leu (SL/WT) mice did not exhibit an overt phenotype,
homozygous p.Ser218Leu (SL/SL) KI model exhibited the
main features of the severe p.Ser218Leu clinical syn-
drome, including mild permanent cerebellar ataxia (van
den Maagdenberg et al. 2004, 2010).

ATP1A2 screening
p.Ala606Thr

This mutation was found in a patient with FHM and
focal epileptic seizures. It has previously been reported in
three FHM families (Jen et al. 2007; Riant et al. 2005).
Functional assays on HeLa cells transfected with WT and
mutant ATPIA2 constructs suggested a loss of function of
the sodium—potassium pump (Jen et al. 2007). Same
results were found for mutations p.N717K and p.P786L,
also located in the L4/5 cytoplasmatic loop of the protein
(Jen et al. 2007; Tavraz et al. 2008). A more detailed elec-
trophysiological functional study showed that the Na'/
K*-ATPase activity was decreased due to a lower affinity
for potassium (Tavraz et al. 2008).

p.Glu825Lys

This novel change, located in the L6/7 loop (Fig. 2B), was
identified in an individual with HM and seizures. Oua-
bain-resistant survival assays showed a decrease in cell
viability in HeLa cells transfected with the mutant
ATPIA2 construct (Fig. 5A), again supporting the idea
that the mutation results in loss of function of the
sodium—potassium pump. Also, Western blot analysis
suggests that the mutant protein may be unstable. Other
mutations in this loop that have been identified by others
and were functionally tested are as follows: p.Met829Arg,
p-Arg384*, and p.Arg834GIn (de Vries et al. 2007; Tavraz
et al. 2008). p.Arg834* showed no cell survival in ouabain
challenge assays, and electrophysiological analyses of

CACNATA and ATP1A2 Genes in Hemiplegic Migraine

p-Arg834GIn displayed altered affinities for extracellular
cations or reduced enzyme turnover. It was suggested that
negatively charged residues in loop L6/7 contribute to the
initial recognition of Na™ or K" ions and constitute the
cytoplasmic cation entry port (Shainskaya et al. 2000; Jor-
gensen et al. 2003). Other experiments found that loop
L6/7 is important in the transmission of the activation
signal initiated by cation binding to the phosphorylation
domain of the protein (Xu et al. 2003). These experi-
ments included a Glu to Ala mutation in a Ca®"-ATPase
that is equivalent to the p.Glu825Lys identified in our
patient.

Unidentified mutations/genes

Overall, 12 of 18 HM patients included in this study do
not bear mutations in either CACNAIA or ATPIA2. Con-
sidering also the HM patients screened by us in a previ-
ous study (Cuenca-Leon et al. 2008), the level of
molecular identification is 9/39 (23%), suggesting the
involvement of other genes that still need to be uncov-
ered. In sum, from these 39 patients, 22 were FHM (eight
bearing mutations, 36%) and 17 were SHM (only one
identified mutation, 6%). These data are in line with pre-
vious studies where the coverage was around 40% in
FHM patients (Riant et al. 2005) and between 7% and
16% in SHM (Terwindt et al. 2002; de Vries et al. 2007),
indicating that CACNAIA and ATPIA2 are major genes
in the familial forms of HM but not in the sporadic ones,
where there might be a larger genetic heterogeneity and/
or other contributing factors. Only in one study with
SHM patients presenting an early-onset of the disease the
coverage was higher when analyzing the CACNAIA,
ATPIA2, and SCNIA genes (Riant et al. 2010a). It is also
possible that a few pathogenic mutations have remained
unidentified in the two genes studied, including changes
in introns or in distant regulatory regions, or CNVs in
ATPIA2 that may be undetectable by PCR. Previously, a
large rearrangement in the CACNAIA gene was described
in a SHM patient (Labrum et al. 2009), and so it is con-
ceivable that deletions or duplications in ATP1A2 could
also be responsible for the disorder. However, CNV anal-
ysis has only reported this single deletion in CACNAIA
so far in HM, and this type of alteration is more fre-
quently found in episodic ataxia, where the typical patho-
genic mechanism is a loss of function of the channel
(Riant et al. 2008, 2010b; Labrum et al. 2009; Wan et al.
2011).

Mutations in SLC4A4 have been reported in pedigrees
with proximal renal tubular acidosis (pRTA) with HM
and migraine (Demirci et al. 2006; Suzuki et al. 2010),
but this gene was not considered in this study as none of
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the patients in our series showed renal abnormalities.
Mutations in the SCNIA gene, previously linked to FHM
and involved in several forms of epilepsy, would appear
to be a rather unusual cause of HM. Indeed, more than
700 mutations have been identified in SCNIA with SMEI
compared to just five in FHM (http://www.molgen.
vib-ua.be/SCN1AMutations) (Claes et al. 2009). Further-
more, very recently the genetic heterogeneity of HM phe-
notype has been broadened with the PRRT2 gene,
previously related to paroxysmal kinesigenic dyskinesia
and other episodic disorders. Eight mutations have been
reported in 249 screened HM cases (Cloarec et al. 2012;
Dale et al. 2012; Gardiner et al. 2012; Marini et al. 2012;
Riant et al. 2012). Both SCNIA and PRRT2 may be
targeted by sequencing in the future, although they are
not expected to explain a substantial proportion of our
unresolved HM cases.

Finally, at least one other FHM locus has been mapped
out of the three known loci, at 14q32, but the underlying
gene still awaits identification (Cuenca-Leon et al. 2009).
It is very likely that most of the unresolved 12 HM
patients from the present cohort and 18 HM patients
from a previous study by our group (Cuenca-Leon et al.
2008) bear mutations in other yet unknown HM genes
that need to be uncovered. Thus, future studies will use
whole-exome sequencing to find new genes responsible
for the disease.
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height of the peak corresponding to RNF20 for the considered a deletion when the ratio was under 0.6 and a
patient)/(height of the peak corresponding to the tested duplication when it was over 1.4.

fragment for the average of controls/height of the peak = Data S1. Clinical features of patient #387A and his father.
corresponding to RNF20 for the average of controls). We
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SUPPLEMENTARY MATERIALS AND METHODS

Clinical features of patient #387A and his father

This patient is an 8-years old Greek boy who developed simple febrile seizures at ages 11 and 14
months. He has suffered 4 paroxysmal neurological episodes precipitated by mild accidental head

trauma without loss of consciousness.

The first episode was at 2 years of age. After the head trauma he was irritable and screaming but could
stand or walk. Focal weakness was not reported. He presented right-sided numbness, had difficulty to
walk and speak and the symptoms rapidly evolved into right-sided weakness, inability to talk and
severe feeling of pain all over the head associated with photophobia, but no nausea or vomiting. All the
episodes lasted 0.5 to 1 hour. Since age 7 years he suffers from frequent tension-type headaches,

associated with abdominal discomfort.

His 46-year old father suffers since age 7 from 1-2 episodes per year of dizziness followed by
dysarthria and right-sided hemiplegia accompanied by severe headache. Sometimes he refers
photophobia and nausea after the attack. He was diagnosed with epilepsy in childhood and is currently

being treated with valproic acid. His EEG has shown epileptiform discharges.
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Chr.19p13.1 — CACNA1A

1 23 4 5 6 7-10 11 1215 _16-19 20-24 25-30 31 32-38 39-47
MLPA A A A AA A A A AA A A AA A A AA A MA Aa
Set1 A A A A
Set2 A A A A
QMPSF
Set3 A A A A
Set4 A A A A

Supplementary Figure 1

CNV study design using Multiplex Ligation-dependent Probe Amplification (MLPA) and Quantitative
Multiplex PCR of Short fluorescent Fragments (QMPSF) approaches. Symbols (A) indicate the exons
covered by each assay. The MLPA kit allowed inspection of 24 exons. The analysis software Coffalyser
v8 was used to evaluate the possible presence of CNVs, considering a deletion when the ratio was
under 0.7 and a duplication when it was over 1.3. For QMPSF, we used four sets of primer pairs
covering 16 additional exons. A reference fragment from the RNF20 gene was co-amplified in each
multiplex. Furthermore, two individuals with deletions corresponding to exons 20-47 and 32-47 of
CACNAIA were also included in every assay as positive controls. Data were analyzed using the
PeakScanner™ v1.0 software (Applied Biosystems), and the final ratios for each exon were expressed

using the following formula: (height of the peak corresponding to the tested fragment for the patient /
height of the peak corresponding to RNF20 for the patient) / (height of the peak

corresponding to the tested fragment for the average of controls / height of the peak



Article 2

Espectre mutacional del gen CACNA1A en 49 pacients amb ataxia episodica de tipus 2.

Resum

L’ataxia episoddica és una canalopatia autosdmica dominant caracteritzada per episodis de
desequilibri i descoordinaci6. L’ataxia episodica de tipus 2 (Episodic Ataxia type 2, EA2)
presenta episodis recurrents de vertigen i ataxia cerebel-lar, que poden durant entre minuts i
dies, generalment amb nistagme interictal. Molts pacients EA2 s6n portadors de mutacions
en el gen CACNA1A, que codifica la subunitat « 1A del canal de calci de tipus P/Q
dependent de voltatge Cav2.1. La majoria d’aquestes mutacions sén de canvi de sentit o
sense sentit, i desemboquen en la pérdua de funcié del canal. D’altra banda, també s’han
identificat delecions exoniques en el gen gracies a tecniques quantitatives, tals com
I'amplificacié multiple amb sondes dependent de lligacié (Multiplex Ligation Dependent Probe
Amplification, MLPA) o I'amplificacié multiple quantitativa de fragments fluorescents petits
(Quantitative Multiplex PCR of Short Fluorescent Fragments, QMPSF). En aquest treball es
presenta un cribratge mutacional del gen CACNA1A que inclou els exons, les regions
introniques flanquejants, els punts de ramificacié i les regions promotora i 3’'UTR en 49
pacients no emparentats diagnosticats amb EA2, la série més gran descrita fins ara. En
casos en qué no es van identificar mutacions puntuals o indels per sequenciacié es va dur a
terme una analisi de variants del nimero de copies (Copy Number Variant, CNV) per a la
recerca de grans delecions o duplicacions. Globalment, el cribratge mutacional ha permés la
identificacié de sis mutacions puntuals diferents (tres de canvi de sentit i tres sense sentit) i
dues indels codificants, en total cinc alteracions no descrites préviament, que han permes
cobrir el 20% dels genotips dels pacients. L’analisi de CNVs va identificar una delecié de
'exd 35 en un pacient, resultat d’'una recombinacié entre sequéncies Alu flanquejants. Les
nostres dades suggereixen que les variants son les responsables de la malaltia, tot i que

caldra dur a terme estudis funcionals.
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ABSTRACT
Episodic ataxia is an autosomal dominant ion channel disorder characterized by episodes of
imbalance and incoordination. Episodic ataxia type 2 (EA2) features recurrent episodes of
vertigo and cerebellar ataxia, lasting from minutes to a few days, often with interictal
nystagmus.

Many EA2 patients harbour mutations in the CACNATA gene, encoding the aqa
subunit of the P/Q-type voltage-gated calcium channel Ca,2.1. The vast majority of these
mutations are loss-of-function nonsense or missense leading to decreased channel currents.
In addition, CACNA1A exonic deletions have been reported in EA2 using quantitative
approaches, such as multiplex ligation dependent probe amplification (MLPA) and
quantitative multiplex of short fluorescent fragments (QMPSF).

We performed a mutational screening of the CACNA1A gene, including the promoter
and 3-UTR regions, in 49 unrelated patients diagnosed with EA2, the largest series reported
so far. When point or small indel mutations were not found by sequencing, we performed a
copy number variant (CNV) analysis to screen for duplications or deletions. Overall,
mutational screening allowed identification of six different point mutations (three nonsense
and three missense changes) and two coding indels, five of them novel, that covered 20% of
the patients. CNV analysis identified a deletion spanning exon 35 as a result of a
recombination event between flanking Alu sequences. Our data suggest that these variations

are disease-causing, although functional studies are required.

KEY WORDS
CACNA1A, EA2, mutation, deletion, calcium channel



INTRODUCTION

Episodic ataxia type 2 (EA2, MIM #108500) is a rare autosomal dominant ion channel
disorder characterized by episodes of midline cerebellar disturbance manifesting as ataxia,
imbalance, vomiting, oscillopsia [1] and interictal nystagmus; progressive ataxia can
eventually develop [2]. EA2 has a wide phenotypic spectrum which includes paroxysmal
neurological features other than ataxia. Around 50% of patients also experience migraine,
and 80% suffer from rotational vertigo during the attacks [3]. Ataxia episodes last from hours
to 2-3 days and are usually triggered by emotional stress, physical exercise, alcohol or
caffeine. Onset usually occurs during the second decade of life, although later onsets have
been reported [3,4]. Acetazolamide administration can stop or diminish the frequency and
severity of the attacks [5].

Mutations in the CACNA1A gene are the main known cause of EA2. However, a substantial
number of patients do not harbour mutations in this gene, suggesting that EA2 is a genetically
heterogeneous disorder. Since the first CACNA1A mutations were described in EA2 [6], over
80 EA2 alterations have been reported in the gene [3]. Several other neurological disorders
are caused by mutations in CACNA1A, including familial hemiplegic migraine (FHM1, MIM
#301011) and spinocerebellar ataxia type 6 (SCA6, MIM #183086), and the gene has also
been related to other hemiplegic migraine (HM)-associated phenotypes like alternating
hemiplegia of childhood [7], acute striatal necrosis [8], hemiplegia-hemiconvulsion-epilepsy
[9] or recurrent ischemic stroke [10].

CACNA1A encodes the pore-forming a4 subunit of the neuronal voltage-gated P/Q-
type calcium channel (Ca,2.1), which is widely expressed in the central nervous system
(CNS), specially in Purkinje cells and granule cells of the cerebellum. The Ca,2.1 channel is
responsible for the coupling of calcium influx to vesicular exocytosis, mediating
neurotransmission [11].

The vast majority of CACNA1A EA2 causing mutations are predicted to cause loss of function
of the channel, since nonsense, splicing and small frameshift indel mutations have been
extensively reported. Furthermore, missense mutations leading to decreased channel
currents have been described [4,3,12] and over the past years large deletions in CACNA1A
have been reported in EA2 patients using quantitative approaches, such as Multiplex Ligation
dependent Probe Amplification (MLPA) [13,14] or Quantitative Multiplex PCR of Short
fluorescent Fragments (QMPSF) [15]. Functional studies have been carried out to investigate
the pathogenic mechanism of EA2 mutations by expressing Ca,2.1 channels carrying either
missense or truncating CACNA1A changes in mammalian cells [16,17] and Xenopus oocytes
[18]. Two main hypotheses, negative dominance and haploinsufficiency, have been tested.

In this study we aimed to perform an extensive mutation analysis of the CACNA1A gene in 49
unrelated EA2 patients by means of sequencing and quantitative analyses to identify both

point mutations and genomic rearrangements.
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MATERIALS AND METHODS

Patients

All 49 patients were diagnosed with EA2 on clinical grounds by expert neurologists. Central to
the diagnosis was eliciting a history of recurrent paroxysmal attacks of ataxia, vertigo, and
nausea or vomiting typically lasting minutes to days in duration. Additional supporting criteria
were i) the presence of interictal ataxia and nystagmus; ii) a history of the attacks being
triggered by exercise, emotional stress, alcohol, caffeine, fever, or heat; iii) reduction of attack
frequency/severity by acetazolamide; iv) absence of myokymia and v) a family history
consistent with autosomal dominant inheritance.

Signs and symptoms associated with gait ataxia included dysarthria, diplopia, tinnitus,
dystonia, hemiplegia, and headache, but their incidence in our cohort cannot be estimated
from this retrospective clinical study. Most patients had brain MRI studies but these were not

available for review; cerebellar atrophy was reported in only a minority of cases.

Sampling and mutation screening

Peripheral blood samples were collected from all probands and genomic DNA was isolated
using a standard salting-out method [19]. All 48 exons, splice sites and branch points from the
CACNA1A gene were sequenced. The promoter (894 bp upstream from the translation
initiation codon) and the 3'UTR region, containing exon 48, were also screened as previously
described [20,21]. All mutations were assessed by bidirectional sequencing and confirmed by
restriction fragment length polymorphism (RFLP) analysis. Two hundred control individuals
were screened by Sanger sequencing, and the presence of the identified mutations was
checked at the Exome Variant Server (EVS, evs.gs.washington.edu, ESP6500 data release)
and at the 1000 Genomes database (www.1000genomes.org, phase 3 integrated release).
Mutation nomenclature follows Human Genome Variation Society (HGVS) guidelines
(http://www.hgvs.org/mutnomen/recs-DNA.html) and refers to the CACNA1A cDNA sequence
NM_001127221 (protein sequence NP_001120693), with nucleotide ¢.279A corresponding to
the initiation codon (ATG).

CNV analysis

Multiplex Ligation-dependent Probe Amplification (MLPA) was the first approach used for the
CNV analysis. We used the MLPA CACNA71A kit SALSA-P279-A2 (MRC Holland,
Amsterdam) that contains 25 probes covering 24 exons of the CACNA1A gene. This test was
performed according to the manufacturer's instructions. Quantitative Multiplex PCR of Short
fluorescent Fragments (QMPSF) was used as a complementary approach to cover most of
the exons that were not covered by the MLPA assay. Four sets of probes targeting 16
additional exons were designed. For five additional exons, since they were located <1 kb from
the ones targeted by QMPSF or MLPA and no repeat sequences were present between

them, deletion risk was considered as very low. A reference fragment from the RNF20 gene



was co-amplified in each multiplex. A new set of probes was designed to confirm the deletion
identified by MLPA in one of the patients, containing the deleted exon and the flanking ones.
The MLPA analysis software Coffalyser v8 was used to evaluate the possible
presence of CNVs, considering deletion when the ratio was under 0.7 and duplication when it
was over 1.3. QMPSF data were analyzed using the PeakScanner™ v1.0 software (Applied
Biosystems), and the final ratios for each exon were expressed using the following formula:
(height of the peak corresponding to the tested fragment for the patient/height of the peak
corresponding to RNF20 for the patient)/(height of the peak corresponding to the tested
fragment for the average of controls/height of the peak corresponding to RNF20 for the
average of controls). We considered a deletion when the ratio was under 0.6 and duplication
when it was over 1.4. More details about the design and analysis are provided in Online
Resource 1. PCR conditions and sample analysis procedures are available upon request.
In order to map the breakpoint of the deletion spanning exon 35, we PCR-amplified and
Sanger-sequenced a genomic region containing exons 34 to 36 from the carrier patient

(primers and conditions available upon request).

Nonsense-mediated mRNA decay (NMD) assay

Only in one case biological material was available to perform NMD assays. Fibroblast primary
cultures from a control individual and from patient 432B (bearing the nonsense mutation
p.-W320*) were obtained from skin biopsies, cultured in a monolayer at 37°C under 5% CO; in
T25 flasks (Greiner Bio-One, North America, Inc.) with DMEM medium (Sigma-Aldrich,
Steinheim, Germany) containing 12% fetal bovine serum (FBS) (Gibco, Invitrogen Life
Technologies, Heidelberg, Germany). After three weeks of maintenance, fibroblasts were
tripsinized and cultured in 35mm dishes with DMEM medium containing 10% FBS and 1%
Penicillin-Streptomicine (Invitrogen Life Technologies, Heidelberg, Germany).

To proceed with the NMD assay, WT and mutated cells were then cultured in a six well-plate
each, and three replicates were treated with cycloheximide, a NMD inhibitor, at 1Tmg/ml during
6 hours..

RNA extraction from fibroblasts and reverse transcription polymerase chain reaction (RT-
PCR) were performed using QlAshredder (Qiagen, Hilden, Germany) and High Capacity
cDNA kit (Applied Biosystems) and following the manufacturer’s instructions. A segment of
the CACNA1A cDNA including exon 6 was amplified in all samples. PCR products were

sequenced and digested with Accl, enzyme that cuts the fragment bearing the mutation.
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RESULTS

Patients

Ten out of 49 patients were found to harbour heterozygous CACNA1A mutations (Table 1).
Their clinical signs were prototypical for EA2. However, since most patients were adults when
interviewed, complete information regarding their clinical presentation and the periods with
higher attack frequencies was difficult to retrieve. Acetazolamide was generally effective in
preventing the spells. Brain MRI documented vermian cerebellar atrophy in just one of the ten

cases with molecular diagnosis.

Sequencing analysis of CACNA1A

Sanger-sequence analysis of the CACNA1A gene in a cohort of 49 Spanish individuals
diagnosed with EA2 allowed the identification of eight heterozygous mutations in nine patients
(Fig. 1 and 2). These included three missense changes, three nonsense mutations leading to
premature stop codons (one of them found in two unrelated patients) and two frameshift
deletions (Table 1). All of them were confirmed by restriction analysis. Five of the mutations
are novel and three have previously been reported. None of the mutations was present in a
screening of 200 Spanish control individuals and they were all absent from the Exome Variant
Server and the 1000 Genomes database. Patients' relatives were also screened when DNA
was available (Fig. 2). When more than one individual in a family could be tested,
cosegregation between mutation and disease phenotype was confirmed. Mutations found in
pedigrees with parents available for analysis were all inherited.

Two of the nonsense mutations, p.W320* and p.Y1849*, are described here for the
first time. The first one is located in the extracellular loop between S5 and S6 from domain |,
maintaining only the N-terminus and part of the first domain of the protein (Fig. 1). Mutation
p.Y1849*, in contrast, leads to the truncation of the cytoplasmic tail, leaving out of the subunit
the calcium binding domain (Fig. 1). Two other patients carried mutation p.R1857* in our
series, a mutation reported previously by other authors [22].

Two frameshift mutations caused by deletions of 1 bp and 2 bp were identified and
also lead to truncated proteins. The novel mutation ¢.749delG (p.G250fs*60) is located in the
S5-S6 extracellular loop from domain |, the same domain where the p.W320* change is
located. The second one, ¢.2042-43delAG (p.Q681Rfs*100) produces a frame shift in domain
Il, also in the extracellular loop S5-S6, with a premature stop codon 100 amino acids
downstream. This mutation had been described in previous works [23-26].

Finally, three missense mutations were identified. Two of the patients and the
mutations had already been reported by our group, but they were added to the present study
to provide a complete view of our EA2 series: Patient A98_279 carries mutation p.G638D [4]
and patient A03_44, diagnosed with both EA2 and FHM carried mutation p.T501M [20]. Both
reports were accompanied by functional assays. The third mutation, p.P2222L, described

here for the first time, is located in a poly-proline region in the cytoplasmic tail of the protein.
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CNV analysis of CACNA1A

The study of possible genetic rearrangements in the CACNA71A gene allowed the
identification by MLPA of a deletion of the entire exon 35 (Fig. 3), 151 bp in length, in patient
474, which was confirmed by QMPSF.

In order to map the deletion breakpoint, a genomic region covering exons 34 to 36
was PCR-amplified and sequenced. A recombination occurred between two identical
fragments located within Alu sequences in introns 34 (AluY) and 35 (AluSz), proximal and
distal from exon 35 (Fig. 3), resulting in a 3,5 kb deletion. The deletion disrupts the coding
frame from amino acid position 1,752 and is predicted to lead to a premature truncation only

one codon downstream (p.S1752Cfs*2) in the extracellular S5-S6 loop of domain IV.

Nonsense mediated mRNA decay (NMD) assay

An NMD assay was performed from skin fibroblasts of patient 432B, bearing a heterozygous
p-W320* mutation. Sanger sequencing and RFLP were performed and the mutated allele was
present both in cells treated with cycloheximide and non-treated ones, indicating that this
process does not trigger degradation of the mRNA encoding the truncated protein (data not

shown).
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DISCUSSION

Here we report an exhaustive screening of the CACNA7TA gene in the largest sample of
patients with episodic ataxia type 2 (EA2) so far, which was addressed through Sanger
sequencing and CNV analyses. We identified nine different mutations in 10 of the 49 patients
studied, five of which are novel (Table 1). This represents resolution of 20.4% of our sample,
a percentage that is similar to others reported elsewhere [1,27]. Although most of the
previously reported changes in EA2 are point mutations, deletions encompassing one or
more CACNA1A exons have been described [13, 14,15,28]. For this reason, in addition to
sequencing exons, splice sites, branch points and the promoter region of the gene, we used
two complementary quantitative approaches, MLPA and QMPSF, to extend the mutational
screening to genomic rearrangements within the gene. MLPA and QMPSF allowed inspection
of 45 out of 48 CACNA1A exons (Online Resource 1). Thus, an exhaustive genetic diagnostic
protocol consisting of two sequential approaches offered a wider and more comprehensive
view of the genetic background of EA2.

We identified a total of three nonsense and three missense mutations, two small
deletions and a deletion encompassing the exon 35 of the gene. From these, six were
predicted to truncate the protein, either by introducing a stop codon (p.W320*, p.Y1849* and
p.R1857*) or by causing a frame shift (p.G250Efs*60, p.Q681Rfs*100 and p.S1752Cfs*2).
Disrupting mutations that result in a loss of function of the Ca,2.1 calcium channel are the
most commonly reported changes in EA2 patients. Functional analyses of the truncated
CACNA1A subunit have showed diminished or null activity of the channel for EA2 mutations
[17]. Thus, although truncating mutations have usually shown to cause a loss of function of
the mutated subunit, the underlying pathophysiological mechanism that causes the EA2
phenotype remains still unclear. Two hypotheses have been proposed: haploinsufficiency,
supported by the finding of nonsense mediated RNA decay (NMD) [29,14], and a dominant
negative effect of the mutated subunit. The latter is more generally accepted as the major
mechanism on the basis of functional studies that support an altered interaction between the
WT and the mutated allele that would retain the complex in the endoplasmatic reticulum,
affecting protein trafficking and activating a proteasome response [30,31,16]. The dominant
negative effect of the interaction may require the presence of the N-terminus of the protein in
the mutant form, leading to a suppression of the Ca,2.1 channel expression due to the
interaction between truncated and full-length subunits [17]. All six truncating changes
reported here are all located beyond the N-terminus of the channel and so are candidates to
undergo dominant negative effects.

In our study, since skin fibroblasts from patient 432B (p.W320*) were available, the
hypothesis of haploinsufficiency caused by a possible degradation of the mutated mRNA by
NMD could be tested in HeLa cells. No mRNA degradation was observed for this particular
mutation (data not shown). NMD could not be tested in the rest of the patients from our

collection, as biological samples were not accessible for analysis.



Three heterozygous missense mutations (p.T501M, p.G638D and p.P2222L) were
identified in three patients. The effects of missense mutations are not easy to predict
functionally. Two of the mutations we describe in this study, p.G638D and p.T501M, had been
reported in previous works from our group, where functional analyses were performed [4,20].
Mutation p.G638D showed a loss of function of the channel, in agreement with the most
commonly described effect for EA2 mutations. On another hand, the patient bearing mutation
p.-T501M, a change reported previously in EA2 [26], presents with a phenotype that combines
EA2 and HM. The functional analysis of this missense change revealed a gain of function of
the channel, a pathogenic mechanism typical of HM rather than EA2. There are other
reported cases where related phenotypes overlap, such as HM with progressive ataxia [32] or
EA2 with migraine [26]. The third missense mutation, p.P2222L, was not functionally
characterized. Nevertheless, this mutation cosegregates in the family with the EA2 phenotype
and was also detected in the mother. SIFT [33] and PolyPhen-2 [34] were used to predict
potential functional relevance of this change, which was scored as benign in both cases.
However, this mutation is absent from the exome of 6,503 individuals from the EVS database
and from the genome of 2,054 individuals from the 1000genomes collection, indicating that it
is not a frequent polymorphic variant.

Taking together this and other studies, no specific prevalent mutations are found in
EA2, which results in a large allelic heterogeneity. However, there are some regions in the
CACNA1A gene that are found to be more frequently mutated in EA2 patients and also in
other patients presenting ataxic features (cerebellar ataxia)[27]. In our study, five out of nine
mutations are located in the S5-S6 extracellular loop of different domains (I, Il and 1V) (Fig. 1).
Many disease-causing changes in EA2 seem to be preferentially located in these areas, both
nonsense and missense. Therefore, this S5-S6 linker may represent a key region that
influences the proper functionality of the subunit. This effect has also been seen in mouse
models bearing changes in this region, which present a mild ataxia phenotype [35]. Only one
mutation in our study, p.T501M, present in a patient with EA2 and HM, is located in a
transmembrane domain (DII-S1) that belongs to the voltage sensor part, affecting both
activation and inactivation of the channel [20].

Three other mutations identified here are located in the C-terminal tail. The two nonsense
mutations p.Y1849* and p.R1857* are in exon 37, within the EF-hand responsible for calcium
binding, so the IQ-like CaM interaction domain (IQ) and the Calmodulin Binding Domain
(CBD) [36], located donwstream, are also lost. Finally, although the missense mutation
p.P2222L is located downstream from these interaction regions (EF-hand and calmodulin
binding domains), it may affect the conformation of the tail and disturb the interaction between
the CACNA1A subunit and other elements that bind the C-terminal region, such as auxiliary
B-subunits [37,36], leading to an impaired function of the channel.

Genotype-phenotype correlations were not apparent in our cohort: all mutations described in
this study produced comparable EA2 phenotypes regardless of their molecular nature or they

location in transmembrane or cytoplasmic tail protein domains. Of note, two patients (cases
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340 and 389A) displayed the same variant p.R1857*; in that particular instance the clinical
presentation was similar in the early age of onset and presence of interictal cerebellar signs.

In summary, we have identified nine potentially disease-causing mutations in ten patients with
EA2. However, there is still a significant proportion of EA2 subjects with no mutations in
CACNAT1A, both in our study (about 80%) or in previous reports. Although there might be
some degree of missing allelic heterogeneity in this gene, it is likely that other genes are
involved in the disorder, which may be uncovered by means of next generation sequencing

approaches.
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Figure 1. CACNA1A gene and protein structure with the identified mutations. CACNA71A
gene structure (top figure), with boxes indicating exons. Protein structure of the Ca,2.104a
subunit (bottom figure). The mutations reported in this work are indicated by dots.

Cyt: cytoplasm; M: cytoplasmic membrane; ES: extracellular space; S: Segment
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Figure 2. Pedigrees of patients with the mutations identified in the CACNA1A gene.

Affected individuals are denoted by solid symbols; episodic ataxia is indicated in black and

other phenotypes in gray; squares indicate males and circles indicate females. Probands are

indicated by a black arrow. Clinical characteristics are indicated below each individual (EA2:

episodic ataxia type 2; HM: hemiplegic migraine; MO: migraine without aura). Gene variant

carrier status is indicated below each individual when DNA was available for analysis.
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Figure 3. Genomic rearrangements studies in CACNA1A. a) Results from the MLPA

analysis performed with Coffalyser. The deleted exon 35 is indicated with an arrow. C: control

probe.

b) Deletion breakpoint

mapping. Sequence chromatogram of patient 474

corresponding to the homologous fragment from AluY and AluSz sequences. The identical

shared sequence by the 5’ and 3’ Alu elements located in introns 34 and 35 that mediated the

recombination is framed. Location of fragments taken from UCSC Genome Browser on
Human Feb 2009 Assembly (GRCh37/hg19).
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Online Resource 1.

CNV study design for CACNA1A using Multiplex Ligation-

dependent Probe Amplification (MLPA) and Quantitative Multiplex PCR of Short

fluorescent Fragments (QMPSF) approaches. Symbols (A) indicate the exons inspected

by each assay and grey symbols (A) indicate close exons that were not included, but

covered. The MLPA kit allowed inspection of 24 exons. For QMPSF, we used four sets of

primer pairs covering 16 additional exons. Two individuals with deletions spanning CACNA1A

exons 20-47 and 32-47 were also included in every assay as positive controls.
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Capitol 2. Estudi genétic de la migranya comuna: estudis d’associacio

cas-control.

Article 3

Un estudi de réplica d'un resultat de GWAS previ en migranya no detecta associacié en una
mostra espanyola de tipus cas-control.

Resum

La migranya és un trastorn neuroldgic molt freqiient que presenta un fons genétic complex i
es caracteritza per episodis recurrents de cefalea. Es classifica en migranya amb aura (MA) i
migranya sense aura (MO). Fins ara s’han dut a terme molts estudis d’associacié6 amb
I'objectiu d’identificar variants genétiques de risc per a la migranya comuna, la majoria dels
quals estan dirigits a gens candidats, amb resultats variables i sovint inconsistents. L’any
2010, un estudi GWAS en una mostra clinica va identificar una variant de risc funcionalment
rellevant ('SNP rs1835740), probablement relacionada amb ’homeostasi del glutamat, que
va mostrar associacié significativa amb la migranya. Varem fer un estudi de réplica d'aquest
resultat en un estudi clinic amb una mostra espanyola de pacients MA i MO. Es va genotipar
I'SNP rs1835740 en un total de 1521 pacients i 1379 controls i es va dur a terme un estudi
d’associacié de tipus cas-control. No vam identificar associacid entre la variant estudiada i

cap dels grups clinics considerats.

Referéncia
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A replication study of a GWAS finding in
migraine does not identify association in a
Spanish case-control sample

Célia Sintas'**3, Oriel Carrefio''?3, Jéssica Fernandez-Morales®,

Pilar Cacheiro®, Maria-Jesus Sobrido®®, Bernat Narberhaus®,
Patricia Pozo-Rosich?, Alfons Macaya’ and Bru Cormand' >3

Abstract

Background: Migraine is a prevalent neurological disorder with a complex genetic background characterized by recurrent
episodes of headache. The disease is subclassified into migraine with aura (MA) and migraine without aura (MO). Many
association studies have been performed to date to identify genetic risk variants for common migraine, most of them
focusing on selected candidate genes, with variable and often inconsistent results. Recently, a clinic-based genome-wide
association study for migraine reported a functionally relevant risk variant (SNP rs1835740), involved in glutamate
homeostasis, which showed a significant association with MA. We aimed to replicate this finding in a clinic-based
study of a Spanish cohort with MA and MO patients.

Methods: We genotyped SNP rs1835740 in a Spanish sample of 1521 patients and 1379 screened controls and performed

a case-control association study.

Conclusion: No association was found between the assayed SNP and any of the clinical groups considered.

Keywords

Migraine, association study, rs1835740, MTDH, GWAS replication
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Introduction

Migraine is an episodic neurological disorder that affects
between 10% and 20% of the population, being around
three times more prevalent in women than in men (1,2).
Common forms of migraine present a complex genetic
basis, with heritability values ranging from 33% to 57%
and the likely participation of multiple genes that inter-
act with environmental factors (1). The International
Classification of Headache Disorders (ICHD) distin-
guishes two clinical forms of the disorder: migraine
with aura (MA) and migraine without aura (MO).
Both presentations share clinical features such as the
presence of recurrent headaches, generally accompanied
by photophobia, phonophobia, nausea and aggravation
by physical activity. They are distinguished by the pres-
ence of aura, characterized by transient neurological
symptoms that accompany the headache.

Genetic studies in migraine include genome-wide
hypothesis-free approaches that aim to identify new
susceptibility variants. To date, three genome-wide
association studies (GWASs) have reported four vari-
ants associated with common migraine (3-5).

The first risk variant, rs1835740G > A (8q22), was
identified in the European population in a clinic-
based study carried out by the International
Headache Genetics Consortium (IHGC) (3) in 2731
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migraine cases and 10,747 controls from three coun-
tries, and replicated in four additional population
cohorts, with a genome-wide significant overall meta-
analysis p-value of 1.69 x 10~'". The ‘MA only’ group,
including individuals that had suffered MA but not MO
episodes, displayed the most significant association, as
compared with the ‘Both MA and MO’ and ‘MO only’
groups. SNP rs1835740 is located near the MTDH gene
(AEG-1, 3D3, LYRIC), encoding metadherin, and the
CPQ gene (PGCP, LDP), encoding carboxypeptidase
Q, both involved in the homeostasis of glutamate.
eQTL analysis suggested that this genetic variation is
a cis-regulator of MTDH expression in lymphoblastoid
cell lines, with higher transcript levels associated with
the risk allele (3). MTDH downregulates SLCIA2
(EAAT2, GLT-1) (6), encoding the solute carrier
family 1 (glial high affinity glutamate transporter),
member 2, thus leading to accumulation of glutamate
in the synaptic cleft and potentially enhancing cortical
spreading depression (CSD), the underlying mechanism
of migraine aura (7).

Recently, three additional variants, rs2651899
(PRDM16, PR domain containing 16), rs10166942
(TRPMS, transient receptor potential cation channel,
subfamily M, member 8) and rs11172113 (LRPI, low
density lipoprotein receptor-related protein 1), were
identified as nominally significant in a population-
based GWAS from the Women’s Genome Health
Study, consisting of around 5000 migraineur women
and a control group of 18,000 non-migraineur women
(4). Interestingly, these single nucleotide polymorph-
isms (SNPs) met genome-wide significance in a meta-
analysis combining the discovery cohort and three
replication sets (4): the Dutch Genetic Epidemiology
of Migraine study (GEM), the German Study of
Health in Pomerania (SHIP) and the IHGC discovery
stage cohort used in the first migraine GWAS (3).
None of the three associations was preferential for
MA or MO. LRPI modulates neuronal glutamate
signalling, whereas TRPMS has been related to neuro-
pathic pain.

Finally, a meta-analysis of migraine GWAS was per-
formed in a population-based study of six European
cohorts, by the Dutch—Icelandic migraine genetics con-
sortium (DICE), which included >2000 cases and
>8000 controls (5). No genome-wide significant associ-
ation was found, although 32 SNPs reached a p-value
below 1 x 107°. A replication study with a selection of
19 of these SNPs in two Dutch and one Australian
cohort did not show any association.

We aimed to replicate the results of the only reported
migraine GWAS that focuses on clinic-based samples,
which rendered the first variant associated with
common forms of migraine. We applied a clinic-based
case-control association study design to test the

86

rs1835740 SNP in a Spanish cohort of 1521 patients
and 1379 non-migraineur controls.

Materials and methods

The sample consists of 1521 Caucasian Spanish
patients (78.2% women) and 1379 ethnically-matched
migraine-free controls (79.2% women), recruited after
a direct clinical interview and a physical exam at
Hospital Universitari Vall d’Hebron (Barcelona,
Spain), Hospital Sant Joan de Déu (Manresa,
Barcelona, Spain) and at Fundacion Publica Galega
de Medicina Xendmica (Santiago de Compostela,
Spain) between 2002 and 2010. According to the
International Classification for Headache Disorders:
2nd edition (8), patients were classified as MO
(n=951, 62.5%) or MA (n=570, 37.5%). The aver-
age age at assessment was 41 years (standard devi-
ation, SD =14.12; range 5 to 86) for patients and 55
years (SD=16.85; range 19 to 96) for controls. The
study was approved by the local ethics committees
and informed consent was obtained from all the par-
ticipants or their legal representatives according to
the Helsinki Declaration.

DNA was extracted from peripheral blood lym-
phocytes (9). Genotyping of the rs1835740 SNP
was performed with a Tagman® SNP Genotyping
Assay (Applied Biosystems, Foster City, CA, USA).
Three CEPH samples were included in every plate
and a 100% concordance with HapMap data was
observed.

Power calculation for analysis under a dominant
model, o=0.05, lifetime risk of 1.3, disease preva-
lence of 0.15 and minor allele frequency (MAF)
found in controls (0.241), performed with Genetic
Power Calculator (pngu.mgh.harvard.edu/~purcell/
gpc) (10), displayed values of 95.5% in the MO
group, 87.2% in the MA group and 98.5% in the
‘All migraine” group. Statistical analysis for the asso-
ciation study was carried out using the SNPassoc R
library (11). First, Hardy—Weinberg equilibrium
(HWE) was tested in our control sample, which was
found to be in equilibrium (p=0.12). Then, both
allele and genotype frequencies were compared
between cases and controls, considering codominant,
dominant, recessive, overdominant and log-additive
models and adjusting by sex. Three main phenotypic
groups were considered in the analysis: MO, MA and
‘All migraine’. Additionally, in order to better match
the comparisons performed in the original GWAS
that we aimed to replicate, the MA group was
divided into two subcategories: ‘MA only’, which
includes MA patients that suffered mostly MA epi-
sodes, and ‘Both MA and MO’ including MA
patients that suffered MA and MO episodes.
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Results and discussion

The present study did not find association between the
SNP rs1835740 and any of the clinical groups tested in
our cohort, which included ‘All migraine’, MO, MA
and the subdivisions of the MA group in ‘MA only’
and ‘Both MA and MO’. The clinical stratification of
the analysis is relevant given the varying proportion of
the different clinical subgroups in our study (37.5%
MA, 62.5% MO) with respect to the cohorts of the
original GWAS (only MA in the discovery sample;
0%—-84.8% MA and 15.2%-100% MO in the replica-
tion samples). The analyses included allele comparisons
and also genotype tests under codominant, recessive,
dominant, log-additive and overdominant models (see
the main results in Table 1). The lowest p-value, clearly
not significant, was achieved between the MO group
and the non-migraineur controls (p=0.15), and the
highest p-value (p=0.96) corresponded to the MA
group, in contrast with the results reported previously
(3), where the best association was seen in MA rather
than in other clinical groups.

Several reasons may explain the discrepant results
between our study and the original one by Anttila
et al.: 1) Differences in the study design: first, in the
original GWAS, the male:female ratio was different in
cases (1:4) and controls (1:1), whereas in our study it
was approximately 1:4 in the two groups; second, the
controls in the present study were negative for migraine
history, whereas they were population-based in the ori-
ginal work; third, the MAF values reported in the two
studies are comparable for the cases, but they differ in
controls; and fourth, sample size is larger in the GWAS
(about 6000 cases and 50,000 controls) compared with
the present study (1500 cases and 1300 controls),
although the statistical power of our sample exceeds
87%. 2) It is also possible that, the original association
being correct, the rs1835740 may not be the actual sus-
ceptibility variant, although the fact that it seems to be
functionally relevant (3) and its definition as a singleton
SNP according to CEU HapMap data (www.hapma-
p.org, release #28) work against this possibility. 3)
Finally, the associated genetic variant may exert popu-
lation-specific effects depending on genetic/epigenetic
background or variable environmental exposures.

Although divergent from the original GWAS (3),
our results are in line with previous attempts to repli-
cate the initial finding. Thus, a GWAS in a population-
based cohort of migraineurs from the Women'’s
Genome Health Study failed to identify association of
rs1835740 with overall migraine (p =0.22) nor with MA
or MO (4). The inspection of SNPs covering the entire
genomic region did not reach locus-wide significance
either. In a second GWAS (5), rs1835740 and two
nearby SNPs (1s982502, rs2436046) did not show

OR
(95% Cl)

1.01 (0.86-1.19)
102 (0.78-1.34)

p-value

Alleles
Avs. G
.10) 0.3434 0.94 (0.83-1.06)

07) 0.1454 0.9 (0.79-1.04)

.25) 0.8826
27) 0.7822 0.97 (0.78-1.2)

38) 08911

1.02 (0.84—

OR
p-value (95% Cl)
0.8665 0.98 (0.75—
09309 0.9 (0.70—

Dominant
AA+ AG
GG

1.17 (0.63-2.20)

OR

p-value p-value (95% ClI)

0.1855 0.79 (0.55-1.12) 02568 091 (0.77-

AG + GG

Recessive

AA vs.

(6.6) 0.9593 09243 0.98 (0.66-1.46) 0.8188
(6.6) 0.9430 07370 091 (0.53-1.56)
(6.6) 0.8570 0.6237

(6.6) 0310l

GA

Controls*

GG
17 (6.0) 804 (58.3) 484 (35.

87 (5.7) 804 (58.3) 484 (35.
12 (7.8) 804 (58.3) 484 (35.

52 (33.8)

GA

906 (59.6) 528 (34.7)
167 (59.0) 99 (35.0)

Genotypes
Codominant
Cases™

GG

MAF
Ca-Co
1521-1379 0.231-0.24
0.223-0.24
0.244-0.24
0.235-0.24
0.247-0.24

951-1379
570-1379
283-1379

Association study of single nucleotide polymorphism (SNP) rs1835740 with several migraine phenotypes in 1521 cases and 1379 screened controls from Spain.
Ca-Co

and MO**

MO: migraine without aura; MA: migraine with aura; MAF: minor allele frequency; Ca: cases; Co: controls; OR: odds ratio; Cl: confidence interval.

*Number of individuals (percentage).
**These subgroups are the result of splitting the MA category (see Materials and methods).

Table 1.
Diagnosis
All migraine
MO

A
MA only**
Both MA
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CPQ TSPYL5 MTDH
> ) L . . rs1835740  <—o
T T T T T T L
1 1 1 1
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100 Kb

Figure |. Location of rs|1835740 on chromosome 8q22.1, close to the genes CPQ (carboxypeptidase Q), TSPYL5 (TSPY-like 5) and
MTDH (metadherin). Arrows indicate direction of transcription. Allelic variation of the rs1835740 SNP modulates the transcriptional
activity of MTDH. Adapted from ENSEMBL (www.ensembl.org, release 63, June 201 1).

significant association with migraine in a meta-analysis
of six cohorts (p =0.64). An association study of SNPs
within the CPQ and MTDH genes, located proximal
and distal from rs1835740, respectively (Figure 1), iden-
tified a gene-based association with MTDH that over-
came the Bonferroni correction for multiple testing
(»=0.002) (5). Furthermore, the Dutch replication
cohort inspected in the original GWAS (3) also dis-
played negative results (p>0.25 with ‘All migraine’,
‘MA only’ and ‘Both MA and MQ’), whereas there
was association in the combined discovery sample
from Germany, Finland and the Netherlands
(p =5.38e-09, “‘All migraine’), and nominal associations
in three out of four replication samples (p-values
between 0.010 and 0.038, with different migraine
phenotypes). Finally, a recent study tested pre-existing
genotype data from one of the replication cohorts of
the original GWAS for association between rs1835740
and several clinical features of MA, displaying non-sig-
nificant results (12).

It is possible that the discordant results of the studies
by Chasman et al. (4) and Ligthart et al. (5) with respect
to the first migraine GWAS (3) may relate to differences
in migraine ascertainment, as the original study used a
clinic-based cohort, whereas the subsequent works
focused on migraineurs from the general population.
In this regard, our study is the only one that uses a
clinic-based cohort to inspect the genome-wide associ-
ation signal on rs1835740, with negative results. The
patient samples, as described above, were recruited
from three Spanish hospitals, and the controls, origi-
nating from the same geographical areas as the
patients, were screened for migraine and lacked
any family history of migraine in their first degree
relatives.

In sum, although the association described between
rs1835740 and MA in the original clinic-based GWAS
remains a robust finding, sustained by a meta-analysis
in seven cohorts (3), our study displays a clear negative
result in the Spanish population. The in-depth inspec-
tion of the MTDH genomic region in other clinic-based
cohorts is warranted to gain more insight into the pos-
sible involvement of this gene in migraine.
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Article 4

Una analisi d’associacié a escala gendmica identifica loci de susceptibilitat per a la migranya

sense aura.

Resum

La migranya sense aura (MO) és la forma més comuna de migranya, caracteritzada per
episodis inhabilitants de cefalea associats amb simptomes del sistema nerviés autonom. Per
identificar variants genétiques associades amb aquest subtipus migranyés, s'ha dut a terme
un estudi d’associacié en una mostra clinica de 2326 alemanys i holandesos amb migranya
sense aura i 4580 controls. S’han seleccionats SNPs de 12 /oci que han assolit P-valors
<1x10 per a un estudi de réplica en 2508 individus MO i 2652 controls, que inclou una
mostra de Barcelona. SNPs en dos d’aquests /oci s'han replicat de manera convincent: al
locus 1922 (al gen MEF2D; réplica P=4.9x10"; mostres de descoberta i de réplica
combinades P=7.06x10'”) i a 3p24 (prop del gen TGFBRZ2; réplica P=1.0x10"; mostres
combinades P=‘I.17x‘|0'9). A més, SNPs als loci de PHACTR1 i ASTN2 han donat resultats
suggerents (P=0.01; mostres combinades P=3.20x10® pel primer gen, i P=0.02; mostres
combinades P=3.86x10® pel segon). També s'han replicat associacions en loci préviament
descrits en els gens (o a prop de) TRPM8 i LRP1. Aquest estudi ha permés identificar els
primers loci de susceptibilitat a la migranya sense aura, contribuint aixi al coneixement

d’aquest trastorn neurologic.
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Genome-wide association analysis identifies susceptibility
loci for migraine without aura
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Migraine without aura is the most common form of migraine,
characterized by recurrent disabling headache and associated
autonomic symptoms. To identify common genetic variants
associated with this migraine type, we analyzed genome-wide
association data of 2,326 clinic-based German and Dutch
individuals with migraine without aura and 4,580 population-
matched controls. We selected SNPs from 12 loci with 2 or

more SNPs associated with P values of <1 x 10~5 for replication
testing in 2,508 individuals with migraine without aura and 2,652
controls. SNPs at two of these loci showed convincing replication:
at 122 (in MEF2D; replication P = 4.9 x 10~ combined P = 7.06 x
10-"") and at 3p24 (near TGFBR2; replication P=1.0 x 107%;
combined P = 1.17 x 10~9). In addition, SNPs at the PHACTR1
and ASTN2 loci showed suggestive evidence of replication

(P =0.01; combined P = 3.20 x 10-8 and P = 0.02; combined

P =3.86 x 1073, respectively). We also replicated associations

at two previously reported migraine loci in or near TRPM8

and LRP1. This study identifies the first susceptibility loci for
migraine without aura, thereby expanding our knowledge of this
debilitating neurological disorder.

Migraine is a disabling episodic neurovascular brain disorder affect-
ing 12% of the general population!~%. Migraine attacks are typically
characterized by severe, throbbing unilateral headache and nausea,
vomiting and photo- and phonophobia (migraine without aura). In
up to one-third of affected individuals, attacks may be associated with
neurological aura symptoms (migraine with aura). Previous genome-
wide association studies (GWAS) identified a migraine susceptibility
locus on chromosome 8q22, close to MTDH, in the clinic-based
International Headache Genetics Consortium (IHGC) migraine

with aura studyS and at three other loci in or near PRDM]16, LRP1
and TRPM8 in the population-based Women’s Genome Health Study
(WGHS) of migraine®. Suggestive evidence for association was also
found for TRPMS8 (P < 1 x 107°) in the clinic-based IHGC migraine
with aura GWAS?. Here, we report the first GWAS of migraine with-
out aura, the most common form of migraine. We analyzed two large
samples from headache centers in Germany and The Netherlands,
including 2,326 individuals with migraine without aura and 4,580
population-matched controls (Supplementary Fig. 1 and
Supplementary Note). A quantile-quantile plot of the joint
analysis (Supplementary Fig. 2) and an overall genomic inflation
factor (A o) of 1.03 were used as final quality control measures. In
the discovery data set, we identified 1 locus associated at genome-
wide significance (P < 5 x 1078) on chromosome 1q22, as well as 11
additional loci containing multiple SNPs with suggestive evidence
for association (P < 1 x 107) (Supplementary Table 1). Eighteen
SNPs from these 12 loci were taken forward to the replication stage
in 4 independent clinic-based European migraine without aura
samples (2,508 cases and 2,652 controls) (Supplementary Fig. 1 and
Supplementary Table 1). Eight SNPs in six loci showed P values of
<0.05 in the replication study, and five of these SNPs also showed
P values of <5 x 1078 in the meta-analysis combining the discovery
and replication cohorts (Fig. 1, Table 1 and Supplementary Fig. 3).
Associations were replicated for four loci (at 1922, 3p24, 6p24 and
9q33), although replication was less convincing for the loci at 6p24
and 9q33, with replication P values of 0.012 and 0.018, respectively,
even though association P values for these loci were <5 x 1078 in the
overall meta-analysis. In addition, we tested top SNPs of the four pre-
viously identified migraine-associated loci (at 1p36, 2q37, 8q22 and
12q13)> in the replication stage (Fig. 2 and Supplementary Table 1),

A full list of affiliations appears at the end of the paper.
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of which the associations at 2q37 and 12q13 were convincingly repli-
cated. Because migraine is more prevalent in women, we performed
gender interaction analysis for the reported SNPs (Supplementary
Table 2). No significant interactions were observed, and all SNPs
had relatively similar odds ratios (ORs) in both genders. To further
extend our analyses, we searched for expression quantitative trait loci
(eQTLs) that mapped to the associated SNPs in available data sets of
tissues and cell lines”®, but we did not observe consistently significant
eQTLs for any of the SNPs shown in Table 1.

The locus at 1q22 contained six SNPs that were associated with
genome-wide significance (P < 5 x 1078) in the discovery stage of the
analysis and that were all in close linkage disequilibrium (LD; 72 > 0.98).
The rs1050316 and rs3790455 SNPs were taken forward to the rep-
lication stage, and associations were successfully replicated (overall
meta-analysis P values of 3.21 x 107!% (OR = 1.19) and 7.06 x 107!!
(OR = 1.20), respectively) (Fig. 1, Table 1 and Supplementary Fig. 3).
All associated SNPs were located within the MEF2D gene (encoding
myocyte enhancer factor 2D) (intronic and within the 3" UTR). The
MEF2D protein is a transcription factor that is highly expressed in
brain. MEF2D regulates neuronal differentiation by supporting the
survival of newly formed neurons®. Perhaps even more relevant to
migraine, neuronal activity-dependent activation of MEF2D restricts
the number of excitatory synapses!®. As the brain in migraine is
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hyperexcitable!l, it is tempting to speculate that MEF2D dysregula-
tion might affect neuronal excitatory neurotransmission in individu-
als with migraine without aura. There is some evidence for increased
levels of glutamate (the main brain excitatory neurotransmitter) in
individuals with migraine'>!3, and increased glutamatergic neuro-
transmission was reported in a transgenic knock-in mouse model
with a pathogenic mutation in the human CACNAIA gene associ-
ated with hemiplegic migraine!4. A role for MEF2D dysregulation
in migraine is also plausible given that several MEF2 transcriptional
targets have been associated with other neurological disorders, such
as epilepsy!®~17. Notably, pituitary adenylate cyclase-activating
polypeptide-38 (PACAP-38), which is encoded by one of the
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Figure 2 Regional and forest plots for the a
previously reported loci associated with migraine
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of cases in each cohort.

activity-regulated MEF2D target genes and

modulates excitatory synaptic transmission,

may trigger migraine-like attacks in persons

with migraine without aura!®. In mice, PACAP-38 is involved in
nitroglycerol-induced trigeminovascular activation!®, which is the
presumed origin of the migraine headache?’.

Thelocusat 3p24 contained the top SNP rs7640543 (discovery P=2.72 x
107%, OR = 1.20). This SNP showed strong replication of association
(P=1.02 x 107%) and reached genome-wide significance in the meta-
analysis of the discovery and replication samples (P = 1.17 x 107°,
OR =1.19) (Fig. 1, Table 1 and Supplementary Fig. 3). rs7640543 is
located ~200 kb upstream of TGFBR2 (encoding transforming growth
factor B3 receptor 2). The encoded serine-threonine kinase is involved
in the regulation of cell proliferation and differentiation, as well as in
extracellular matrix production?!. TGFBR2 is an attractive candidate
gene for migraine, as the missense mutation in TGFBR2 leading to
a p.Arg460His substitution not only caused seemingly monogenic,
familial aortic dissection but also caused migrainous headaches in 11
of 14 mutation carriers in a large multigenerational family?2. This may
fit with the observation that migraineurs seemed to have a twofold
increased risk for cervical artery dissection?3.

For the locus at 6p24, the rs9349379 SNP reached genome-wide
significance when combining the data from the discovery and
replication samples (P = 3.20 x 1078, OR = 0.86) (Fig. 1, Table 1
and Supplementary Fig. 3). Five SNPs (with association at P < 1 x
107>) were taken forward to the replication stage (Supplementary
Table 1). All five SNPs were located in PHACTRI (encoding phos-
phatase and actin regulator 1). The encoded protein is a member of
the PHACTR/scapinin family, which controls synaptic activity and
synapse morphology through regulation of protein phosphatase 1
and actin binding?»?>. PHACTRI1 has further been implicated in
endothelial cell function?® and susceptibility to early-onset myocardial
infarction?’. Thus, the link between PHACTRI and migraine could
be neuronal, through aberrant synaptic transmission, or vascular,
as endothelial dysfunction, cardiovascular disease and myocardial
infarction all seemed to be linked with migraine?®. Like TGFBR2,
PHACTRI may also be involved in systemic vascular disease through
a TGF-P signaling pathway.

The locus at 9p33 with the top SNP rs6478241 reached genome-
wide significance in the meta-analysis of the discovery and replication
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samples, although there was heterogeneity (I> = 0.57) in the repli-
cation samples (P = 3.86 x 1078, OR = 1.16) (Fig. 1, Table 1 and
Supplementary Fig. 3). In one of the four replication cohorts, the
effect direction was opposite to those observed in the discovery
sample and the other replication samples. This locus should be con-
sidered tentatively, and further studies are needed to confirm its
relevance to migraine. rs6478241 is located in ASTN2, a member of
the astrotactin gene family, which has a role in the glial-guided migra-
tion that seems important for development of the laminar architecture
of cortical regions in the brain?®. Although structural abnormalities
in migraineurs have been reported in the somatosensory cortex>°
and the cerebellum?!, they more likely reflect degenerative processes
related to severe migraine attacks than developmental problems.
Therefore, it remains unclear at present how ASTN2 could have a
role in migraine pathophysiology.

In addition, two of the four previously reported migraine loci>®
showed significant association in the current clinic-based migraine
without aura GWAS. Two top SNPs (r> = 0.52) in the migraine-
associated locus at 2q37 reached genome-wide significance in the
overall migraine without aura meta-analysis (rs10166942: P = 9.83 x
10713, OR = 0.78; rs17862920: P = 5.97 x 10~%, OR = 0.77) (Fig. 2,
Table 1 and Supplementary Fig. 3). The rs10166942 SNP is located
approximately 1 kb upstream of the predicted transcriptional start
site of TRPMS8 (encoding transient receptor potential melastatin 8),
whereas rs17862920 is located in the first intron of TRPMS8. TRPMS8
encodes a cold- and menthol-activated ion channel that is expressed
in sensory neurons. The gene was identified as a migraine suscepti-
bility gene, both in the population-based WGHS migraine GWAS®
and in the clinic-based IHGC migraine with aura GWAS?®. The effect
direction of these SNPs was the same in all three studies, and the
effect size estimates were similar (OR = 0.78 in the clinic-based IHGC
migraine with aura study for rs17862920 versus 0.77 in the present
study; OR = 0.85 in the population-based WGHS migraine study
for rs10166942 versus 0.78 in the present study). TRPMS8 could be
involved in cutaneous allodynia®2-34, which is defined as pain due
to thermal or mechanical stimuli that normally do not provoke pain,
and is present in the majority of individuals with migraine.
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The top SNP at the previously reported migraine-associated locus
at 12q13 (ref. 6) reached genome-wide significance in the overall
migraine without aura meta-analysis (rs11172113: overall P = 2.97 x
1078, OR = 0.86) (Fig. 2, Table 1 and Supplementary Fig. 3).
rs11172113 is located within the first intron of LRP1, which encodes
the low-density lipoprotein receptor-related protein 1, a protein that
is expressed in multiple tissues, including neurons and vasculature.
LRP1 is a cell surface receptor that acts as a sensor of the extracellular
environment: it is involved in the proliferation of vascular smooth
muscle cells and modulates synaptic transmission®>3¢. A possible role
for LRP1 in migraine can be envisaged because of its neuronal and/or
vascular function.

Addressing the question of whether migraine with aura and
migraine without aura represent different disease entities?”>38, we
tested the top SNPs from the six loci from the current migraine with-
out aura study in silico in our previous IHGC migraine with aura
GWAS data set® (Supplementary Table 3). Except for the locus
at 3p24, all loci showed P values below 0.05 in the migraine with
aura data set, and ORs were in the same direction in both studies.
The TRPMS locus showed the most significant P value for associa-
tion (rs1786920: 2.19 x 107>, OR = 0.78; rs10166942: 1.32 x 107>,
OR = 0.82) in the migraine with aura data set. Notably, rs10166942
also showed association in the WGHS migraine study (P = 2.30 x 1077,
OR = 0.86 in the initial scan)®. This suggests that TRPMS8 may have a
role in various forms of migraine. In contrast, the rs1835740 SNP at
8q22 in the IHGC migraine with aura GWAS” pointing at MTDH as
the putative migraine susceptibility gene® did not show association
in the present GWAS (P = 0.70) nor in the population-based WGHS
migraine GWAS® (P = 0.22). This may suggest that MTDH confers
more susceptibility to aura than to headache.

In conclusion, we present the first GWAS of migraine without aura,
the most common migraine type, and identify several associated loci.
Two loci (MEF2D and TGFBR2) showed convincing association in
the replication stage and genome-wide significance levels in the com-
bined meta-analysis. Replication for the PHACTRI and ASTN2 loci
was weaker, and additional studies are needed to test their relevance
as migraine susceptibility loci. In addition, two of the four previously
identified loci associated with migraine (TRPMS8 and LRPI) were rep-
licated in this clinic-based migraine without aura study. Functional
studies are necessary to dissect the exact underlying molecular path-
ways in order to identify putative treatment targets for this common
debilitating brain disorder.

URLs. GWAMA, http://www.well.ox.ac.uk/gwama/; NCBI, http://www.
ncbinlm.nih.gov/; HapMap 3 data, http://hapmap.ncbi.nlm.nih.gov/;
IMPUTE2, http://mathgen.stats.ox.ac.uk/impute/impute_v2.html;
SNPTEST, http://www.stats.ox.ac.uk/~marchini/software/gwas/snptest.
html; LocusZoom, http://csg.sph.umich.edu/locuszoom/; Genotype-
Tissue Expression (GTEx) eQTL Browser, http://www.ncbi.nlm.nih.
gov/gtex/test/ GTEX2/gtex.cgi.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.

ACKNOWLEDGMENTS

We wish to thank all individuals in the respective cohorts for their generous
participation. This work was supported by the German Federal Ministry of
Education and Research (BMBF) (grant 01GS08121 to M.D., along with support to
E.W. in the context of the German National Genome Research Network, (NGFN-2
and NGFN-plus) for the Heinz Nixdorf Recall Study); the Spanish Ministry of

LETTERS

Science and Innovation (grant SAF2009-13182-C03 to A.M. and

B.C.); the Agencia de Gestié d’Ajuts Universitaris i de Recerca (AGAUR)

(grants 2009SGR78 and 2009SGR971 to A.M. and B.C,, respectively); an
unrestricted grant of the Vascular Dementia Research Foundation (to M.D.);

the Netherlands Organization for Health Research and Development (ZonMw)
(90700217) and VIDI (ZonMw) (91711319 to G.M.T.); the Netherlands
Organisation for Scientific Research (NWO) VICI (918.56.602) and Spinoza
(2009) grants (to M.D.E.); the Center for Medical Systems Biology (CMSB)
established in the Netherlands Genomics Initiative/Netherlands Organisation

for Scientific Research (NGI/NWO) (project 050-060-409 to C.M.v.D., R.R.E,
M.D.F. and A.M.J.M.v.d.M. and 050-060-810 to C.M.v.D.) and the generation and
management of GWAS genotype data for the Rotterdam Study (175.010.2005.011
and 911-03-012) (funded by the Erasmus Medical Center, Erasmus University
Rotterdam and the Ministries of Education, Culture and Science, Health, Welfare
and Sports), as well as the NGI-sponsored Netherlands Consortium for Healthy
Aging (NCHA) and the Research Institute for Diseases in the Elderly (014-93-015;
RIDE2); the German Federal Ministry of Education and Research (BMBF) within
the framework of the National Genome Research Network (NGFN-Plus; grants
01GS08120 and 01GS1103 to C.K.); the German Federal Ministry of Education and
Research and the State of Bavaria, supported within the Munich Center of Health
Sciences (MC Health) as part of LMUinnovativ) for the KORA research platform,
which was initiated by the Helmholtz Center Munich, German Research Center
for Environmental Health; the National Health and Medical Research Council
(NHMRC) Research Fellowship (613674) and the Australian Research Council
(ARC) Future Fellowship (FT0991022) schemes (to D.R.N.); the Wellcome Trust
(grant 098051 to A.P.); the Academy of Finland (grant 251704 to A.P. and 139795
to M.W.); the Academy of Finland, Center of Excellence in Complex Disease
Genetics (grants 213506 and 129680 to A.P. and J.K.); the South-Eastern Norway
Regional Health Authority (2010075 and 2011083 to B.W. and J.-A.Z.), the Unger-
Vetlesen Medical Fund (to B.W.) and the Ullevaal fund (to B.W.); the European
Community’s Seventh Framework Programme (FP7/2007-2013), the ENGAGE
Consortium, (grant agreement HEALTH-F4-2007- 201413); EU/SYNSYS-Synaptic
Systems (grant 242167 to A.P.); the Sigrid Juselius Foundation, Finland (to A.P.);
the Folkhilsan Research Foundation, Helsinki (to M.W.); and the Helsinki
University Central Hospital (to M.K., V. Artto and M.E.).

AUTHOR CONTRIBUTIONS

Funding was obtained by M.D., M.D.E, A.P, A.M.J.M.v.d.M., CK. and C.M.v.D.
Overall study design was guided by T.E, V. Anttila, B.d.V., RM., D.R.N,,J.-A.Z.,
C.XK., A.P, M.D. and A.M.].M.v.d.M. Cohorts were supervised and phenotyped by
T.F, MK, GM.T, P.P-R,, B.W, WP].v.O,, V. Artto, U.T, ] E-M., M.A.L,, M.AK,,
]S, OR, TL,M.V.-P, H.G,, EW,, CS,, A.G.U, A. Heinze, A. Hoffman., E.T,,
C.M.v.D,, ]J.K,B.C., T.M,, J.-A.Z., M.F. and A.M. Analysis and genotyping were
performed by V. Anttila, B.d.V,, R.M., BW,, D.RN,,E.H., A.G.U, ER,, M.W,, TM.
and B.M.-M. The manuscript was written by T.E, V. Anttila, B.d.V,, D.R.N,, B.C,,
M.W, R.R.E,J.-A.Z,,CK,, A.P, M.D. and A.M.].M.v.d.M. All authors participated
in critical review of the manuscript for intellectual content.

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.

Published online at http://www.nature.com/doifinder/10.1038/ng.2307.
Reprints and permissions information is available online at http://www.nature.com/
reprints/index.html.

1. Launer, L.J., Terwindt, G.M. & Ferrari, M.D. The prevalence and characteristics of migraine
in a population-based cohort: the GEM study. Neurology 53, 537-542 (1999).

2. Stovner, L.J., Zwart, J.A., Hagen, K., Terwindt, G.M. & Pascual, J. Epidemiology of
headache in Europe. Eur. J. Neurol. 13, 333-345 (2006).

3. Stovner, L. et al. The global burden of headache: a documentation of headache
prevalence and disability worldwide. Cephalalgia 27, 193-210 (2007).

4. Olesen, J., Lekander, I., Andlin-Sobocki, P. & Jénsson, B. Funding of headache
research in Europe. Cephalalgia 27, 995-999 (2007).

5. Anttila, V. et al. Genome-wide association study of migraine implicates a common
susceptibility variant on 8q22.1. Nat. Genet. 42, 869-873 (2010).

6. Chasman, D.l. et al. Genome-wide association study reveals three susceptibility loci
for common migraine in the general population. Nat. Genet. 43, 695-698
(2011).

7. Dimas, A.S. et al. Common regulatory variation impacts gene expression in a cell
type—dependent manner. Science 325, 1246-1250 (2009).

8. Nica, A.C. et al. The architecture of gene regulatory variation across multiple human
tissues: the MUuTHER study. PLoS Genet. 7, e1002003 (2011).

9. Lin, X., Shah, S. & Bulleit, R.F. The expression of MEF2 genes is implicated in
CNS neuronal differentiation. Brain Res. Mol. Brain Res. 42, 307-316 (1996).

10. Flavell, S.W. et al. Activity-dependent regulation of MEF2 transcription factors
suppresses excitatory synapse number. Science 311, 1008-1012 (2006).

97



l@ © 2012 Nature America, Inc. All rights reserved.

LETTERS

1

—

12.

13:

14.

15.

16.

17.

18.

19,

20.

21.

22.

23

24.

. Aurora, S.K. & Wilkinson, F. The brain is hyperexcitable in migraine. Cephalalgia

27, 1442-1453 (2007).

Ferrari, M.D., Odink, J., Bos, K.D., Malessy, M.J. & Bruyn, G.W. Neuroexcitatory
plasma amino acids are elevated in migraine. Neurology 40, 1582-1586 (1990).
Martinez, F., Castillo, J., Rodriguez, J.R., Leira, R. & Noya, M. Neuroexcitatory
amino acid levels in plasma and cerebrospinal fluid during migraine attacks.
Cephalalgia 13, 89-93 (1993).

Tottene, A. et al. Enhanced excitatory transmission at cortical synapses as the basis
for facilitated spreading depression in Ca,2.1 knockin migraine mice. Neuron 61,
762-773 (2009).

Flavell, S.W. et al. Genome-wide analysis of MEF2 transcriptional program reveals
synaptic target genes and neuronal activity-dependent polyadenylation site
selection. Neuron 60, 1022-1038 (2008).

Morrow, E.M. et al. Identifying autism loci and genes by tracing recent shared
ancestry. Science 321, 218-223 (2008).

Pfeiffer, B.E. et al. Fragile X mental retardation protein is required for synapse
elimination by the activity-dependent transcription factor MEF2. Neuron 66,
191-197 (2010).

Schytz, H.W. et al. PACAP38 induces migraine-like attacks in patients with migraine
without aura. Brain 132, 16-25 (2009).

Markovics, A. et al. Pituitary adenylate cyclase—activating polypeptide plays a key
role in nitroglycerol-induced trigeminovascular activation in mice. Neurobiol. Dis.
45, 633-644 (2012).

Goadsby, P.J., Lipton, R.B. & Ferrari, M.D. Migraine—current understanding and
treatment. N. Engl. J. Med. 346, 257-270 (2002).

Lin, H.Y., Wang, X.F.,, Ng-Eaton, E., Weinberg, R.A. & Lodish, H.F. Expression
cloning of the TGF-B type 2 receptor, a functional transmembrane serine/threonine
kinase. Cell 68, 775-785 (1992).

Law, C. et al. Clinical features in a family with an R460H mutation in transforming
growth factor B receptor 2 gene. J. Med. Genet. 43, 908-916 (2006).

Rist, P.M., Diener, H.C., Kurth, T. & Schiirks, M. Migraine, migraine aura, and
cervical artery dissection: a systematic review and meta-analysis. Cephalalgia 31,
886-896 (2011).

Allen, P.B., Greenfield, A.T., Svenningsson, P., Haspeslagh, D.C. & Greengard, P.
Phactrs 1-4: a family of protein phosphatise 1 and actin regulatory proteins.
Proc. Natl. Acad. Sci. USA 101, 7187-7192 (2004).

25.

26.

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Greengard, P., Allen, P.B. & Nairn, A.C. Beyond the dopamine receptor: the DARPP-
32/protein phosphatase-1 cascade. Neuron 23, 435-447 (1999).

Jarray, R. et al. Depletion of the novel protein PHACTR-1 from human endothelial
cells abolishes tube formation and induces cell death receptor apoptosis. Biochimie
93, 1668-1675 (2011).

Myocardial Infarction Genetics Consortium. Genome-wide association of early-onset
myocardial infarction with single nucleotide polymorphisms and copy number
variants. Nat. Genet. 41, 334-341 (2009).

Tietjen, G.E. Migraine as a systemic vasculopathy. Cephalalgia 29, 987-996
(2009).

Wilson, P.M., Fryer, R.H., Fang, Y. & Hatten, M.E. Astn2, a novel member of the
astrotactin gene family, regulates the trafficking of ASTN1 during glial-guided
neuronal migration. J. Neurosci. 30, 8529-8540 (2010).

DaSilva, A.F., Granziera, C., Snyder, J. & Hadjikhani, N. Thickening in the
somatosensory cortex of patients with migraine. Neurology 69, 1990-1995
(2007).

Kruit, M.C. et al. Migraine as a risk factor for subclinical brain lesions. J. Am.
Med. Assoc. 291, 427-434 (2004).

Proudfoot, C.J. et al. Analgesia mediated by the TRPM8 cold receptor in chronic
neuropathic pain. Curr. Biol. 16, 1591-1605 (2006).

Caspani, O., Zurborg, S., Labuz, D. & Heppenstall, P.A. The contribution of TRPM8 and
TRPA1 channels to cold allodynia and neuropathic pain. PLoS ONE 4, 7383 (2009).
d’Agostino, V.C., Francia, E., Licursi, V. & Cerbo, R. Clinical and personality features
of allodynic migraine. Neurol. Sci. 31 (suppl. 1), S159-S161 (2010).

Lillis, A.P., van Duyn, L.B., Murphy-Ullrich, J.E. & Strickland, D.K. LDL
receptor-related protein 1: unique tissue-specific functions revealed by selective
gene knockout studies. Physiol. Rev. 88, 887-918 (2008).

May, P. et al. Neuronal LRP1 functionally associates with postsynaptic proteins and is
required for normal motor function in mice. Mol. Cell. Biol. 24, 8872-8883 (2004).
Russell, M.B., Rasmussen, B.K., Fenger, K. & Olesen, J. Migraine without aura
and migraine with aura are distinct clinical entities: a study of four hundred and
eighty-four male and female migraineurs from the general population. Cephalalgia
16, 239-245 (1996).

Kallela, M., Wessman, M., Havanka, H., Palotie, A. & Farkkila, M. Familial migraine
with and without aura: clinical characteristics and co-occurrence. Eur. J. Neurol.
8, 441-449 (2001).

Linstitute for Stroke and Dementia Research, Klinikum der Universitat Miinchen, Munich, Germany. 2Department of Neurology, Klinikum der Universitat Miinchen,
Munich, Germany. 3Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Cambridge, UK. 4nstitute for Molecular Medicine Finland (FIMM), University
of Helsinki, Helsinki, Finland. ®Department of Human Genetics, Leiden University Medical Centre, Leiden, The Netherlands. ®Department of Neurology, Helsinki
University Central Hospital, Helsinki, Finland. Department of Neurology, Leiden University Medical Centre, Leiden, The Netherlands. 8Department of Neurology,

Vall d’Hebron University Hospital, Universitat Autonoma de Barcelona, Barcelona, Spain. 9Headache Research Group, Vall d’"Hebron Research Institute, Universitat
Autdnoma de Barcelona, Barcelona, Spain. 19Department of Neurology, Oslo University Hospital and University of Oslo, Oslo, Norway. 11Neurogenetics Laboratory,
Queensland Institute of Medical Research, Brisbane, Queensland, Australia. 12Institute of Human Genetics, University of Ulm, Ulm, Germany. 13Department of
Psychiatry, Leiden University Medical Centre, Leiden, The Netherlands. 14Folkhalsan Research Center, Helsinki, Finland. 1°Headache Research Unit, Department of
Neurology and Groupe Interdisciplinaire de Génoprotéomique Appliquée (GIGA)-Neurosciences, Liége University, Liége, Belgium. 1®Department of Clinical Physiology,
University of Turku and Turku University Central Hospital, Turku, Finland. 17Department of Clinical Chemistry, Tampere University Hospital and University of Tampere,
Tampere, Finland. 18Pediatric Neurology Research Group, Vall d’Hebron Research Institute, Universitat Autonoma de Barcelona, Barcelona, Spain. 19Kiel Pain and
Headache Center, Kiel, Germany. 20|nstitute of Epidemiology, Helmholtz Zentrum Miinchen, Neuherberg, Germany. 21Departmen’[ of Genetics, University of Barcelona,
Barcelona, Spain. 22Biomedical Network Research Centre on Rare Diseases (CIBERER), Barcelona, Spain. 23Department of Internal Medicine, Erasmus Medical
Center, Rotterdam, The Netherlands. 24Department of Epidemiology, Erasmus University Medical Center, Rotterdam, The Netherlands. 2°Department of Neuroscience,
Norwegian University of Science and Technology, Trondheim, Norway. 26Department of Public Health, University of Helsinki, Helsinki, Finland. 27Department of
Mental Health and Alcohol Research, National Institute for Health and Welfare, Helsinki, Finland. 28Institut de Biomedicina de la Universitat de Barcelona (IBUB),
Barcelona, Spain. 2%Institute of Human Genetics, Helmholtz Zentrum Miinchen, Neuherberg, Germany. 30Institute of Human Genetics, Klinikum Rechts der Isar,
Technische Universitat Miinchen, Munich, Germany. 31Max Planck Institute of Psychiatry, Munich, Germany. 32The Broad Institute of MIT and Harvard, Boston,
Massachusetts, USA. 33Department of Medical Genetics, University of Helsinki, Helsinki, Finland. 34Department of Medical Genetics, Helsinki University Central
Hospital, Helsinki, Finland. 35A full list of members and affiliations is provided in the Supplementary Note. 36These authors contributed equally to this work. 37 These
authors jointly directed this work. Correspondence should be addressed to A.P. (ap8@sanger.ac.uk) or A.M.J.M.v.d.M. (maagdenberg@lumc.nl).

98



@ © 2012 Nature America, Inc. All rights reserved.

ONLINE METHODS

Overall study design. The discovery stage of the study was based on an
analysis of de novo genotyping in two large migraine without aura sample sets
from headache clinics in Germany (Munich and Kiel) and The Netherlands
(Leiden) (Supplementary Fig. 1). Population-matched controls were
recruited from studies with existing genotyping data (details of study cohorts
and controls are given in the Supplementary Note). For both sample sets,
raw data were imputed to approximately 1.4 million SNPs using HapMap 3
release 2 (ref. 39) as a reference panel. As an initial step, genome-wide logis-
tic regression analysis was performed independently in both samples, and
meta-analysis was then performed for the two data sets. Subsequently, the
top SNPs from the meta-analysis were tested for replication in four smaller,
clinic-based migraine without aura samples from Finland (Helsinki), Spain
(Barcelona), Norway (Trondheim) and The Netherlands (Leiden) (Fig. 1 and
Supplementary Fig. 1).

Ethical aspects. Written informed consent was obtained from all partici-
pants, and the study was approved by the respective local research ethics
committees of the Klinikum Grofhadern, Ludwig-Maximilian-University
(Germany), the University of Leiden Medical Centre (The Netherlands), the
Helsinki University Central Hospital (Finland), the Vall d'Hebron Research
Institute (Spain) and the Regional Committee for Medical and Health Research
Ethics (Norway).

Discovery-stage genotyping. Genomic DNA was extracted from peripheral
blood samples according to standard protocols. Genotyping of the German
GWAS sample was performed at the Genome Analysis Center at Helmholtz
Zentrum Minchen using the Illumina Human 610-Quad v1 (n = 838) or
[lumina Human 660W-Quad v1 (n = 391) SNP microarrays according to the
Infinium II protocol from the manufacturer. Genotype calling was performed
using Illumina Gencall data analyses software. Genotyping of the complete
Dutch GWAS sample was performed at the Wellcome Trust Sanger Institute
using Illumina 660W technology. Genotype calling was performed using

Iluminus software?0.

Replication-stage genotyping. For the replication study, all cases and controls
were genotyped at the Wellcome Trust Sanger Institute using matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
with Sequenom MassARRAY methodology. Amplification reactions and
parameters were based on the manufacturer’s instructions. Each 384-well
plate contained positive (Centre d’Etude du Polymorphism Humain (CEPH)
DNA) and negative controls to check for assay performance and contamina-
tion, respectively. Spectrocaller software supplied by the manufacturer was
used to automatically call the genotypes. Clusters were checked manually, and
all doubtful calls were evaluated.

In the replication stage, we selected all loci with at least two SNPs with
P <1 x 107 in the discovery stage for follow-up (Supplementary Table 1).
Two SNPs each were selected from the loci considered to be most convincing
(MEF2D, PHACTRI, near TGFBR2 and FHL5), and one SNP each was selected
from the remaining loci (Supplementary Table 1). At the PHACTRI locus,
as we observed both effect directions for minor alleles in the discovery stage,
we chose three additional SNPs (for a total of five) for follow-up at this locus
to robustly cover possible heterogeneity. In addition, the top SNPs from the
four previously reported migraine-associated loci (Supplementary Table 1)
were included in the replication stage.

Quality control. To ensure high data quality, the data sets from the primary
study were subjected to per-SNP and per-sample quality control analysis before
and after imputation. In both types of analysis, cutoffs of 1% for minor allele
frequency and 1 x 107% for Hardy-Weinberg equilibrium (HWE) P values
were used for cases and controls independently (as the cases and controls
were genotyped independently in both populations), and the latter was also
used for the combined set of cases and controls. Further, SNPs with call rates
of <97% were excluded. Subjects with a genotyping rate of <97% and subjects
who were closely related to each other (7_hat > 0.15) were removed, as were
those with cryptic relatedness and those considered to be heterozygosity out-
liers. In addition, population outliers were excluded by manual selection from

a multidimensional scaling plot of the genome-wide identity-by-state (IBS)
pairwise distance matrix in PLINK.

Before imputation, 452,154 SNPs for 3,772 individuals (1,208 cases and
2,564 controls) were in the German data set, and 494,760 SNPs for 3,134 indi-
viduals (1,118 cases and 2,016 controls) were in the Dutch data set.

Imputation. Imputation of the German and Dutch discovery samples was
performed using IMPUTE2 (v2.1.0 for the German samples and v2.1.2 for the
Dutch samples)“L. For the phased haploid reference panel, we used HapMap 3
release 2 February 2009) samples (n = 1,011)*? as provided by the IMPUTE2
website (see URLs). We followed the recommended parameters for imputa-
tion, with the exception that we used different numbers of copying states
(x = 60 for the German and 80 for the Dutch samples) and a larger buffer
size for the Dutch samples (500 kb instead of 250 kb). After imputation,
we used individual call posterior probability of >0.9 and info measure I(A)
of >0.6 as cutoffs to ensure high imputation data quality. From 1,411,821
SNPs after imputation, 165,433 SNPs were excluded on the basis of quality
control analysis.

Statistical analysis. For the GWAS data from the two initial study samples,
we analyzed the imputed allele dosage data with SNPTEST software (ver-
sion 2.2.0; see URLSs) to generate population-specific summary statistics.
We used the presence of migraine as a binary phenotype and assumed an
additive model. In accordance with our previous clinic-based migraine with
aura GWAS?S, association analysis was not corrected for age or gender. The
primary reason for not using age as a covariate was that age information
was not available for some of the control cohorts. However, the majority of
the individuals in the cohorts were of working age, similar to our case sam-
ples. The missing data score likelihood option was used to handle missing
data. For the replication studies, genotyped markers were analyzed using
the same model as was used for the discovery samples for the population-
specific results.

A fixed-effect meta-analysis of the summary statistics was conducted
using GWAMA®? (see URLs), first on the two discovery samples for the
primary results. In the discovery sample meta-analysis, only SNPs that
were present in both data sets were retained and filtered for having het-
erogeneity measure I? of <0.5. This moderately high threshold for I? was
chosen to reflect the expectation of some differences in association signals
of common markers due to varying LD structure. After replication, all
six study sets (two discovery and four replication samples) were included
in the overall meta-analysis. Reasonable genomic inflation was observed
(A =1.095, 4190 = 1.031). Consistency of allelic effects across studies was
examined using the Cochran’s Q* and I? (ref. 45) metrics. Between-study
(effect) heterogeneity was indicated by Q-statistic P values (P < 0.1) and
moderate (25-50%) or larger I? values*®. Meta-analysis of SNPs associ-
ated with P < 1 x 107 and showing evidence of effect heterogeneity was
also performed using a random-effects model*’. Manhattan and quantile-
quantile plots were generated from the resulting data of 1,246,388 SNPs
(Supplementary Fig. 2).

In gender effects analysis, we analyzed the effect of including gender infor-
mation in the association analysis for the directly genotyped SNPs at each of
the newly identified loci. We analyzed the SNPs in PLINK*® using a logistic
regression model assuming additive effects and with covariate adjustment
for population identity and compared the output with results from male- and
female-only analyses. In addition, we compared the results to those from a
regression analysis where an additional interaction component between
gender and genotype was included in the model.

eQTL analysis. In the eQTL analysis, we assessed publicly available data from
two published eQTL studies”%. In these data sets, as described in the original
publications, association between the genotypes of the most interesting SNPs
and gene expression were analyzed using Spearman rank correlation for all
genes within a 2-Mb window surrounding the SNP of interest. Significance
was assessed by comparing the observed P value ata 0.001 threshold with the
minimum P values from each of the 10,000 permutations of the expression
values relative to genotypes”-34°. In an additional approach to identify eQTLs,
we explored the US National Institutes of Health (NIH) Genotype-Tissue
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Expression (GTEx) database. GTEx data did not show any evidence of associa-

tion between genotypes and gene expression (data not shown).
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Supplementary Note: Clinical subject ascertainment and control

samples

Overall study design

The discovery stage of the study was based on an analysis of de novo genotyping in two large
MO sample sets from headache clinics in Germany (Munich/Kiel) and the Netherlands
(Leiden) (Supplementary Fig. 1). Population-matched controls were recruited from studies
with existing genotyping data (for details on study cohorts and controls, cf. below). For both
sample sets, raw data were imputed to approximately 1.4M SNPs using HapMap3 release 2
as reference panel. As an initial step, genome-wide logistic regression analysis was performed
independently in both samples, followed by meta-analysis of the two datasets. Subsequently,
the top SNPs of the meta-analysis were tested for replication in four smaller clinic-based MO
samples from Finland (Helsinki), Spain (Barcelona), Norway (Trondheim) and the

Netherlands (Leiden) (Fig. 1 and Supplementary Fig. 1).

Ethical aspects

Written informed consent was obtained from all participants, and the study was approved by
the respective local research ethics committees of the Klinikum GroBhadern, Ludwig-
Maximilians-University in Munich (Germany), the University of Leiden Medical Centre (The
Netherlands), the Helsinki University Central Hospital (Finland), the Vall d’Hebron Research
Institute in Barcelona (Spain), and the Regional Committee for Medical and Health Research

Ethics in Trondheim (Norway).
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Discovery study

The German sample of 1,229 MO cases was recruited in Munich and Kiel and data were
examined by a headache specialist at the Klinikum GroBhadem of the Ludwig-Maximilians-
University, Munich, and the Kiel Pain and Headache Center, Kiel. Phenotyping was based on
a German translation of the FMSQgs”. Particular emphasis was put on reliable exclusion of
aura symptoms. In case of insufficient or conflicting information, an additional telephone
interview was performed. Information was obtained on all aspects of the ICHD-II’ criteria as
well as on other aspects (such as age at onset, prodromal symptoms, triggers, acute and
prophylactic medication, family history, general past medical history, co-morbidity and place
of birth). Of the German MO sample set, 837 cases were part of the replication phase of the

IHGC MA study*, and analysed only for SNP rs1835740 (MTDH) in that study.

The Dutch sample contains 1,235 Dutch MO patients that were available from the clinic-
based Leiden University Migraine Neuro Analysis (LUMINA) study. Self-reported
migraineurs were recruited via the project’s website. A set of screening questions validated
previously in a population-based study’ was used. Participants fulfilling the screening criteria
then completed an extended questionnaire that focuses on signs and symptoms of migraine
headache and aura as outlined in ICHD-II. Individual diagnoses were made using an
algorithm based on these criteria and that was validated by a semi-structured telephone
interview performed by experienced study physicians or by well-trained medical students®. A

subset of the patients was asked to participate upon visiting the outpatient clinic.

Control samples

Population-matched controls were obtained from pre-existing previously genotyped studies.

German controls were available from the KORA S4/F4 (n = 840) as well as from the GSK (n
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= 490), the MPIPSYKL (n = 861) and the HNR (n = 380) studies. Control samples (n =

2,040) for the Dutch sample were obtained from the Rotterdam Study (RSII)’.

Replication studies

The replication phase of the study consisted of four separately recruited clinic-based migraine

without aura patient samples from Finland, Spain, the Netherlands, and Norway.

The Finnish replication sample consisted of 871 migraine without aura cases and 1,024
controls. Each migraine patient belongs to a multigenerational Finnish family with at least
three affected family members. Patients were examined by a neurologist, and fulfilled the
validated Finnish Migraine Specific Questionnaire for Family studies (FMSQgs)>. When
necessary a follow-up telephone interview was performed. All patients were diagnosed by the
same headache specialist (M. Kallela) according to the current International Headache Society
diagnostic criteria (ICHD-II)’. The 1,024 control samples were obtained from the Young

Finns study.®

The Spanish replication sample was recruited between 2002 and 2010 from Hospital
Universitari Vall d'Hebron (HUVH) Barcelona, and consisted of 837 unrelated migraineurs
and 971 unrelated migraine-free controls matched for ethnicity (Caucasian Spanish) and sex
frequency (75% women). All patients were diagnosed by clinical neurologists in the HUVH
team as having MO based on the International Criteria for Headache Disorders 2nd edition
(ICHD-II)’ after administration of a structured questionnaire and direct interview and
examination. The control samples were recruited between 2006 and 2010 and consisted of
Caucasian Spanish unrelated adults subjects (blood donors, individuals that underwent
surgery unrelated to migraine or unaffected partners of migraine patients) that were matched
for sex with patients and recruited in the same geographical area. Migraine and positive

4

104



family history of migraine or any type of severe or recurrent headache in first-degree relatives
were excluded in control subjects through personal interview. All the adult participants, and
the children or their parents gave their informed consent prior to participate in the study,

according to the Helsinki Declaration.

The Dutch replication cohort included 555 MO cases that were recently recruited via the
clinic-based Leiden University Migraine Neuro Analysis (LUMINA) study. The diagnosis
and classification followed the same procedure as in the initial Dutch sample. Control samples

(n =456) came from volunteers that donated blood to the Leiden blood bank.

The Norwegian replication sample consisted of 245 MO subjects that were consecutively
recruited from the outpatient clinic of the Norwegian Headache Center and diagnosed by a
neurologist according to the ICHD-II criteria’. Control samples (201 subjects) were recruited
from blood-donors in collaboration with the Department of Immunology and Transfusion
Medicine in Trondheim Norway. No direct interview was made, but participants filled out a
questionnaire to determine eligibility for participation. Criteria for inclusion were age > 40
years (since status as "non-migraineur" cannot be determined with relative certainty before
this age), no present or former history of migraine or other types of chronic headaches, and on

average less than one headache day per month. Subjects had to be of Caucasian origin.

Discovery stage genotyping

Genomic DNA was extracted from peripheral blood samples according to standard protocols.
Genotyping of the German GWAS sample was performed at Genome Analysis Center,
Helmholtz Zentrum Miinchen, Germany using the Illumina Human 610-Quad v1 (n = 838) or
Ilumina Human 660W-Quad v1 SNP microarrays according to the Infinium II protocol from
the manufacturer (Illumina Inc., San Diego, CA, USA) (n = 391). Genotype calling was

5
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performed using the Illumina Gencall data analyses software. Genotyping of the complete
Dutch GWAS sample was performed at the Wellcome Trust Sanger Institute using the

Ilumina 660W technology. Genotype calling was performed using the [lluminus software.

Replication stage genotyping

For the replication study, all cases and controls were genotyped at the Wellcome Trust Sanger
Institute using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (MS), using the Sequenom MassARRAY ™ methodology (Sequenom Inc, San
Diego, CA, USA). Amplification reactions and parameters were based on the manufacturer’s
instructions. Each 384-wells plate contained positive (CEPH DNA) and negative controls, to
check for assay performance and contaminations, respectively. Spectrocaller software
supplied by the manufacturer was used to automatically call the genotypes. Clusters were

checked manually and all doubtful calls were evaluated.

Quality control

To ensure high data quality, the datasets from the primary study were subjected to per-SNP
and per-sample quality control (QC) before and after imputation. In both cases, cut-offs of 1%
for minor allele frequency and 1 x 10° for HWE were used for cases and controls
independently (as the cases and controls were genotyped independently in both populations),
and the latter again for the combined set of cases and controls. Further, SNPs with call rates <
97% were excluded. Subjects with a genotyping rate <97% and subjects which were closely
related to each other (m_hat > 0.15) were removed, as were those with cryptic relatedness and
those deemed to be heterozygosity outliers. In addition, population outliers were excluded
using a manual selection from a multidimensional scaling plot of the genome-wide IBS pair-

wise distance matrix in PLINK.
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Before imputation, 452,154 SNPs for 3,772 individuals (1,208 cases and 2,564 controls) were
in the German dataset, and 494,760 SNPs for 3,134 individuals (1,118 cases and 2,016

controls) were in the Dutch dataset.

Imputation

Imputation of the German and Dutch discovery samples was performed using IMPUTE 2
(v2.1.0 for the German samples, v2.1.2 for the Dutch samples)” For the phased haploid
reference panel, we used HapMap3 release 2 data for the 120 non-related CEU trios'. We
used the recommended parameters for the imputation, with the exception of a different
number of copying states (k= 60 for Germans, k= 80 for Dutch) and a larger buffer size for
the Dutch (500 kb instead of 250 kb). After imputation, we used individual call posterior
probability > 0.9 and info measure I(A) > 0.6 as cut-offs to ensure high imputation data
quality. From 1,411,821 SNPs after imputation, 165,433 SNPs were dropped due to QC

reasons.

Statistical analysis

For the GWA data from the two initial study samples, we analyzed the imputed allele dosage
data with the SNPTEST software (version 2.2.0; see Web Resources) to generate population-
specific summary statistics. We used the presence of migraine as a binary phenotype, and
assumed an additive model. The missing data score likelihood option was used for handling
missing data. For the replication studies, genotyped markers were analyzed using the same
model as the discovery samples for the population-specific results.

A fixed-effect meta-analysis of the summary statistics was conducted using
GWAMA'" (see Web Resources) first on the two discovery samples for the primary results.

In the discovery sample meta-analysis, only SNPs that were present in both datasets were
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retained and filtered for the heterogeneity measure I° < 0.5. This moderately high threshold
for I was chosen to reflect the expectation of some differences in association signals of
common markers due to varying LD structure. After replication, all six study sets (two
discovery and four replication samples) were included in the overall meta-analysis.
Reasonable genomic inflation was observed (A= 1.095, A1000 = 1.031). Consistency of allelic
effects across studies was examined utilising the Cochran's Q'* and I° metrics". Between-
study (effect) heterogeneity was indicated by Q-statistic p-values (P < 0.1) and moderate (25-
50%) or larger I values'*. Meta-analysis of SNPs associated with P <1 x 10” and showing
evidence of effect heterogeneity were also analysed using a random-effects model®.

Manhattan and quantile-quantile plots were generated from the resulting data of 1,246,388

SNPs (Supplementary Fig. 2).

Web resources

GWAMA - www.well.ox.ac.uk/gwama

NCBI36 - www.ncbi.nlm.nih.gov

Hapmap3 data - www.hapmap.org

Impute 2 - http://mathgen.stats.ox.ac.uk/impute/impute _v2.html

SNPTEST - http://www.stats.ox.ac.uk/~marchini/software/gwas/snptest.html

Locuszoom - http://csg.sph.umich.edu/locuszoom/
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Supplementary Figures and Tables

Supplementary Figure 1. Study design

In the discovery phase of the study, migraine without aura (MO) patients from two clinic-
based collections were analyzed in a joint genome-wide association analysis. The most
significant association signals (P < 1.0 x 10) were followed up in independent clinic-based

samples from Finland, Spain, the Netherlands, and Norway.

Discovery study Replication studies
Finnish study
German study ——— 871 cases, 1,024 controls
1,208 cases P-value <1x10° Spanish study
2,564 controls 837 cases, 971 controls
Dutch study Dutch study
1,118 cases 555 cases, 456 controls
2,016 controls Norwegian study
245 cases, 201 controls
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Supplementary Figure 2. Quantile-quantile plot of the meta-analysis

Quantile-Quantile (Q-Q) plot of P-values from the study. The analysis shows the expected
(X-axis) and observed (Y-axis) distribution of —log10 P-values of the joint analysis of the two
discovery cohorts (in black). The grey line shows the same distribution, but with SNPs at the

loci taken to replication excluded. The genomic inflation factor (A1000) was 1.03.
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Supplementary Figure 3. Manhattan plot

Genome-wide association plot showing —logl0 P-values per chromosome of the analysis of
the discovery sample. SNPs indicated in red are below the threshold for genome-wide
significance (P < 5 x 10”*). The six MO loci are indicated in the graph with numbers: 1) 1q22,

2) 3p24, 3) 6p24. 4) 933, 5) 2q37. 6) 12q13.
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Article 5

Reéplica de resultats previs d’estudis d’associacié a gran escala en una mostra espanyola de

migranya amb aura.

Resum

La migranya és una condicié inhabilitant prevalent que afecta aproximadament el 15% de la
poblacié. La migranya amb aura (MA), un subtipus que afecta un ter¢ dels pacients, es
caracteritza per la preséncia de simptomes neuroldgics que apareixen just abans o en el
moment de I'episodi migranyds. Diversos estudis d’associacié a gran escala han intentat
identificar variants de susceptibilitat implicades en migranya, tot senyalant diversos loci
candidats per a aquest trastorn. Amb l'objectiu de replicar resultats previs d’estudis
d’associacié a gran escala, s’ha dut a terme un estudi d’associacié cas-control amb dotze
variants de tipus SNP en una mostra espanyola de 512 pacients MA i 535 controls. S’han
detectat associacions nominals per als SNPs rs2651899 (gen PRDM16), rs10166942 (prop
del gen TRPMS), rs12134493 (prop del gen TSPAN2) i rs1054861 (prop del gen MMP16). El
nostre estudi mostra resultats nominals de replicacidé a la mostra espanyola de migranya amb
aura per a quatre dels loci previament descrits en la migranya comuna. No obstant, caldria
fer estudis amb mides mostrals més grans per tal de confirmar aquests resultats i donar-los

més robustesa.
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Abstract

Background: Migraine is a common disabling condition that affects approximately |15% of the population. Several genome-
wide association studies have attempted to identify susceptibility variants involved in migraine, reporting several candi-
date loci for the disorder.

Methods: In order to replicate findings from previous genome-wide association studies, a case—control association study
was performed. Twelve single nucleotide polymorphisms were genotyped in a Spanish sample of 512 migraine with aura
patients and 535 migraine-free controls.

Results: Nominal associations were found for single nucleotide polymorphisms rs2651899 (within the PRDM16 gene),
rs10166942 (near TRPMS8), rs12134493 (close to TSPAN2) and rs1050486!1 (near MMP[6) in our migraine with aura
sample.

Conclusions: Our study provides suggestive replication, in a Spanish migraine with aura sample, of four genome-wide
association study findings previously reported in common migraine. However, larger sample sets should be explored to

confirm our results.
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Introduction

Migraine is a disabling complex neurological disorder
that manifests with episodic and recurrent attacks,
affecting around 15% of the population. It is more
prevalent in women than men (three to one female:male
ratio) (1). Genetic factors are thought to play an
important role in common migraine, although environ-
mental influence is also relevant (2).

Two clinical forms of the disorder are distinguished
(International Classification of Headache Disorders,
ICHD): migraine with aura (MA) and migraine with-
out aura (MO) (3). Both are characterized by the pres-
ence of recurrent headaches associated with
photophobia, phonophobia, nausea and aggravation
by physical activity and are differentiated by the pres-
ence of aura. Aura symptoms, which often precede and
accompany the headache episode, develop gradually
and are most commonly visual but can be sensory,
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motor, or any combination of these, and can last from a
few minutes to several days, although they typically
abate in less than 60minutes (4). MO is the most
common migraine presentation, whereas MA is found
in about one-third of migraine patients and is thought
to have a stronger genetic load (4).

Association studies have been carried out to identify
susceptibility variants underlying common migraine at
two levels: analysis of candidate genes and genome-
wide association studies (GWAS). Several GWAS
have been performed so far, four of which reported
significant results, disclosing a total of 20 associated
variants (1,4-7).

The first risk variant identified, rs1835740, was
revealed by a two-stage clinic-based study performed
by the International Headache Genetics Consortium
(IHGC) in individuals from Europe (5), the first stage
consisting of a clinic-based MA sample. Although rep-
lication attempts have failed to find association in other
populations (1,6,8), this variant is likely to be func-
tional and is located close to the MTDH and PGCP
genes, both related to glutamate homeostasis.
Additionally, three new genome-wide significant loci
were reported in a second GWAS, carried out by
Chasman et al. (1) in a population-based study from
the Women’s Genome Health Study: PRDM16, LRPI
and a variant located close to TRPMS, all of them
identified when the discovery and the replication
cohorts (the Dutch Genetic Epidemiology of Migraine
study, the German Study of Health in Pomerania and
the IHGC discovery stage cohort used in the first
migraine GWAS) were combined.

In contrast, no genome-wide significant associations
were found in a meta-analysis of population-based
migraine GWAS performed by the Dutch-Icelandic
Migraine Genetics Consortium and including six
European cohorts (6).

More recently, the IHGC carried out a clinic-based
GWAS focused on MO patients and reported 12 nom-
inally significant signals in the discovery stage (p-value
<10e-5) (7), two of which, located in the LRPI gene
and close to TRPMS, had already been reported in a
previous GWAS (7).

Finally, a GWAS meta-analysis was performed on
29 clinic- and population-based studies including
23,285 migraine cases and 95,425 population-matched
controls (4). Association with 12 variants within or
close to the following genes were reported: PRDMI6;
MEF2D; TRPMS; TGFBR2;, PHACTRI;, ASTN2,
LRPI; FHLS; C70rf10; MMPI6; TSPAN2; AJAPI.
The last five associations were reported in this study
for the first time.

Here we performed a clinic-based case—control asso-
ciation study in 512 MA patients and 535 non-migraine
individuals from Spain aiming at replicating significant
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associations identified in those previous GWAS that
included MA patients (1,4), although they also included
MO individuals. The other three GWAS were not con-
sidered here because one of them did not render posi-
tive findings (6), another one included only MO
patients (7) and the third one (5) was already subjected
to replication by us in a previous report (8).

Materials and methods
Patients and controls

The original sample consisted of 517 Caucasian
Spanish patients (78.13% women) and 535 ethnically
matched migraine-free controls (73.83% women),
recruited at Hospital Universitari Vall d’Hebron
(Barcelona, Spain) and Hospital Sant Joan de Déu
(Manresa, Barcelona, Spain) between 2002 and 2010.
All patients were unrelated and, to the best of our
knowledge, unrelated to control individuals. They
were diagnosed with MA according to the ICHD 2nd
edition (3) and have not been included in any previous
migraine GWAS. Detailed clinical characteristics of the
sample are provided in Table 1. For a complementary
genetic analysis, the clinical MA sample was divided in
two subgroups, ‘MA only’ (patients developing aura in
at least 2/3 of the migraine episodes, n=318) and ‘Both
MA and MO’ (patients with less than 2/3 of the crises
with aura, n = 180), similar to one of the two previous
reports that we aim to replicate (4) and also performed
in the first migraine GWAS (5). This distinction was
introduced to distinguish the group of patients with

Table I. Clinical findings in 517 patients with migraine with
aura included in this study.

Feature % of MA patients®

Positive family history of migraine® 77.2%

Age of onset (years) 13.5 (£12)°

Main features
Pulsating quality of pain 69.9%
Unilateral pain 73.4%
Moderate-severe pain intensity 94.3%
Aggravation by physical activity 93.9%

Other features
Photofobia 92.3%
Phonofobia 87.1%
Nausea 85.9%
Vomiting 61.8%

MA: migraine with aura.

*The percentage of available answers per item ranged from 88.3 to 99.2%.
bIn first degree relatives.

“Mean £ SD.
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rare MA episodes, but still fulfilling ICHD criteria, from
those suffering an aura in most of their attacks. The control
sample consisted of unrelated blood donors who lacked any
personal or family history of any type of severe recurrent
headaches and were approximately sex-matched with the
cases. The exclusion of the disease phenotype was based on
apersonal interview. Controls were collected from the same
small geographical area in Barcelona (Spain) as cases, and
both were Spanish and Caucasian, as were their parents and
grandparents. The study was approved by the local Ethics
Committees and informed consent was obtained from all
the participants or their legal representatives according to
the Helsinki Declaration.

DNA isolation, SNP selection and genotyping

DNA was extracted from peripheral blood lymphocytes
by a standard salting-out procedure (9).

Given that our clinic-based sample included only MA
patients, we chose for replication those SNPs that dis-
played a genome-wide significant association in previous
GWA studies including MA samples (1,4) (Table 2). A
total of 13 SNPs were selected for genotyping: rs2651899
(PRDM16); 1510915437 (between PRDMI16 and
AJAPI); 1510166942 and rs7577262 (near TRPMS),
rs11172113 (LRPI); 1512134493 (near TSPAN2);
1s2274316 (MEF2D); 156790925 (near TGFBR2);
1s9349379 (PHACTRI); rs13208321 (near FHLYS);
154379368 (C70rf10); rs10504861 (near MMPI6);
156478241 (ASTN2). All of them had previously been
found to be associated with migraine groups, with and
without aura, except for SNP rs10504861, which was
only found associated with the MO group but also
included in our study (4).

Genotyping of all SNPs was performed using the
Sequenom technology at the National Genotyping
Center (Cegen, Santiago de Compostela, Spain). Three
samples from the Centre d’Etude du Polymorphisme
Humain (CEPH) were included in every plate and a
100% concordance with HapMap data was observed
when available. One SNP, rs2274316 in MEF2D, failed
and it was not considered in the association study. Five
patients displayed less than 85% genotyping rate and
were removed from the study, so the analysis was finally
carried out on 512 patients.

Statistical analysis

The analysis of minimal statistical power for the x test,
performed under a dominant model using the Genetic
Power Calculator software (pngu.mgh.harvard.edu/
~purcell/gpc) with o=0.05, an odds ratio (OR) of
1.25, a prevalence of 0.15 for the disorder and the high-
est minor allele frequency (MAF) found in controls
(0.455), rendered a value of 47% in the overall sample.

Statistical analysis for the association study was car-
ried out using the SNPassoc R library (10). Hardy—
Weinberg equilibrium (HWE) was tested in our control
sample, and P-values were all over 0.05, except for
rs10915437 (P =0.0470), which was not further con-
sidered in our analysis. We compared allele and geno-
type frequencies using x”> tests and considering
co-dominant, dominant, recessive, overdominant and
log-additive models. For the log-additive model the
Mantel-Haenszel x” test was implemented. All the
results were adjusted by sex using a likelihood ratio
test. Corrections for multiple testing were applied
using 10,000 permutations with PLINK (11) and
Bonferroni’s correction. For the latter, the threshold
for significance was established as 0.0003 =0.05/
(11 x 3 x 5), with 11 SNP tests, three clinical groups
and five genetic models.

Association between case—control status and the dif-
ferent genetic variants was also estimated using logistic
regression and including sex as a predictive variable
(logit =B, + B1*SNP + Bo*sex). Analyses assuming
additive, dominant, recessive and co-dominant models
for each SNP were performed separately and then com-
pared using Akaike Information Criterion (AIC). All
the analyses were performed with the R software
(http://CRAN.R-project.org).

Results

We successfully genotyped 12 SNP markers selected
from two previous GWA studies (1,4) in 512 MA
patients and 535 gender and ethnically matched con-
trols from Spain. One of them was not considered in
our analysis as it was not in HWE. Our study included
both allele and genotype comparisons (Table 3).

We achieved nominal associations for two out of
three genome-wide significant findings from the study
by Chasman et al. (1): r$2651899 in the PRDM 16 gene
(allelic model, P=0.0056) and rs10166942, located near
TRPMS (recessive, P=0.0442) (Table 3). However,
none of the SNPs survived Bonferroni’s correction for
multiple testing (all P-values > 0.0003) or permutation
corrections (all permuted P-values > 0.05, data not
shown). The evaluation of the remaining nine SNPs,
selected from the meta-analysis study performed by
Anttila et al. (4), failed to replicate any of the associ-
ations in our MA sample.

We subsequently split the sample into the subclinical
groups ‘MA only’ and ‘Both MA and MO’ to gain
clinical homogeneity at the expense of reducing the
size of the sample, following the subdivision reported
in Anttila et al. (4). Only one of the previous associ-
ation signals remained significant (rs2651899, ‘MA
only’, allelic model, P=0.0034) but novel nominal
associations were obtained with ‘Both MA and MO’
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for SNPs rs12134493, located near TSPAN2 (dominant
model, P=0.0362) and rs10504861, near MMPI6
(recessive model, P=0.0288) (see Table 1 in online
Supplementary Material).

We also tested association between the SNPs and the
different phenotypes using logistic regression model-
ling, that rendered significant results for SNPs
rs2651899 (‘All MA’, additive, P=0.0061; ‘MA only’,
additive, P=0.0038) and rs12134493 (‘Both MA and
MOQO’, additive, P=0.0417), in all cases with the addi-
tive model as the most suitable one for predicting the
disease status (AIC values of 1446.7, 1123.8 and 804.14,
respectively). However, non-significant results were
obtained for rs10166942 and rs10504861 (see Table 2
in online Supplementary Material).

In all cases the direction of the effect was consistent with
the previous reports (Table 2). Specifically, for rs2651899
and rs12134493 the risk allele is the minor one both in the
original report and in our replication study, C and A in
the (+) DNA strand, respectively. In contrast, for
rs10166942 and rs10504861, the associated risk alleles,
T and C, are the most frequent ones in all studies.

Discussion

In summary, four out of 12 tested SNPs revealed a
nominal association with MA in our sample, tentatively
replicating previous GWAS findings: 1rs2651899
(PRDM16), 1512134493 (near TSPAN2), rs10166942
(near TRPMS8) and rs10504861 (near MMPI6). The
first two associations are the most robust replication
signals in our study, as they emerge in the x” testing
under different genetic models and in the logistic regres-
sion analysis. In contrast, rs10166942 and rs10504861
show association only under the recessive model in the
x? comparisons and not in the logistic regressions.
SNP 152651899 was found to be associated with
migraine in the two previous studies that we aimed to
replicate (1,4) and more recently in a replication study
carried out in a Chinese sample (12) and thus emerges
as the most consistent hit across this set of GWAS
studies. rs2651899 is located in the first intron of the
PRDM16 gene and its role in the pathophysiology of
migraine remains still unclear. However, it has recently
been associated with cardiac disease (non-syndromic
left ventricular non-compaction cardiomyopathy and
dilated cardiomyopathy) (13). Given the known co-
morbidity between cardiovascular disease and
migraine, PRDM 16 may be considered as a candidate
gene in future studies. The association with SNP
rs10166942 has previously been replicated in a Danish
population (2). This variant is located close to TRPMS,
a gene that has been consistently associated with
migraine in several studies, supporting a connection
between migraine and neuropathic pain (1). Our study
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is the first to replicate the association of rs12134493 and
rs10504861 with migraine, with nominal associations
found in our ‘Both MA and MO’ subgroup.
rs12134493 lies next to TSPAN2, a gene encoding a
cell surface protein, which mediates signal transduc-
tion. rs10504861 is located near MMPI6, encoding a
matrix ~ metalloproteinase (MT-MMP2/MMP16)
responsible for the cleavage of LRPI1, a protein
known to increase axonal and synaptic plasticity in cor-
tical neurons. A SNP in the LRPI gene, rs11172113,
also showed association with migraine in a GWAS (1,4)
and in a subsequent replication study (2), but displayed
negative results in our study.

There are coincidences and discrepancies between
our results and the associations reported previously,
which may be explained by several methodological
issues: (i) the sample size of our cohort (about 500
patients and 500 controls) is smaller than those of the
previous GWAS. Thus, the study is underpowered and
the likelithood of false negative findings is high.
Although we found nominal findings, none of them
survived multiple testing corrections; (ii) our patients’
group consists of subjects clinically diagnosed with
MA, while the previous studies that we are replicating
include MA and also MO patients. Although MA and
MO share clinical features, their genetic background
may differ, at least in part, as shown by previous studies
(4). To shed light on the shared and specific genetic risk
factors for MA and MO, it would be interesting to
systematically cross-test any migraine-associated SNP
in the two clinical entities. Moreover, the fact that we
are comparing clinic- and population-based studies
may be another reason for the discordant results, as
diagnosis of aura is usually more reliable in a clinical
setting; (iil) in our sample, the proportion of pure MA
differs from that reported in previous studies. Likewise
to the MO vs. MA paradigm, it is conceivable that sub-
phenotypes of MA (i.e. ‘MA-only’ vs. ‘Both MA and
MO’) may conceal specific genetic backgrounds; (iv) the
small number of positive replications in our study may
also be related to the underlying architecture of MA vs.
MO. 1t is conceivable that rare variation plays a more
important role than common variation in MA, whereas
frequent variants would be more relevant in MO. In
favour of this hypothesis is that most association find-
ings from GWA studies have been identified in MO or
in ‘all migraine’ samples.

In conclusion, although our results do not attain
statistical significance, the nominal findings obtained
here suggest that previously reported loci may be
involved in the genetic architecture of MA. However,
additional replication studies in larger MO and
MA sets are warranted to weigh up the relevance of
these susceptibility loci to both common migraine
phenotypes.
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Article highlights

located close to TRPMS8, TSPAN2 and MMPI6.

plasticity.

e Case—control association study of 512 migraine with aura patients and 535 migraine-free controls aimed at
replicating previously reported migraine GWAS findings.
e Suggestive association with four out of 12 loci studied: one SNP in the PRDM 16 gene and three SNPs

e These genes have been related to cardiac disease, neuropathic pain, signal transduction or axonal/synaptic
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Article 6

Exploracié de gens de microRNAs com a candidats per a la susceptibilitat a la migranya:

estudi d’associacio6 de variants genétiques comunes.

Resum

La migranya és un trastorn neuronal complex caracteritzat per episodis recurrents de cefalea
que afecta el 15% de la poblacié europea. Pot dividir-se en dos subtipus clinics: migranya
amb aura (MA) i sense aura (MO), la primera de les quals té una base genética més gran.
Amb l'objectiu d’identificar variants comunes de risc s’han realitzat estudis d’associacio a
gran escala i en gens candidats, aquests Uultims centrats sobretot en sistemes de
neurotransmissio, hormonals i vasculars. El glutamat és un dels neurotransmissors que més
s’ha relacionat amb la migranya i la seva fisiopatologia, tot i que fins ara els estudis
d'associacié hi han trobat poques variants genétiques associades amb la malaltia.
Recentment, elements reguladors de I'expressié génica com els miRNAs i variants en els
gens que els codifiquen han estat objecte d’estudi en diversos trastorns neuropsiquiatrics,
amb resultats forcga rellevants. S’han seleccionat 40 SNPs localitzats en gens o prop de gens
que codifiguen miRNAs que regulen, potencialment, I'expressié de gens relacionats amb el
glutamat. S’han genotipat 512 pacients MA i 535 controls per dur a terme un estudi
d’associacié. S'ha detectat associacio nominal amb la MA per a set dels SNPs. Posteriorment
s'ha dut a terme un estudi de réplica in silico en una mostra de 23.285 pacients migranyosos
i 95.425 controls del Consorci Internacional de Genética de les Cefalees (International
Headache Genetics Consortium, IHGC) dels quals es disposa de genotips a escala
gendmica. Aquest estudi ha confirmat una associacid significativa entre la MA i I'SNP
rs12610046, situat a 3' del gen miR-7-3. Els nostres resultats suggereixen la possible
implicacié de variants de miRNAs en la susceptibilitat a la migranya, ampliant aixi I'espectre

de gens candidats per a aquest trastorn complex.

Referéncia
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ABSTRACT

Migraine is a common complex neuronal disorder characterized by recurrent episodes of
headache that affects 15% of the European population. It can be classified into two clinical
subtypes, migraine with aura (MA) and migraine without aura (MO), the first one thought to
present a stronger genetic component. Both genome-wide and candidate-gene association
studies have been performed to identify common risk variants, the latter focusing mostly on
neurotransmitter, hormonal and vascular systems. Glutamate is one of the neurotransmitters
that has been most extensively involved in migraine and its pathophysiology, yet only a few risk
gene variants have been associated with the disorder. More recently, regulatory elements such
as miRNAs and variants in their coding genes have been studied in several neuropsychiatric
disorders and their involvement is becoming increasingly relevant. We selected a set of 40
single-nucleotide polymorphisms (SNPs) located within or close to genes encoding miRNAs that
are predicted to target glutamate-related genes and we genotyped them in 512 MA patients and
535 controls to perform an association study. Seven SNPs were found nominally associated
with MA. Subsequently, a follow-up study was performed in a sample of 23,285 migraine
patients and 95,425 controls from the International Headache Genetics Consortium. This study
confirmed a significant association with SNP rs12610046, located downstream from the miR-7-3
gene. Our findings suggest a potential involvement of microRNA variants in the susceptibility to

migraine, broadening the spectrum of candidate genes for this complex disorder.

KEY WORDS

migraine, miRNA, case-control association stuudy, glutamate, miR-7-3
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INTRODUCTION

Migraine is a neurological disorder that manifests with episodes of headache lasting up to 72
hours, and features other clinical signs such as photophobia, nausea, phonophobia and
aggravation with physical activity. The prevalence of migraine may vary among geographic
regions, but stands around 15% in the European population, showing a higher prevalence in
women than in men (3:1 ratio)1‘2. Common forms of migraine can be divided into two main
types, with and without aura (MA and MO, respectively), following the criteria of the
International Classification of Headache Disorders 2nd Edition (IHS 2004) ® Aura appears in
about one third of migraine patients and in these cases a stronger genetic burden seems to
be present *. The aura usually precedes and accompanies the headache, and causes a
development of neurological symptoms, which often consist of visual disturbances and can
last from minutes to days 4,

As a complex disorder, common forms of migraine are thought to be influenced by both
genetic and environmental factors. The interaction between them may widen the phenotypic
spectrum of the disorder, complicating both the diagnosis and the genetic studies !

The search for common genetic factors influencing migraine has been approached mainly
through case-control association studies, either by analyzing candidate genes (candidate
gene association studies, CGAS) or at genome-wide scale (genome-wide association studies,
GWAS). CGAS have allowed identification of a number of susceptibility variants in genes
related to neurotransmission (dopamine, serotonin and glutamate), hormones and the
vascular system ! since the pathophysiology of migraine involves both neuronal and vascular
functions °. On another hand, GWAS have allowed the identification of susceptibility variants
other than the usual GCAS suspects 2*%*.

Glutamate, the main excitatory neurotransmitter in the brain, has been closely related to
migraine and its pathogenesis % with evidence for its involvement at different levels.
Physiologically, it has been proposed that an increased release of glutamate may lead to
increased susceptibility to cortical spreading depression (CSD), that is thought to trigger the
aura . In severe forms of MA, such as hemiplegic migraine, mutations in the causative

genes have been suggested to result in an increase of glutamate efflux to the synapse 12

Furthermore, a few cases of hemiplegic migraine and episodic ataxia patients with mutations
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in SLC1A3 "*", encoding the Excitatory Amino Acid Transporter 1 (EAAT1), a glial glutamate
transporter, have been reported. These mutations would result in a decreased glutamate
uptake 12 Also, several association studies involving variants within or near glutamate genes,
have identified risk SNPs: rs2195450 and rs3761555 from CGAS, associated with MA and
located in the regulatory regions of glutamate receptors GRIN1A and GRIN3A, respectively
' and the first risk variant identified in a GWAS, rs1835740, located between MTDH and
PGCP, the first of the two genes encoding a downregulator of SLC1A2, which in turn codes
for the glutamate transporter EAAT2 °.

Overall, despite the numerous association hits reported for migraine, replication studies have

rendered diverse and sometimes controversial results "*?°

. Also, as identifying the actual
causal variants is not an easy task, the genetic background of migraine is still far from
complete. In recent years, attention has turned to regulatory elements and their variants, as
there is evidence for their contribution to the phenotype ?! This is the case of microRNAs
(miRNAs) in psychiatric disorders. Both association studies with miRNA genes and the
analysis of miRNA expression patterns have shown the connection of these molecules with
human disease, including schizophrenia and neuropathic pain disorders, among others **?°.
MiRNAs are a class of small noncoding RNAs of 19-25 nucleotides that act as
posttranscriptional regulators of gene expression either by repressing protein synthesis or by
degrading their mRNA targets, and are predicted to regulate almost two thirds of human
genes **. MIRNA genes are transcribed into pri-miRNA (500-3000 base pairs) and further
processed to a pre-miRNA form of 60-70 nucleotides. The pre-miRNA is cleaved to its mature
form, consisting of a small miRNA containing the seed region (around 7 bases) that can
interact with its target % Therefore, polymorphisms in miRNA target regions and their coding
genes may contribute to phenotypic variation %%’

In this study we report the first attempt to identify associations between migraine and

common variants located in miRNA genes that regulate the expression of glutamate-related

genes.
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MATERIALS AND METHODS

Clinical sample and DNA isolation

Discovery sample: The clinic-based sample consisted of 517 Caucasian Spanish unrelated

patients (78.13% women) and 535 ethnically-matched migraine-free controls (73.83%
women), recruited at Hospital Universitari Vall d’'Hebron (Barcelona, Spain) and Hospital Sant
Joan de Déu (Manresa, Barcelona, Spain) between 2002 and 2010. Patients had been
classified as MA according to the International Criteria for Headache Disorders 2" edition.
Clinical details of our sample are provided in Table 1. Control individuals were selected based
on a personal interview and were unrelated blood donors with no personal or family history of
severe headaches. The study was approved by the relevant local Ethics Committees and
informed consent was obtained from all the participants or their legal representatives
according to the Helsinki Declaration. DNA was extracted from peripheral blood lymphocytes
by a standard salting-out procedure.

Replication sample: The sample used for replication purposes was previously described by

Anttila et al. *. It consisted of 23,285 migraine cases from 29 clinic- and population-based
studies. The samples included 5,175 cases from 5 clinic-based collections of affected
individuals matched to 13,972 population-based controls, as well as 18,110 cases from 14
population-based studies and 81,453 migraine-free or control individuals from the same

studies.

Selection of miRNA genes

We selected miRNA molecules that regulate the expression of glutamate-related genes.
These include genes encoding glutamate receptors (ionotropic AMPA (GRIA1-4), kainate
(GRIK1-5), NMDA (GRIN 1, GRIN2A-D, GRIN3A-B) and metabotropic (GRM1-8)), glutamate
transporters  (excitatory amino-acid transporters (EAATs: SLC1A1-3, SLC1A6-7) and
vesicular glutamate transporters (VGLUTs: SLC17A5-8)) and several glutamate receptors-
related proteins (GRINA (NMDA receptor glutamate-binding subunit) and  GRIP1-2
(glutamate receptor interacting proteins)). For the selection of miRNAs we used the

miRecords (http://mirecords.biolead.org) and TarBasev6.0
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(http://diana.cslab.ece.ntua.gr/tarbase) databases and we browsed relevant literature on
glutamate regulation by miRNAs. A total of 9 mature miRNAs, encoded by a total of 14
miRNA genes, were selected for further investigation in our study (Supplementary Table 1).
The coding region of the miRNA genes and their organization in the genome (isolated, in
clusters, within protein-coding genes, etc.) was determined using miRbase. Eight out of 14
genes were isolated miRNAs and six were located in miRNA clusters. In this case, we
considered all the miRNAs in the cluster as targets for our study.

To define the region of interest for the SNP selection, we considered a flanking region of 5 to
10kb upstream from the miRNA gene and 5kb downstream, considering the described
regions involved in miRNA gene regulation by Wang et al. 8 Also, when the miRNA was
located in an intronic region of a protein-coding gene, we included 5kb from the promoter

region of the host gene (Supplementary Table 1).

Selection of SNPs

Haploview v4.1 2

and HapMap project data (hapmap.ncbi.nim.nih.gov/index.html.en,
HapMap Genome Browser release #28 phase lI+lll) corresponding to CEU individuals were
used for the selection of tagSNPs. A total of 47 tagSNPs were selected with a minor allele

frequency (MAF) > 0.10 and, with r*2 values between any pair of selected SNPs < 0.8.

Genotyping

Genotyping in our MA sample was performed using the Sequenom technology by the
National Genotyping Center (CeGen, www.cegen.org, Santiago de Compostela, Spain).
Three CEPH samples were included in every plate and a 100% concordance was observed
with HapMap data except for one of the SNPs (rs2064611), which was excluded from the
study. In addition, no differences were found in the genotypes of two replicate samples that

were included as intra-plate and inter-plate controls.

Association analysis

Discovery sample: The analysis of minimal statistical power for the x2 test under a dominant

model using the Genetic Power Calculator software (pngu.mgh.harvard.edu/~purcell/gpc) with
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a=0.05, a lifetime risk of 1.25, a disease prevalence of 0.15 and the lowest minor allele
frequency (MAF) found in controls (0.104), rendered a value of 41.9%.

Statistical analysis for the association study was carried out using the SNPassoc R library for
a total of 41 SNPs. First, Hardy-Weinberg equilibrium (HWE) was tested in our control
sample, and only one SNP (rs3742406) rendered a p-value below 0.05 and it was not
considered in the analysis. We compared allele and genotype frequencies of 40 SNPs
considering all the MA sample under the codominant, dominant, recessive and log-additive
genetic models, and adjusting by sex. Subsequently, we also considered two MA
subcategories for further analysis: ‘MA only’ (patients developing aura in at least 2/3 of the
migraine episodes, n = 318) and ‘Both MA and MO’ (patients with less than 2/3 of the crises

with aura, n = 180).

Replication sample: Statistical analysis was performed with data from a previous GWAS 4 by
using a frequentist additive model based on an expected allelic dosage model for SNP
markers, adjusting for sex (using either SNPTEST or ProbABEL) Three subgropus were also
analized: “Clinics only”, consisting of patients from clinic-based studies, and “MA” and “MO”,
both groups from population-based studies. Three of the SNPs selected for replication were
directly present in the GWAS dataset (rs12610046, rs13245645 and rs8015713), whereas a
fourth one mapped well to a proxy (rs921968, r2=0.95). Three additional replication SNPs
were evaluated although linkage disequilibrium values with their proxys in the GWAS data set
were low (rs941714, rs8023048, rs11160619, 0.174<r2<0.295). The FDR method of

Benjamini and Hochberg was used for multiple testing correction %0,

RESULTS

We genotyped 47 SNP variants located in 14 miRNA gene regions in a Spanish sample of
517 MA patients and 535 gender- and ethnically-matched controls. From these, a total of
seven SNPs were not considered in the analysis: genotyping of five SNPs failed, the
genotypes of another SNP in CEPH individuals did not match with the available data in the
databases, and another SNP was not in HWE. Additionally, we checked the genotyping rate

for all the individuals, and five patients that showed values under 50% were removed from the
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study. The minimum genotyping rate reached for the rest of the individuals was 90,48% and
the average for the whole sample was 99.89%. Excluding the five SNPs that failed, the
average number of successfully genotyped individuals per SNP was 99.71%. Thus, for our
association analysis we assessed 40 SNPs in a sample of 512 patients and 535 controls, and
considered both genotype and allele comparisons.

The association analysis showed nominal associations (p-value < 0.05) for seven out of 40
SNPs (Table 2): rs12610046 (miR-7-3 gene, P=0.0063) rs13245645 (miR-335, P=0.006),
rs4672891 (miR-26b, P=0.0028) and rs10151229 (P=0.0176), rs7161194 (P=0.0252),
rs8015713 (P=0.038) and rs8016185 (P=0.001), the last four being located in the miRNA
cluster including miR-485. However, none of them reached significant values after applying
the Bonferroni correction for multiple testing.

Subsequently, we subdivided our clinical sample in two groups in order to increase
homogeneity within the MA phenotype: We considered the subgroups ‘MA only’ (more than
2/3 of the migraine episodes present with aura) and ‘both MA and MQO’. This subdivision has
also been reported in previous studies using clinical samples of migraine patients ®'°. For the
‘MA only’ subgroup, four SNPs showed a nominal association (Supplementary Table 2):
rs12610046 (P=0.0012), rs4672891 (P=0.007), rs8015713 (P=0.038) and rs8016185
(P=0.0334). Three SNPs achieved nominal associations in the ‘both MA and MO’ group:
rs13245645 (P=0.0079), rs4672891 (P=0.0396) and rs8016185 (P=0.0002). Again, nonoe of
these associations survived the Bonferroni correction.

Overall, only SNPs rs4672891 and rs8016185 showed nominal associations in the three
analyzed groups, whereas rs12610046 and rs8015713 remained significant for ‘MA only’, and
rs13245645 for ‘both MA and MO’. After the sample division, no new associations emerged
with any of the remaining SNPs.

We explored the performance of the seven SNPs showing nominal association signals in the
discovery sample in a large GWAS dataset performed on 29 population sets and including
23,285 cases and 95,425 controls. After applying corrections for multiple testing, only SNP
rs12610046 reached significant results for all the clinical groups tested (Table 3). The lowest
p-value was obtained in the 'Clinics only' group, consisting of both MA and MO patients

diagnosed by clinicians in a hospital setting (P=3.16x10'4).
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DISCUSSION

In recent years, interest in the study of the contribution of common genetic variants located in
regulatory elements such as miRNAs to complex neuronal disorders has grown rapidly 2123,
However, no genetic association studies have systematically explored these type of elements
in migraine so far. In this case-control association study we aimed at testing the possible
involvement of SNPs in miRNA genes that regulate the expression of glutamate-related
genes.

Glutamate, the main excitatory neurotransmitter in the brain, stands as a good candidate for
the pathogenesis of migraine and for being involved in the development of the aura ¥ with
several reports showing that hemiplegic migraine mutations result in an increase of glutamate
levels at the synapse **.

Also, significant associations between MA and SNPs at glutamate genes, like GRIA1 and
GRIA3, have been found '*. However, subsequent association studies considering other

glutamate receptors and transporters rendered controversial or negative results '®?***. Th

e
first associated variant identified in a migraine GWAS was located near MTHD, a down-
regulator of the glutamate transporter encoded by SLC71A2. This SNP, rs1835740, was
replicated in a migraine population from India 3 and a trend for association was found in a
Swedish migraine sample 9

We performed a two-stage clinic-based association study of SNP variants located in miRNA
gene regions. In the discovery sample, consisting of Spanish MA patients, seven out of 40
SNPs showed nominal association. A follow-up study of the associated SNPs pointed at a
single variant, rs12610046, as a risk factor for migraine in the Clinics group (clinic-based
migraine population), surviving the permutation analysis. The nominally associated SNPs
identified in the discovery sample are located in regions flanking miR-7-3, miR-335, miR-26b
and in a miRNA cluster that includes miR-485. The protein-coding genes that are targeted by
these miRNAs are GRIA1, GRIA2, GRINA, GRIK2, GRIK4, GRIN2D, GRM3, GRM5, GRMS8,
GRIP2, SLC1A1, SLC1A6, SLC17A6 and SLC17A7 (Table 2) according to data from TarBase
v6.0 and miRecords. From those, only GRIA1 had previously been associated with MA "

and failed to be associated with MO in a follow-up study '®. Although the statistical power of

the discovery sample in our study is limited due to sample size constrains, the fact that one of
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the nominal hits is replicated in an independent migraine sample reinforces the consistency
of our results. The two samples, discovery and replication, showing positive association
results for rs12610046 are clinic-based, and include MA individuals, although in the latter, a
positive association is also obtained in the analysis of an MO subset. Rs12610046 is located
in the 3’ flanking region of the miR-7-3 gene, encoding a miRNA that is predicted to target
GRINA (glutamate receptor, ionotropic, N-methyl D-aspartate-associated protein 1 (glutamate
binding)), located at 8q24.3. This gene encodes the protein Lifeguard 1 (LFG1), also known
as glutamate [NMDA] receptor-associated protein 1 (NMDARA1), NMDA receptor glutamate-
binding subunit and Transmembrane BAX inhibitor motif-containing protein 3 (TMBIM3).
Remarkably, the TMBIM3 gene maps close to a locus genetically linked to epilepsy *°, a well-
known comorbid condition with migraine. This gene is expressed in brain and it has been
related to control of apoptotic processes through the modulation of ER calcium homeostasis
% but very little is known about its function with regard to glutamate ionotropic receptors. Its
relation with calcium is relevant, as this is a key molecule in the regulation of the release of
neurotransmitters like glutamate by the SNARE system 3

In summary, we present the first association study that explores the possible role of variants
located in miRNA genes in the susceptibility to migraine. Further studies in larger samples
inspecting a wider range of miRNA genes are warranted to get more insights. Also, functional
studies addressing the influence of the associated variants in the expression of miRNAs or in

its binding to the target mMRNAs are needed.
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Table 1. Clinical profile of the Spanish migraine with aura sample.

FEATURE % OF MA PATIENTS*
Family history with migraine 77.17%
Age of onset 13.5 (STDEV=12)
MAIN FEATURES

Pulsatile pain 69.90%
Unilateral pain 73.43%
Moderate-severe intensity 94.34%
Aggravation by physical activity 93.94%
OTHER FEATURES

Photofobia 89.29%
Occasional photofobia 5.05%
Phonofobia 81.61%
Occasional phonofobia 5.45%
Nauseas 85.85%
Vomits 61.81%

*Minimum percentage of data was 88.28% in the 'Family history' field,
and maximum of 99.19% for 'Other features'.
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DISCUSSIO

CAPITOL 1. Estudi genétic de pacients amb formes rares de migranya i
fenotips relacionats.

1. Analisi mutacional del gens CACNA1A i ATP1A2 en pacients HM

Aquest estudi en 18 pacients no emparentats ha permés identificar 6 mutacions de canvi de
sentit en heterozigosi (quatre en el gen CACNA1A i dues en ATP1A2), que cobreixen el
33,3% de la mostra estudiada (27,7% per a la migranya hemiplégica familiar (FHM) i 5,5% en
el cas de la migranya hemiplégica esporadica (SHM)). Els resultats segueixen la linia d’altres
estudis previs amb séries de pacients HM, on la cobertura esta al voltant del 40% per a FHM
i entre el 7-16% en SHM (de Vries et al. 2007, Riant et al. 2005, Terwindt et al. 2002). Només
s’ha donat un cas d’alta cobertura en SHM, en qué els pacients presentaven la malaltia a
edats molt primerenques (Riant et al. 2010a). Aquests resultats donarien suport a la idea que
els gens CACNATA i ATP1A2 sbn els responsables majoritaris del fenotip en el casos
familiars perd no en els esporadics, en qué I'heterogeneitat genetica podria ser molt més
gran.

Hi ha evidéncies, tant en estudis previs com en el nostre, que donen suport a la patogenicitat
dels canvis identificats (Kraus et al. 2000, Tavraz et al. 2008, Tottene et al. 2002, Tottene et
al. 2005). Tots ells cosegreguen amb la malaltia a les families (tot i que cal dir que les
estructures familiars sén en general petites), no s'han trobat en individus sans i estan situats
en regions conservades de la proteina. En aquest cribratge s’han cobert les regions
codificants, els llocs d’splicing, el promotor i la regié 3'UTR del gen CACNA1A. En el cas del
gen ATP1A2, les regions codificants i els llocs d’splicing. D'altra banda, a més de l'analisi
mutacional per seqiienciacié Sanger, s’ha dut a terme un estudi de CNVs per al gen
CACNAT1A, per al qual s’havia descrit préviament una delecié dels exons 39-47 en un pacient
SHM (Labrum et al. 2009).

1.1. Cribratge mutacional del gen CACNA1A

En larticle presentat s’han identificat quatre mutacions en el gen, totes elles descrites amb
anterioritat. Es tracta de mutacions de canvi de sentit, com la majoria dels canvis
responsables de HM. Tres de les mutacions s'havien estudiat préviament a nivell funcional,

mentre que la quarta s'ha analitzat en aquest treball.
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1.1.1. Mutacions puntuals identificades en la mostra de 18 pacients HM

La mutacié p.Ser218Leu s’ha identificat com a canvi de novo en un dels pacients de la
nostra serie. S'ha descrit en d'altres ocasions (Kors et al. 2001; Curtain et al. 2006; Chan et
al. 2008; Debiais et al. 2009; Stam et al. 2009; Zangaladze et al. 2010) tant en casos
familiars com esporadics. En dos casos esporadics descrits préviament (Stam 2009), el canvi
apareix també de novo en el pacient. Aixd fa pensar que la posicié gendmica implicada seria
un hot spot mutacional o punt calent de mutacié. De fet, el canvi és una transicié C>T que té
lloc en un dinucledtid CpG. La incorporacié d'un grup metil a la citosina (que passa a 5-
metilcitosina) és una de les modificacions epigenétiques més freqiients en el genoma huma.
Els residus 5-metilcitosina s6n més susceptibles a la desaminacié que les citosines no
metilades, procés que doéna lloc a una timina (Antonarakis et al. 2000). D’altra banda, es creu
que laugment observat en les posicions CG>TG es deu en part a una reparaci6 més
ineficient dels aparellament erronis que es formen entre T i G (Gates 2009, Lutsenko &
Bhagwat 1999). Tots dos fendmens explicarien la hipermutabilitat de les citosines en
dinucleotids CpG, els punts calents de mutacié d’'una base més frequents (Maki 2002).

La mutacié p.Ser218Leu afecta el llag citoplasmatic de la proteina (Figura 10), entre els
segments S4 i S5 del primer domini del canal. Els estudis funcionals que s’han dut a terme
en models cel-lulars mostren un llindar d’activacié (i també d'inactivacid) del canal disminuit,
a més d'una recuperacié més rapida del canal després de la inactivacio (Tottene et al. 2005,
Weiss et al. 2008). Es tracta d'un guany de funcié dels més acusats que s'han descrit per
aquest canal. Es per aixd que aquesta mutacié es relaciona amb fenotips molt severs dels
pacients.

La mutacié p.Thr501Met s’ha descrit en aquest treball en un pacient amb HM i EA2. El canvi
esta situat en el segment 1 del segon domini (Figura 10), associat al sensor de voltatge de la
proteina (Campos et al. 2007). Altres estudis I'havien relacionat amb EA2 associat amb
migranya, i també amb HM amb ataxia progressiva (Ducros et al. 1999, Mantuano et al.
2010). L’estudi funcional I'ha dut a terme el grup dels Drs. Valverde i Fernandez-Fernandez
(Universitat Pompeu Fabra, UPF) mitjangant un assaig de patch clamp en cél-lules de ronyd
embrionari huma HEK293, i ha mostrat alteracions tant en l'activacié com en la inactivacio
del canal. La mutacié promou l'activitat del canal a voltatges inferiors i un augment de la
densitat de corrent de Ca®, aixi com una inactivacié a voltatges menys despolaritzats.
Aquest guany de funcié del canal promouria la neurotransmissié excitadora a través de
I'escorga cerebral i afavoriria aixi I'inici de la CSD. Els resultats obtinguts en aquest estudi
son consistents amb les conseqiiéncies funcionals que sovint causen el fenotip HM.

La p.Arg583GIn és una mutacié també descrita en nombroses ocasions (Battistini et al.
1999), (Ducros et al. 2001), (Terwindt et al. 2002), (Alonso et al. 2003), (Thomsen et al.
2007), (Riant et al. 2010a) en casos FHM i SHM. En el nostre cas, unicament el proband
presenta el fenotip HM, tot i que la mutacid6 cosegrega a la familia amb EAZ2, atrofia

cerebel-lar i/o MA (Figura 1A de l'article). S’ha descrit també un portador d’aquest canvi en
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una familia amb ataxia (Cleves et al. 2009). La mutacié esta situada en un segment de la
proteina que conté el sensor de voltatge, el quart del domini 2 (Figura 10), i els estudis
funcionals previs descriuen canvis en l'activacio i inactivacié6 dependent de voltatge, que
responen a potencials més negatius (Kraus et al. 2000) i desemboquen en un guany de
funcio, caracteristic del fenotip HM.

El canvi p.Thr666Met és el canvi més prevalent en HM, descrit en més de vint casos entre
pacients FHM i SHM (Ducros et al. 1999, Freilinger et al. 2008, Friend et al. 1999, Kors et al.
2003, Ophoff et al. 1996, Riant et al. 2010a, Terwindt et al. 2002, Thomsen et al. 2007, Wada
et al. 2002, Yabe et al. 2008), i esta situat al llag extracel-lular entre els segments 4 i 5 del
segons domini (Figura 10). Els estudis funcionals que s’han realitzat mostren que hi ha un
guany de funcié del canal mediat per canvis en el flux de Ca®", tot rebaixant el llindar
d’activacio i de recuperacio del canal després de la inactivacio (Kraus et al. 1998, Tao et al.
2012, Tottene et al. 2002).

Dues de les mutacions que s’han identificat en aquest estudi son les més prevalents en HM.
En el cas del canvi p.Thr666M, també situat en un dinucledtid CpG, un estudi previ va
adrecar la questié de la seva recurrencia, i va estudiar nou families franceses (Ducros et al.
1999). L’analisi de marcadors polimorfics intronics suggeri que el canvi es donava per
esdeveniments mutacionals recurrents, i que la seva elevada frequéncia no seria deguda a
un efecte fundador. D’altra banda, aquest canvi també s’ha identificat de novo en un pacient
(Riant et al. 2010a). La mutacié p.Arg583Gin, pel contrari, no esta situada en un dinucledtid
CpG. Aixod fa pensar que aquest canvi podria tenir un origen Unic i que posteriorment s’hauria
extés a les diverses poblacions. Aquesta hipotesi es podria comprovar mitjangant un estudi
d'haplotips al voltant de les mutacions en individus no emparentats portadors dels canvis,

perod aixd encara no s'ha fet.

| p.T501M | | p.R583Q | p.T666M

] éfggiﬁ ;ﬁw CREEEH 3

DOMAIN | v ( COOH

Ca2.1a1A

Figura 10. Subunitat « 1A del Ca,2.1 codificada pel gen CACNA1A i localitzacié de les mutacions identificades en

els pacients HM. Representacié de la proteina amb els dominis (DOMAIN I-1V) i els segments de cadascun (S1-6).
Les mutacions s’indiquen amb cercles vermells.

Domain: domini; S: segment; ES: espai extracel-lular; M: membrana citoplasmatica; Cyt: citoplasma

1.1.2. Ampliacié del cribratge mutacional del gen CACNA1A
Durant anys, els treballs d'analisi mutacional del gen CACNA1A s'han centrat en els exons
del gen (48 en total) i els llocs de splicing. L'any 2009 s'analitzen per primer cop les regions

3'UTR i promotora del gen (Veneziano et al. 2009). En aquest estudi es descriu una mutacié
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a la regi6 promotora en un pacient amb HM, g.-757_-753delCTTTC, que determina un
augment en l'activitat transcripcional del gen, tot suggerint que hi hauria un augment del
nombre de canals a la membrana, i per tant un guany de funci6. D’altra banda es descriu un
nou exd (anomenat ex6 48) en identificar dues isoformes expressades al cervell en qué falta
'exd 47. En un pacient amb ataxia episodica i en el seu pare detecten una insercié de 5
nucleotids, g.38429 38430insCTTTT, en una regid altament conservada de I'ex6 48. Aquesta
mutacié provoca l'aparicié d’'un codé de parada prematur a la isoforma curta. Tot i que es
desconeix el nivell d’expressié d'aquestes isoformes i I'efecte de la proteina truncada, els
autors van suggerir que la insercié podria afectar d’altres isoformes altament expressades en
cervell mitjangant canvis en l'estructura secundaria de la regié 3’'UTR. Aquesta extensio del
cribratge mutacional es va aplicar a tots el pacients d’estudis anteriors del grup (Cuenca-

Leon et al. 2008), amb resultats negatius.

1.1.3. Estudi de CNVs en el gen CACNA1A

L'us de técniques quantitatives, com MLPA i QMPSF, permet identificar reordenaments,
delecions i duplicacions géniques (vegeu l'apartat 2.2 de la Discussié per a més detalls). En
el nostre treball vam estudiar tots aquells pacients que havien donat resultats negatius en el
cribratge mutacional per selienciacié Sanger, aixi com els pacients de la nostra série anterior
(Cuenca-Leon et al. 2008). En el nostre estudi no hem detectat reordenaments en cap dels
pacients.

Aquest resultat és logic, tenint en compte que en general els reordenaments donen lloc a
proteines truncades i per tant no condueixen a un guany de funci6é del canal, tipic de les
mutacions dels pacients HM. Fins ara només s’ha descrit una deleci6 (dels exons 39-47) en
un pacient SHM (Labrum et al. 2009), que desafiaria I'assumpcié generalitzada que el fenotip
HM va sempre associat amb un guany de funcié, ja que es tracta d’'un canvi disruptiu.

D’altra banda, un estudi de CNVs al gen ATP1A2 si que podria, potencialment, revelar
delecions o duplicacions amb pérdua de funcié. Actualment s’esta planificant un cribratge per
detectar reordenaments en aquest gen en la série de pacients HM.

1.2. Cribratge mutacional del gen ATP1A2

S’han identificat dues mutacions de canvi de sentit en el gen ATP1A2 en una mostra de 18
pacients HM. Contrariament a les mutacions descrites en el gen CACNA1A en casos HM, en
quée generalment I'efecte funcional consisteix en un guany de funcid, en el cas de les
mutacions a ATP1A2 el canvi acostuma a produir una pérdua de funcié del canal. Aixi doncs,
el mecanisme responsable de la patologia seria I'haploinsuficiencia. Tot i que les
conseqliencies funcionals de les mutacions HM sobre les proteines codificades per ambdds
gens son contraries, I'efecte a nivell cel-lular és el mateix, ja que en els dos casos la
disfuncié porta a un augment del glutamat en I'espai sinaptic (Figura 8 de la Introduccid)
(Ferrari et al. 2015).
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La mutacié p.Ala606Thr ja s’havia descrit en tres casos anteriors amb HM (Jen et al. 2007,
Riant et al. 2005). Esta situada al llag intracel-lular entre els dominis M4 i M5 de la bomba
(Figura 11), on s’han identificat moltes de les mutacions. Diversos autors han dut a terme
estudis funcionals en qué s’observa una pérdua de funcié de la bomba de Na*/K*, que perd
afinitat pel potassi. D’altra banda, estudis amb ouabaina (toxina inhibidora de la bomba de
Na'/K") també suggerien una pérdua de funcié (Jen et al. 2007, Tavraz et al. 2008).

El canvi p.Glu825Lys s’ha identificat per primera vegada en el nostre estudi. El canvi esta
situat al lla¢ entre els dominis M6 i M7 (Figura 11), on s’han identificat altres mutacions ja
estudiades a nivell funcional (de Vries et al. 2007, Tavraz et al. 2008). En aquest cas vam
realitzar un estudi funcional indirecte de supervivéncia cel-lular en cél-lules epitelials de
carcinoma cervical HelLa per assajar la patogenicitat de la mutacio, dut a terme per la Dra.
Corominas. Aquest assaig consisteix en l'avaluacié de la viabilitat cel-lular en preséncia
d’ouabaina, un agent toxic produida per la liana Strophanthus gratus. Es transfecten cél-lules
en cultiu amb una construccié que conté un al.lel del gen ATP1A2 portador dues variants
(p-GIn116Arg i p.Asn127Asp) que confereix resisténcia a l'ouabaina (pA20ua-wt) (De Fusco
et al. 2003) i, en paral.lel, es transfecten les cél.lules amb la mateixa construccié pero
incorporant-hi la mutaci6 detectada en el pacient HM (pA20ua-wt + Glu825Lys). Els resultats
mostren una viabilitat del 10% de les cél-lules transfectades amb la construccié portadora de
la mutacié p.Glu825Lys, tot donant suport a la hipotesi que la mutacié provoca una péerdua de
funcié. D’altra banda, les analisis amb Western blot mostren una banda feble per a la
mutacid, tot suggerint aixi que la proteina resultant podria ser inestable (Figura 5 de l'article

1) i per tant recolzant I'haploinsuficiencia com a mecanisme patogeénic.

/ / M / ) ' ES
I\:M M2 u M6 M9 Mwi M
- //; (ED Cyt
NH, _ Q U 1 -

Na+/K+ ATPase a2

>

| p.A606T | | p.E825K | COOH

Figura 11. Subunitat o 2 de la Na'/K" ATPasa codificada pel gen ATP1A2 i localitzacié de les mutacions

identificades en els pacients HM, indicades amb cercles vermells.

ES: espai extracel-lular; M: membrana citoplasmatica; Cyt: citoplasma

1.3. El cribratge genétic en HM: altres gens candidats i regions no cobertes

Els gens CACNA1A i ATP1A2 sén els responsables de la majoria de casos HM en qué s’han
identificat mutacions. Per al primer gen s’han descrit més de 30 mutacions relacionades amb
aquest fenotip, mentre que pel segon el nombre supera les 60 (de Vries et al. 20093,
Freilinger et al. 2011, Riant et al. 2010a). Malgrat aixd, I'analisi d'aquests dos gens no permet
cobrir el diagnostic genétic de tots els pacients HM. A més de CACNA1A i ATP1A2 s’han
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identificat mutacions HM en d'altres gens, que explicarien molt pocs casos. A més, aquests
gens minoritaris s’han relacionat tipicament amb altres fenotips neurologics diferents de la
HM, i el casos d'individus HM amb mutacions presenten fenotips complexes amb quadres
clinics amb més d’'una malaltia.

Les mutacions en el gen SCN1A donen lloc a un total de 25 fenotips amb caracteristiques
epiléptiques (Claes et al. 2009, Gambardella & Marini 2009). Fins ara s’han descrit tnicament
cinc casos de pacients HM amb mutacions en aquest gen, alguns d'ells amb algun tipus
d’epilépsia (Castro et al. 2009, Dichgans et al. 2005, Gargus & Tournay 2007, Vahedi et al.
2009, Vanmolkot et al. 2007), mentre que hi ha més de 700 variants associades amb d'altres
fenotips (Claes et al. 2009).

El gen PRRT2 s'ha relacionat recentment amb HM. Tot i que s’ha analitzat en més de 240
pacients HM, només s’hi han descrit vuit mutacions (Cloarec et al. 2012, Dale et al. 2012,
Gardiner et al. 2012, Marini et al. 2012, Riant et al. 2012). Les variants descrites en aquest
gen estan relacionades amb casos de discinésia paroxistica cinesigénica i altres trastorns
episodics (Wood 2012).

Aixi doncs, SCN1A i PRRT2 serien gens candidats només en aquells casos en que la
migranya hemiplégica forma part d'un quadre clinic complex en qué es combina amb altres
trastorns neurologics. Un estudi previ del grup, en qué es van analitzar les dues mutacions
més prevalents descrites al gen SCN1A en una série de 21 pacients HM (Cuenca-Leon et al.
2008) no va donar resultats positius. En general, els casos HM descrits amb mutacions en
aquests gens son poc representatius com per ésser incorporats a la rutina de diagnostic
geneétic. No obstant, cal tenir present la seva possible implicacié en el fenotip HMen aquells
pacients en qué el cribratge dels gens CACNATA i ATP1A2 és negatiu.

Els dos gens restants responsables d’alguns casos HM son SLC4A4 i SLC1A3. S’han descrit
dues mutacions en homozigosi en el primer gen en dues families amb acidosi renal tubular,
anomalies oculars i migranya hemiplégica (Demirci et al. 2006, Suzuki et al. 2010), i un Unic
cas HM en que SLC1A3 (Jen et al. 2005) apareix mutat en un pacient que presenta
hemiplegia, ataxia episodica i convulsions. A causa de I'escassa representativitat d’aquests
dos gens en HM, no s’han considerat en els nostres estudis.

Tant en les series descrites a la literatura com en les nostres, el percentatge de casos HM
amb mutacions identificades continua essent baix, tot indicant que I'heterogeneitat geneética
d’aquesta malaltia és encara més extensa. Actualment els estudis de seqlienciacié massiva
d’exomes, rapids i barats, podrien estar més indicats que la sequenciacié de gens candidats,
ja que permeten identificar variants a escala genomica sense la limitacié i el cost
comparativament més elevat que suposa l'eleccio i seqiienciacié de gens concrets. El nostre
grup esta col-laborant en l'actualitat en un projecte del Consorci Internacional de Genetica de
les Cefalees (IHGC, International Headache Genetics Consortium), que es proposa
sequenciar 'exoma de desenes de pacients HM de tot el mén. L'estudi inclou 11 pacients
FHM i 20 SHM de la nostra série que han donat resultats negatius en el cribratge genétic de
CACNATA i ATP1A2.
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A part de la probable existéencia de gens HM encara no coneguts, podria ser que en alguns
casos no resolts de la nostra série les mutacions estiguin realment a CACNA1A o a ATP1A2
perd que no les haguem identificat. A nivell de regions codificants la cobertura és completa,
amb tots els exons seqlienciats. S'han sequenciat també les regions introniques flanquejants,
que inclouen els llocs d’splicing, i en el cas del gen CACNA1A, també les regions promotora i
3'UTR. Les regions reguladores, perd, no s'han cobert en el cribratge d'ATP1A2, ni tampoc
s'han analitzat les regions internes dels introns a cap dels dos gens.

D'altra banda, en el marc d'aquesta Tesi s’ha dut a terme un estudi de CNVs al gen
CACNA1A (no en ATP1A2), tot i que era probable que no s'identifiqués cap alteracio
d'aquest tipus, ja que la pérdua de funcié que solen ocasionar els CNVs (especialment les
delecions) no es correspondria amb el guany de funcié caracteristic de les mutacions HM al

gen CACNA1A (les limitacions técniques d’aquest estudi es detallen a I'apartat 2.2.1).

159



2. Analisi mutacional del gen CACNA1A en 49 pacients amb EA2

S’ha realitzat un estudi genétic exhaustiu del gen CACNA71A en una mostra de 49 pacients
EA2 no emparentats. Dos dels pacients portadors de mutacions que s'han inclds en aquest
treball apareixien ja en altres publicacions del grup (Carreno et al. 2013, Cuenca-Leon et al.
2009a), i s’han inclos es aquest estudi per tal de donar una visié6 completa de la série de
pacients EA2 analitzats per nosaltres. L'estudi genétic s’ha dut a terme mitjangant la
sequenciacié dels exons, regions d’splicing, regié promotora i 3'UTR (veure apartat 1.1.2 de
la discussid), que s’ha completat amb un estudi de CNVs per buscar reordenaments en el
gen mitjangant les técniques quantitatives MLPA i QMPSF. Es descriuen un total de 9
variants identificades en 10 dels pacients, cinc de les quals sén noves, que cobreixen el
20,4% de la mostra, un percentatge similar a d’altres descrits en estudis previs (Mantuano et
al. 2010, Rajakulendran et al. 2010). Cap de les variants apareix a les bases de dades de
variants genomiques (Exome Variant Server database, on s’han sequenciat massivament
6503 individus). S'han descrit fins ara més de 80 mutacions en el gen CACNA1A en casos
EA2, la gran majoria d'elles puntuals (Rajakulendran et al. 2012). No obstant, en els ultims
anys s’han publicat algunes delecions que inclouen un o0 més exons dels gen (Labrum et al.
2009, Riant et al. 2010b, Riant et al. 2008, Wan et al. 2011). Els efectes funcionals de les
mutacions EA2 sén habitualment de pérdua de funcié de la proteina, al contrari que I'efecte
tipic de les mutacions responsables de HM, el guany de funcié. Hi ha estudis que avalen
aquest mecanisme, en qué s’utilitzen models cel-lulars, tant cél-lules de mamifer com de
Xenopus, per a expressar el canal Ca,2.1 portador de la mutacié i assajar la seva
patogenicitat (Jeng et al. 2008, Page et al. 2010, Wappl et al. 2002).

2.1. Analisi mutacional del gen CACNA1A per seqiienciacio

Vuit de les variants s'han detectat per sequiienciaci6 Sanger. D’aquestes, cinc prediuen la
disrupcié de la proteina, ja sigui per un canvi sense sentit (p.Trp320Ter, p.Tyr1849Ter i
p.Arg1857Ter, aquesta ultima present en dos dels pacients de la série) o per delecions d’'un o
dos nucleotids que provoquen un canvi en la pauta de lectura donant lloc a un codé de
parada prematur (p.Gly250GlufsTer60 i p.GIn681ArgfsTer100). Les altres tres sén de canvi
de sentit (p.Thr501Met i p.Gly638Asp, descrites amb anterioritat pel nostre grup, i
p.Pro2222Leu).
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p-G250Efs*60 | | p-W320* ‘ | p.T501M | ’ p-G638D ‘ | p-Q681Rfs*100 | | p.S1752Cfs*2 ‘ | p-Y1849* | | p.R1857* | ’ p.P2222L‘

ES

Ca2.1a1A

Cyt

DOMAIN

Figura 12. Subunitat a 1A del Ca,2.1 codificada pel gen CACNA1A i localitzacié de les mutacions identificades en

els pacients EA2. Representacié de la proteina amb els dominis (DOMAIN I-1V) i els segments de cadascun (S1-6).
Les mutacions s’indiquen amb cercles vermells.

Domain: domini; S: segment; ES: espai extracel-lular; M: membrana citoplasmatica; Cyt: citoplasma

2.1.1. Mutacions sense sentit

En EA2 la majoria de les variants descrites prediuen la disrupcié de la proteina, i
consequentment la pérdua de la seva funcié. Tres dels cinc canvis es descriuen per primer
cop en aquest treball: p.Gly250GlufsTer60, p.Trp320Ter i p.Tyr1849Ter.

La mutacidé p.Gly250GlufsTer60 té I'origen en una delecié d’un nucleodtid (c.749delG) a I'exd
5 del gen. El canvi p.Trp320Ter és una mutacié sense sentit a I'ex6 6. A nivell de proteina,
ambdues estan situades al llag extracel-lular entre els segments 5 i 6 del primer domini
(Figura 12). Aixo donaria lloc a una proteina que retindria Unicament la regié N-terminal de
polipeptid i gran part del primer domini. S’han descrit moltes mutacions, tant sense sentit com
de canvi de sentit, en EA2 que se situen en els llagos extracel-lulars d’aquests dos segments
de la proteina, més frequentment en els dominis 1, 2 i 4 (Mantuano et al. 2004). Aixd podria
indicar que el llag d’unié seria una regi6é clau que influeix en el funcionament adequat de la
subunitat.

La mutacié p.GIn681ArgfsTer100, a I'ex6 16, s'ha descrit en tres ocasions (Denier et al.
1999, Kim et al. 2006, Mantuano et al. 2010, van den Maagdenberg et al. 2002) i esta
causada per la delecié de dos nucledtids (c.2042-43delAG) que canvien la pauta de lectura.
També esta situada al llag extracel-lular entre els segments 5 i 6, en aquest cas del domini 2
(Figura 12).

Les altres dues mutacions sense sentit, p.Tyr1849Ter i p.Arg1857Ter (I'Ultima descrita per
(Graves et al. 2008)), estan situades a I'exé 37 i donen lloc a una disrupcié de la proteina a la
regié de la cua citoplasmatica (Figura 12). L’'exd 37 és la regi6é que codifica el domini d’unié a
calci, de manera que a més d’aquest, a la proteina li faltarien les regions IQ (domini
d’interaccié amb calmodulina /Q-like) i CBD (domini d’'unié a calmodulina) (Soong et al.
2002).
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2.1.2. Mutacions de canvi de sentit

S’han identificat tres mutacions de canvi de sentit a la mostra de 49 pacients amb EA2, una
d’elles descrita en aquest treball per primer cop. En el cas d’aquest tipus de mutacions, la
prediccié dels efectes funcionals és més complex.

La mutacié p.Thr501Met es descriu en aquest treball i en una publicacié anterior del grup
amb pacients HM (Carreno et al. 2013), ja que el pacient presenta a la vegada HM i EA2. Els
estudis funcionals revelen un guany de funcié del canal portador de la mutacié, un efecte que
sol atribuir-se el fenotip HM, oposat al que normalment va associat amb les mutacions
responsables d’EA2. No és el primer cas en qué un pacient presenta aquest dos fenotips.
Aixi, a la seccié 1.1.1 de la Discussio es descriu un pacient amb HM i EA2 que és portador
de la mutacié de guany de funcié p.Arg583GIn. Curiosament, aquest pacient és I'Unic
membre de la familia que té els dos fenotips, i la resta de familiars portadors del canvi tenen
EA2. A més, s'han descrit pacients amb mutacions a CACNA1A i un fenotip que combina
EA2 o HM i caracteristiques neuroldgiques relacionades (p.ex. HM i ataxia progressiva
(Ducros et al. 1999) o EA2 i migranya (Mantuano et al. 2010)). D’altra banda, la mutacié
p.-Thr501Met s’ha descrit amb anterioritat en pacients EA2 (Mantuano et al. 2010). Aquesta
controversia és extensible a estudis funcionals realitzats en mutacions relacionades amb EA2
en qué no s’observa disminuci6 de la funcié del canal (Rajakulendran et al. 2010). La causa
genética d’aquesta comorbiditat i els mecanismes patogenics que hi ha al darrere sén de
moment desconeguts.

La mutacié p.Gly638Asp es va descriure i caracteritzar en un estudi previ del grup (Cuenca-
Leon et al. 2009a). A nivell d'ADN, el canvi esta situat a I'ex6 14, i a nivell de proteina cau en
el llag extracel-lular entre els segment 5 i 6 del domini 2 (Figura 12). L’analisi funcional de la
mutacid, que es va expressar en cél-lules HEK293, va mostrar una reduccié de les densitats
de corrent de calci, un alentiment de la cinética d’inactivacié i un augment de la taxa de
recuperacié del corrent després de la inactivacié. Els resultats concorden amb una
disminucié de la permeabilitat del canal pel calci i conseqlientment amb una pérdua de
funcio, cosa que és consistent amb els efectes d'altres mutacions descrites en pacients EA2.

La mutacié p.Pro2222l eu es descriu en aquest article per primer cop. Malgrat linterés
potencial que té la seva caracteritzacio6 funcional, no ha estat possible dur a terme els estudis
pertinents de moment. En aquest cas només s’ha pogut avaluar el seu efecte in silico a
través de programes de prediccio, com SIFT (Kumar et al. 2009) o PolyPhen-2 (Adzhubei et
al. 2013). En ambdds casos casos la mutacio és predita com a benigna. Malgrat aixo, no esta
descrita com a variant polimorfica a les bases de dades, cosa que fa pensar que no és un
canvi frequent. D’altra banda, cal tenir en compte que la mutacié cosegrega a la familia amb
la malaltia, dada que jugaria a favor d'una relacié causal amb la malaltia. No obstant, les
dimensions petites de I'estructura familiar no donen forca estadistica a aquesta afirmacio. El
canvi esa situat a I'exd 46, que codifica un segment de poli-prolines de la poteina, que
correspon a la cua citoplasmatica (Figura 12). A diferéncia de les dues mutacions descrites a

'exd 37, aquesta mutacié conserva els dominis d’interaccié amb el calci. Tot i aixd, podria
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afectar la conformacié de la cua C-terminal, tot interferint aixi amb les interaccions entre la
subunitat « 1 del canal i altres elements que shi uneixen, com ara les subunitats 3 auxiliars.
La consequiencia final seria una pérdua de funcié del canal (Soong et al. 2002, Walker et al.
1998).

2.2. Analisi quantitativa del gen CACNA1A

En els darrers anys I'analisi mutacional del gen CACNA1A ha comengat a incloure assajos
de tipus quantitatiu, com la Multiplex Ligation dependent Probe Amplification (MLPA) (Labrum
et al. 2009, Wan et al. 2011) o la Quantitative Multiplex PCR of Short fluorescent Fragments
(QMPSF) (Riant et al. 2010b, Riant et al. 2008), que permeten identificar reordenaments
genétics que donen lloc a delecions i duplicacions. L’'Us d’aquestes técniques resulta
especialment interessant en el casos d’EA2, trastorn en qué les consequéncies funcionals de
les mutacions puntuals solen donar lloc a una pérdua de funcié. En general, és logic imaginar
que els reordenaments tindran aquest efecte. Les reorganitzacions genomiques
predominantss en EA2 soén les delecions d’'un o més exons, i no s’han descrit per ara casos
de duplicacions, excepte en un individu amb diplopia episoddica (Labrum et al. 2009). Cal
recordar que hi ha un Unic cas de SHM que presenta una delecié al gen CACNA1A que
inclou diversos exons (Labrum et al. 2009). Considerant els casos EA2 en qué ja s’han
descrit delecions (fins ara 14 casos), sembla clar que cal incorporar a la rutina diagnostica
d'aquesta patologia I'analisi de CNVs, tot complementant I'analisi mutacional basat en la
sequenciacié. Cal tenir en compte, pero, que les rutines actuals encara deixen segments del
gen sense analitzat, com les regions introniques internes, i per tant pot haver-hi un cert nivell

d'heterogeneitat al.lélica encara no ben caracteritzada.

2.2.1. MLPA vs. QMPSF

Totes dues tecniques tenen el mateix objectiu, perd el seu funcionament és diferent.
D’entrada, 'MLPA sol estar basada en I'is de col.leccions de sondes pre-fabricades en forma
de kits comercials que analitzen un numero determinat d’exons d'un o més gens. En el nostre
cas vam emprar el kit comercial SALSA-P279-A2 (MRC Holland, Amsterdam), que cobreix 24
exons del gen utilitzant 25 sondes (I'exd 1 compta amb dues sondes independents). Utilitza,
a més, nou sondes control corresponents a diferents punts del genoma. Aquest primer punt,
per tant, representa una limitacié de I'analisi, ja que delecions o duplicacions en els exons no
analitzats queden sense identificar. La gran avantatge que presenta aquesta técnica és
I'analisi dels 24 exons en una sola reaccid, ja que es guanya molta eficiéncia en els estudis.
D’altra banda, vam constatar una limitacié en l'analisi dels resultats: el soffware recomanat
pel fabricant, Coffalyzer v8, no permet I'exclusié de sondes particulars de I'analisi i algunes
presentaven molta variabilitat, tant en casos de sondes del CACNATA com en sondes
control. Aixd va donar lloc a resultats ambigus per a alguns dels exons en alguns pacients

(p.ex. I'exd 46).
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L’altra técnica que vam utilitzar va ser QMPSF, que es planteja de forma complementaria a
'MLPA. Aquests assajos es preparen en el propi laboratori i permeten fer un disseny
experimental a mida. El nombre d’exons analitzats en cada assaig multiplex, pero, esta més
limitat. En el nostre cas, cadascun dels quatre assajos consistia en I'analisi de quatre exons
del gen CACNA1A i un fragment control corresponent al gen RNF20, situat al cromosoma 9.
D’aquesta manera, entre les dues técniques cobriem un minim de 40 exons, 24 per MLPA i
16 per QMPSF, més del 80% del total. A I'hora de seleccionar els exons per a cada multiplex
vam tenir en compte la distancia d’aquests a I'ex6 immediatament anterior o posterior, i en
aquells casos en que es trobaven a <1kb i I'intr6 intermedi no presentava elements repetitius
(p.ex. sequencies Alu) vam considerar els exons adjacents coberts, ja que la probabilitat de
recombinacié entre aquests era molt baixa. De totes les sondes per a QMPSF que vam
dissenyar, dues tenien una qualitat d'amplificacié insuficient i es van descartar. Resumint,
entre els exons analitzats per MLPA/QMPSF i els que consideravem coberts de forma
secundaria totalitzaven 45 dels 48 exons del gen (vegeu la figura suplementaria 1 de l'article
2). A T'hora de dur a terme els assajos de QMPSF vam topar amb algunes limitacions
tecniques: 'amplificacié de diversos exons en una mateixa reaccié afavoria I'amplificacié dels
de mida més petita (els fragments havien de tenir una diferéncia minima de deu nucledtids
per assegurar una discriminacio fiable), complicant aixi la interpretacioé dels resultats.

Per tal de controlar la qualitat dels resultats obtinguts amb les dues metodologies, MLPA i
QMPSF, vam incloure en tots els assajos dos controls EA2 positius per a delecions, cedits
pel laboratori de la Dra. Riant.

En resum, tot i que la cobertura génica en conjunt és elevada, no podem descartar que

haguem tingut algun fals negatiu.

2.2.2. Delecio de I’ex6 35 en un pacient

Utilitzant la metodologia MLPA es va identificar una delecié a I'exé 35 del gen CACNA1TA en
un dels pacients (p.Ser1752Cysfs*2, Figura 12). Els exons anterior i posterior coberts per les
sondes eren el 33 i el 38. L’exd immediatament distal (34), no cobert per cap sonda, era un
dels que es van donar per coberts, ja que esta situat molt a prop del 33. L'exo
immediatament proximal (36) estava cobert en 'assaig QMPSF. Tot i aixd, vam dissenyar un
nou grup de sondes per a confirmar la delecié mitjangant QMPSF, i hi vam incloure els exons
34, 35 36. Els resultats varen corroborar la delecié unicament de I'ex6 35 en el pacient.

A continuacié vam definir a nivell molecular els limits de la delecié. Els introns 34 i 35
contenen un gran nombre de repeticions de tipus SINE (Short interspersed nuclear elements,
que inclouen seqiéncies Alu), LINE (Long interspersed nuclear elements) i d'altres. Vam
dissenyar diferents parelles d’encebadors localitzats en diferents punts dels exons
flanquejants i introns per tal d'amplificar per PCR les regions d’interés a partir de DNA
genomic del pacient i d’'un control sa. La sequenciacié dels fragments va revelar que la
delecié tenia I'origen en una recombinacié entre dues sequéncies Alu que compartien un

regié idéntica de 36 nucleotids (Figura 3 de I'Article 2). En estudis d'altres autors en que
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també es caracteritzen delecions identificades en pacients EA2 (Labrum et al. 2009, Riant et
al. 2010b, Riant et al. 2008, Wan et al. 2011), s’han pogut acotar els limits d'algunes
delecions, que en alguns casos també eren el producte de recombinacions entre seqiiéncies
Alu. En d’altres, pero, la delecié no implicava sequéncies repetides (Riant et al. 2010b).

La majoria de punts de trencament descrits estan situats dins d'elements Alu, que
afavoreixen els fendmens de recombinacié. En el gen CACNA1A les sequéncies Alu es
troben proporcionalment més representades que a la resta del genoma, tot ocupant fins a un
29,2% de la sequéncia del gen (327 Alus) (Riant et al. 2010b). En conclusio, les
recombinacions en el gen podrien veure’s facilitades degut a I'elevat nombre de sequéncies

Alu presents.

2.3. Efectes a nivell cel-lular: Haploinsuficiéncia vs. dominancia negativa

Els estudis funcionals duts a terme per assajar I'efecte de les mutacions en sistemes
d’expressié heterdloga amb la forma mutant de la subunitat del canal solen revelar una
pérdua de funcio total o parcial. En el cas de les mutacions que condueixen a la sintesi d’'una
proteina truncada, és facil predir que la subunitat no sera funcional. Cal tenir en compte,
perd, que a nivell cel-lular I'efecte d’aquestes alteracions podria seguir dos camins: a)
I'haploinsuficiéncia, on només la proteina completa exerciria la seva funcié a la membrana, i
la forma truncada sovint patiria un procés de degradacié a nivell dmRNA (mitjangant
nonsense mediated RNA decay (NMD)) o a nivell de proteina; o b) la proteina truncada se
sintetitzaria i aquesta molécula exerciria un efecte dominant negatiu, pel qual probablement
competiria per la interaccid amb les altres subunitats del canal impedint-ne el funcionament
normal, o impediria que la subunitat WT arribés a la membrana. En el cas de les mutacions
EA2 de canvi de sentit no es produiria NMD, i per tant caldria fer assajos a nivell de proteina
per determinar el tipus d'efecte (haploinsuficiéncia o dominancia negativa) que té lloc.

En un model animal de ratoli portador d’'una mutacié sense sentit al gen Cacnala muri
publicat per (Veneziano et al. 2011) s’aborda aquesta questié mitjangant I'estudi dels nivells
d’'mRNA produits per la forma WT i la mutada. Per al model mutant heterozigot, que seguiria
tedricament el mateix patré de dominancia dels pacients, s’observa una disminuci6 dels
nivells d'mRNA acompanyats d’una inhibicié del 50% del corrent. No obstant, el model no
presentava anormalitats aparents en el fenotip. En el nostre estudi, ja que disposavem de
fibroblasts del pacient 432B portador de la mutaci6 p.Trp320Ter, vam realitzar un assaig de
NMD per avaluar la possible degradacié de 'mRNA. Vam comparar els nivells de cDNA de
les cel-lules tractades i no tractades amb cicloheximida, un inhibidor del procés, i els resultats
van mostrar la preséncia dels dos transcrits, normal i mutant, a la cel-lula, indicant que el
procés no es produia o que era parcial. S’ha de tenir en compte, d’'una banda, que no totes
les mutacions que generen un cod6 de parada prematur estan subjectes a aquest procés, ja
que la parada ha d'estar abans de I'Ultim exd i a més la distancia de la mutacié a I'extrem 3’

del propi exé ha de ser superior a 50 nucledtids (Lewis et al. 2003). Aixi, la mutacio
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p-Trp320Ter només compleix la primera condicid, ja que el canvi esta situat a només 20
nucleotids de I'extrem 3’ de I'exé 6. D’altra banda, la técnica de PCR no és quantitativa i la
representacié dels dos al-lels no necessariament reflexa les de la cél-lula. En aquest cas, tot i
que seria interessant I's de técniques qualitatives com la qPCR, la preséncia de l'al-lel
mutant ens permet determinar que, com a minim, el mecanisme no es déna totalment. L’altra
hipotesi que s’ha plantejat al llarg dels anys i sembla que ha anat agafant més forga és la de
la dominancia negativa com a consequéncia de I'expressio dels al-lels disruptius. S'han fet
servir diferents models cel.lulars per avaluar I'efecte de les mutacions sense sentit. En
l'estudi de (Wappl et al. 2002) s’avalua I'expressio de la mutacié p.Arg1279Ter en cél-lules
en cultiu tsA-201, procedents de ronyd embrionari huma, en qué observen que la forma
mutada s’expressa, perd que no forma canals funcionals. Més endavant, en els treballs de
(Page et al. 2004) i (Mezghrani et al. 2008) s'observa que la subunitat mutada exerceix
dominancia negativa sobre la forma WT del canal en expressar-les simultaniament. Altres
estudis, com el de (Jeng et al. 2008), opten també per la coexpressié de la subunitat WT i la
mutant a més de 'estudi de les dues formes per separat. Els al-lels portadors de mutacions
s’expressen perd no arriben en la seva totalitat a la membrana, i observen que la preséncia
de la proteina truncada afecta el trafic cel-lular mitjangcant un augment en la retencio a reticle
de la forma WT. En un estudi més recent de (Page et al. 2010) es descriu la regié6 minima
necessaria perqué es produeixi I'efecte de dominancia negativa, que correspon a I'extrem N-
terminal de la proteina.

En el nostre treball, les mutacions que provoquen la disrupcié de la proteina serien
candidates a tenir un efecte de dominancia negativa, ja que totes elles mantenen I'extrem N-
terminal de la proteina intacte. Tot i aixd, no podem descartar que el procés de NMD es doni
en algun dels casos, la qual cosa donaria suport a un mecansime patogenic

d'haploinsuficiéncia.

2.4, Heterogeneitat genética no al-lelica en EA2

En els casos d’EA2, a més de I'heterogeneitat genética al-lelica que es fa patent amb les
més de 80 mutacions descrites fins ara, el gen CACNA1A no aconsegueix explicar la totalitat
dels casos, i la cobertura del seu cribratge esta al voltant del 25% a les séries de pacients
publicades. A diferéncia dels casos HM, no es coneixen encara altres gens responsables del
fenotip EA2, tot i que I'existéncia d’heterogeneitat genética no al-lélica és evident. La manca
de gens candidats alternatius dificulta molt el diagnostic genétic en aquells pacients en qué
'estudi del gen CACNA1A doéna resultats negatius. Per aquesta malaltia, doncs, la opci6 de

la sequienciacié massiva d’exomes representaria I'alternativa més adient.
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3. Correlacions genotip-fenotip no resoltes

En la majoria de casos en qué s’han identificat mutacions al gen CACNA71A hi ha una
correlacié clara entre genotip i fenotip, que té com a base les consequéncies funcionals de
les alteracions moleculars: els casos HM presenten mutacions que provoquen un guany de
funcié, i els casos EA2 van associats amb una pérdua de funcié. Hi ha, pero, casos com els
de la mutacié p.Thr501Met i p.Arg583GIn en qué un pacient amb una mutacié concreta
presenta ambdoés fenotips, HM i EA2. No hi ha encara una explicacié clara per a aquest
fenomen, que és un tema de debat obert.

En un treball de (Ducros et al. 2001) s’incideix sobre aquesta questio, i es planteja que el
fenomen podria tenir relaci6 amb el grau de penetrancia de les mutacions a les diferents
patologies. D’altra banda, qlestionen les diferéncies de les propietats del canal in vivo, que
podrien ser diferents a l'escorga (estructura relacionada amb la HM) i al cerebel (estructura
relacionada amb EA2). Per exemple, el guany de funcid en I'activitat del canal en determinats
models animals knock-in sembla que afavoreix la sinapsi excitadora perd no la inhibidora a
lescorca. Aixi doncs, una mateixa mutacid6 podria desembocar en diferents efectes
funcionals segons el teixit o tipus cel-lular particular on esta present, i aixd complica

I'extrapolacio dels resultats dels estudis obtinguts en cultius cel.lulars.
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CAPITOL 2. Estudi genétic de la migranya comuna: estudis d’associacié

cas-control

1. La migranya comuna

1.1. Consideracions cliniques i genétiques

La migranya comuna és una malaltia d’etiologia complexa, en qué factors genétics i
ambientals contribueixen a 'aparicié dels episodis.

Una de les controvérsies més debatudes per la comunitat cientifica en relacio a la migranya
és sila MO i la MA sén o no el mateix trastorn. La diferéncia principal entre els dos subtipus
de migranya és la preséncia o abséncia d‘aura, mentre que la fase de cefalea pot ser
clinicament idéntica. La hipotesi 'separadora’ neix de les diferéncies observades a diferents
nivells en els pacients: els pacients MA experimenten canvis en el flux sanguini durant la fase
de l'aura similars als que s’observen en models animals de CSD (Olesen et al. 1990), i el risc
relatiu de patir MA o MO en els familiars de primer grau d'un pacient és diferent segons si
aquest té¢ MA o MO (Russell et al. 2002).

Perd també hi ha evidéncies que sostenen que MA i MO sén diferents expressions cliniques
d’'un mateix trastorn amb una component genética comuna (Nyholt et al. 2004). Clinicament,
molts pacients MA presenten episodis MO al llarg de la seva vida, ja siguin de manera
alterna o en diferents fases. D’altra banda, els dos subtipus de migranya apareixen tot sovint
en una mateixa familia, i hi ha pacients que presenten majoritariament un subtipus o I'altre en
funcié de I'edat. Aixd0 fa pensar que hi hauria una activacié selectiva dels mecanismes
responsables de l'aparici6 de determinats simptomes, deguda per exemple a fluctuacions
hormonals o a factors ambientals (Ferrari et al. 2015). Aquesta hipotesi es veu reforgada pels
estudis geneétics que mostren les similituds entre les mostres MO i MA (Anttila et al. 2010).
Des del punt de vista del tractament de la migranya, els farmacs emprats en tractaments
aguts i profilactics no diferencien entre els dos subtipus, un indicatiu de que MO i MA
comparteixen mecanismes fisioldgics en el transcurs dels episodis. Aixi que encara que
clinicament no so6n idéntiques, fisiopatologicament presenten moltes caracteristiques
comunes, i referenciar-les com a dues entitats independents és una visi6 que ha anat
perdent forga amb el temps.

S'han de considerar, pero, les particularitats. Des del punt de vista de la base genética de la
migranya com a malaltia complexa, la MA sembla que té una carrega més gran que la MO
(Anttila et al. 2013), i a I'hora d’estudiar els factors genétics, com ara les variants de
susceptibilitat, la divisi6 de la mostra pot revelar algunes de les diferéncies entre els dos
subtipus. La prevalencga de les dues entitats cliniques també presenta diferencies. MO és la
forma més comuna de migranya, mentre que MA afecta només a un ter¢ dels malalts

migranyosos. Aix0 fa pensar que en l'arquitectura genética de la MA podrien tenir un pes
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més gran variants més penetrants de menor freqiéncia (Figura 9 de la Introduccid). No
obstant, fins ara l'estudi de la migranya comuna s'ha centrat majoritariament en les variants

comunes de susceptibilitat, i per tant tot queda de moment en el terreny de I'especulacio.

1.2. El diagnostic oficial de 'lHS-ICHD

La classificacié oficial de 'lCHD-II, que ha estat 'emprada en els nostres estudis, contempla
els dos subtipus de migranya dins del primer grup de cefalees primaries (Taula 1 de la
Introduccid). El conjunt de cefalees primaries inclou també la cefalea tensional, la cefalea en
acumuls i altres cefalees trigeminals autondmiques i un ultim grup d’altres cefalees primaries
(International Headache Society (IHS) 2004). Entre els pacients migranyosos és relativament
frequent I'aparicié d'algun altre tipus de cefalea primaria a més de la migranya. Dins la
migranya, tal com ja hem comentat, el diagnodstic contempla que un individu amb MO pugui
experimentar episodis d’MA, i viceversa. Aixi doncs, alguns dels tipus de cefalees tenen de
fet un caracter continu i solapat. Per exemple, per a considerar que un individu té MA, aquest
ha d’haver patit un minim de dos episodis d’aura amb cefalea migranyosa, pero pot presentar
també episodis MO, que no I'exclouen d’ésser classificat dins el grup de les MA. Sera
relativament facil, doncs, que un individu pateixi els dos subtipus migranyosos, perd seguira
classificat en un unic subgrup.

La divisio entre els tipus i els subtipus ofereix una possibilitat de diagnostic de caracter més
acurat i universal. D’aquesta manera, les poblacions de pacients sén més facilment

comparables.

1.3. Homogeneitat i heterogeneitat fenotipica en la malaltia complexa

La homogeneitat clinica de la poblacié a estudiar és un punt clau en I'estudi de les causes de
les malalties complexes, que en el cas de la migranya se centren de moment en la
identificacié de variants genétiques comunes de susceptibilitat. La inclusié de diferents
fenotips incrementa notablement I'heterogeneitat de la mostra, i aixd pot conduir a I'obtencio
de falsos negatius.

En el cas de la migranya cal tenir en compte que els criteris diagnostics de I'lCHD
(International Headache Society (IHS) 2004) estan basats en supdsits clinics i no
fisiopatologics, cosa que pot complicar la identificacido dels factors genétics de risc
subjacents. Es evident que les subdivisions cliniques sén fins a un cert punt arbitraries,
perqué no estan basades en el coneixement de l'etiologia del trastorn, i per tant és molt
probable que a mesura que avanci el coneixement sobre les causes de la migranya comuna,
s'estableixin nous llindars en les classificacions. Malgrat tot, la subdivisio6 MA versus MO és
un punt de partida interessant que cal considerar en els estudis genétics, tot i que en paral.lel

cal estudiar també els grups de pacients de forma conjunta.
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L'aparicié de I'episodi migranyds també esta condicionada per factors ambientals, tal i com
indiquen els estudis dheretabilitat, que poden alterar [I'expressié del fenotip i
consequentment, el diagnostic. A més, determinats factors ambientals podrien actuar sobre
el genoma tot modulant I'expressio de gens de risc a través d'intermediaris epigeneétics. Fins
ara els estudis d'associaci6 amb gens candidats o a escala gendomica no han tingut en
compte els factors ambientals i la seva interaccié amb el genoma (GxE), i aixd podria haver
'tapat’ alguns gens de susceptibilitat.

Es interessant, arribats a aquest punt, diferenciar entre els dos tipus de poblacions de
migranyosos que es presenten als estudis: les de tipus clinic, reclutades en I'ambit
hospitalari, i les de tipus poblacional, recollides a partir de cribratges de poblacié general. En
les primeres tots els pacients han estat inclosos/exclosos de I'estudi a través d’entrevistes
diagnostiques directes amb personal clinic especialitzat; a les mostres poblacionals, en
canvi, els individus son diagnosticats generalment amb questionaris més curts i no solen
passar una entrevista detallada amb personal clinic (Ligthart et al. 2011), tot reduint la
precisié del diagnostic i, de retruc, 'nomogeneitat de la mostra i potser les probabilitats de
detectar associacions. En els estudis de tipus clinic, en qué el diagnostic dels pacients és
exhaustiu i dut a terme per metges especialitzats, alguns autors van un pas més enlla i
també subclassifiquen el grup MA en dos (Anttila et al. 2010): pacients que unicament
pateixen episodis amb aura (o sén molt representatius, d’ara endavant anomenats “MA only”)
i pacients que presenten episodis amb i sense aura en una proporcié més equilibrada (en
endavant “Both MA and MQO"). Cal tenir en compte que les divisions permeten homogeneitzar
molt més la mostra, perd d’altra banda les subpoblacions resultants seran més petites,

limitant aixi el poder estadistic de I'estudi.
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2. Els estudis d’associacio cas-control

2.1. Objectiu dels estudis d’associaci6

Els estudis d’associacid cas-control tenen com a objectiu identificar factors genétics comuns
de susceptibilitat mitjancant la comparacié de la freqiiéncia d'al.lels, genotips o haplotips
entre un grup de pacients i un grup de controls.

En la migranya, entesa com una malaltia comuna en qué els factors genétics jugarien un
paper etioldgic important, s'han considerat especialment les variants comunes del genoma,
de les quals s’espera una contribucié individualment petita (perd globalment important) al
fenotip. Les diferéncies estadisticament significatives en la distribuci6é de les variants a les
dues poblacions que s’estudien son indicatives de la participacio de la variant en el fenotip.
Es per aixd important partir d’'un bon disseny que permeti cobrir les variants candidates clau i
que estudii una poblacié ben definida i suficientment dimensionada per tal de maximitzar la

probabilitat d'identificacio de les variants de risc.

2.2. Consideracions generals sobre els estudis d’associacio

El disseny dels estudis d’associacié de tipus cas-control tenen diverses limitacions que sén
inherents a la metodologia. D’entrada, hi ha els errors de tipus | (falsos positius) i de tipus I
(falsos negatius), consistents en rebutjar la hipotesi nul.la quan és certa o acceptar la hipotesi
nul-la quan aquesta és falsa, respectivament. Detectem per tant associacions no reals o no
detectem les que ho sén.

Un factor clau a considerar a I'hora de dissenyar l'estudi és el poder estadistic (el
complementari de I'error de tipus Il), que és la probabilitat de detectar una associacioé en el
cas que aquesta existeixi realment. Aqui juga un paper molt important la grandaria de la
mostra, de la qual depén directament el poder estadistic (Zondervan & Cardon 2004): una
mida mostral petita pot, fins i tot, impedir la deteccié de resultats en teoria robustos, i una
mida mostral molt gran pot a vegades ser insuficient per detectar variants de susceptibilitat
amb una contribucié molt subtil al fenotip. Es a dir, la mida de I'efecte (I'impacte fenotipic
d'una variant), generalment desconeguda a priori, és el factor principal que determina si una
determinada grandaria mostral és suficient o no per detectar associacions.

No només la mida de I'efecte és important a I'hora de definir quina és la probabilitat d'obtenir
resultats fiables en un estudi d'associacié. Els estudis d’associacid, gracies als avengos
tecnologics en la genotipacid, tendeixen a analitzar un nombre cada cop més gran de
variants. Aixd fa que augmenti el nombre de comparacions que es fan i, per tant, la
probabilitat de cometre errors de tipus I. Quan els estudis analitzen més d’una variant, o
utilitzen més d’'un model genétic o grup d’analisi, cal augmentar I'astringencia del llindar de
significacié (« ) mitjancant les correccions per comparacions multiples. En els articles 4, 5i 6

d'aquesta Tesi s’ha utilitzat el metode de correcci6 de Bonferroni, que assumeix
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independéncia entre tests. El problema és que en alguns casos els tests no sén del tot
independents (p.ex. quan alguns dels SNPs estan en desequilibri de lligament entre ells o
quan els diferents subgrups clinics considerat presenten solapaments). Aixo fa que aquesta
correccid acabi resultant excessivament rigorosa. La correccid de Bonferroni consisteix a
establir un nou llindar de significacié («’ ) que té en compte el nombre total de tests
realitzats (variants, models genétics o grups clinics, n), de tal manera que «’ =a/n, on «
=0,05. El métode assegura una probabilitat d’error de tipus | inferior al 5%, tot i que la seva
elevada astringéncia pot condicionar I'augment dels falsos negatius o errors de tipus Il. Un
altre métode corrector fa servir les permutacions. A diferéncia de I'anterior, aquest ajusta el
P-valor realitzant simulacions amb les dades genotipiques, a les quals s'assigna el fenotip
de manera aleatoria tot generant dades que compleixen la hipotesi nul-la de no associacio.
L’avantatge d’aquest metode és que pot aplicar-se tant quan els tests sén independents com
quan estan relacionats. En el cas de l'article 5 s’ha emprat aquest metode. Un tercer métode
és la taxa de falsos descobriments (False Discovery Rate, FDR), que calcula la proporcié de
resultats falsos positius entre tots els resultats positius obtinguts, considerant la distribucié
dels nivells de significacié assolits com un tot i discriminant entre la hipotesi nul-la i aquells
valors que se’n desvien, ajustant aixi el nivell de significaci6. A I'’Apéndix 1 s’ha emprat
aquest meétode. (Abou-Sleiman et al. 2006, Colhoun et al. 2003, Curran-Everett 2000, Gordon
& Finch 2005).
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3. Estudis d’associacié en migranya

Fins ara l'estudi de les malalties complexes s’ha recolzat principalment en els estudis
d’associaci6 i, per tant, en la identificacid6 de variants genétiques de risc frequients a les
poblacions. Fins fa pocs anys tots els estudis d'associacio se centraven en l'analisi de gens
candidats, procurant maximitzar una bona cobertura génica a partir dels patrons de
desequilibri interns.

El paradigma que s'ha utilitzat fins ara en els estudis sobre la base genética de la migranya
ha estat el de malaltia comuna-variant comuna (Common Disease - Common Variant, CDCV,
Figura 9 de la Introduccid), que implica que moltes variants genétiques freqients a les
poblacions serien les implicades en el fenotip, cadascuna d’elles amb una contribucio
individual petita. Darrerament, perd, ha anat creixent l'interés en l'estudi de la possible
contribucié de les variants rares a les malalties comunes (Common Disease - Rare Variant,
CDRYV), que tindrien una contribucié individual més important en el fenotip. Aquesta nova
onada de pensament, perd, no ha arribat encara a l'estudi de la migranya comuna, trastorn
en que els estudis d’associacio, i per tant les variants comunes, encara tenen molt cami per
recorrer. Gairebé tot el que s'ha fet esta relacionat amb variacions de tipus SNP, amb
multiples loci associats, perd també amb forga resultats controvertits i répliques no sempre
positives (vegeu l'apartat 3.2 de la introduccio).

Son dos els tipus d’estudis d’associacié cas-control que s’han dut a terme en migranya fins
ara: amb gens candidats (Candidate Gene Association Studies, CGAS) i a escala gendmica
(Genome-Wide Association Studies, GWAS). Els primers parteixen de la hipotesi que les
variants de susceptibilitat estan situades en loci génics implicats en la fisiopatologia de la
migranya. D’aqui han sorgit estudis centrats en els diferents sistemes de neurotransmissio o
en gens que codifiquen canals neuronals. En contraposicio, els GWAS permeten analitzar
variants de tipus SNP distribuides per tot el genoma, sense presuposar la implicacié de gens
particulars, i permetent aixi la identificacié6 de molécules o sistemes funcionals que a priori no
entrarien en les apostes. El principal problema que plantegen aquests estudis, pero, és que
la mostra ha de ser suficientment gran per compensar I'elevat nombre de tests que es
realitzen (solen analitzar-se de I'ordre d'un mili6 de SNPs), que fan necessari superar valors

de significacid inferiors a 5x1078.

3.1. Estudis d’associacio6 a gran escala: GWAS

3.1.1. Primer GWAS en migranya i estudi de réplica

L’any 2010 l'International Headache Genetics Consortium (IHGC) va publicar el primer
GWAS realitzat en pacients amb migranya. La poblacié clinica original incloia 2731 pacients
MA i 10747 controls (Anttila et al. 2010). La variant associada, 'SNP rs1835740G>A, va
assolir un P-valor = 5,38x10°°. Es va dur a terme un estudi de réplica en quatre poblacions

europees independents, amb un total de 3202 casos i 40062 controls, que incloia pacients
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MA i MO. Aquesta analisi va donar associacions nominals en diversos subgrups en tres de
les poblacions, i la meta-analisi posterior mostrava associacions positives per a tots el grups
analitzats, essent el grup “all migraine” (que incloia tots el pacients) el que presentava un P-
valor amb significacié a escala gendmica. L'efecte és consistentment més fort en el grups de
"MA only" que en la resta de subgrups a la meta-analisi.

Aquest SNP esta situat al cromosoma 8q22.1, entre dos punts calents de recombinacio, i no
presenta desequilibri de lligament amb cap variant en un rang de 5Mb, tot suggerint que es
tracta de la variant causal. La variant és intergénica i esta situada entre dos gens: MTDH
(que codifica la metadherina) i PGCP (codifica la carbopeptidasa Q). Els autors van dur a
terme estudis d'eQTL (expression Quantitative Trait Locus, una analisi in silico de loci del
genoma que regulen I'expressié d'altres gens) que van suggerir que aquesta variant tenia un
efecte en en cis sobre l'expressié del gen MTDH, essent I'al-lel de risc A I'associat amb
nivells d’expressi6 més grans. L’MTDH codifica una proteina reguladora que inhibeix
I'expressio del gen SLC1A2, un gen que codifica un transportador de glutamat (Lee et al.
2011). Un possible efecte seria 'acumulacié del glutamat, neurotransmissor excitador per
excel.léncia, a I'espai sinaptic, afavorint aixi el fenomen de la CSD, altament relacionat amb

I'aura migranyosa (Anttila et al. 2011).

Es per aixd que des del nostre grup vam dur a terme un estudi de réplica amb I'objectiu de
validar els resultats de I'estudi original en una poblacié independent (Article 3 d’aquesta tesi).
La nostra mostra clinica de migranya consistia en més de 1500 pacients (que configuraven el
grup All migraine) i prop de 1400 controls. Dels pacients, un 62% eren MO i un 38% MA. Dins
del grup MA disposavem d’informacié clinica detallada de la majoria pacients per fer la
mateixa subdivisié que en I'estudi GWAS original, donant lloc a dues subpoblacions d'uns
300 (MA only) i uns 150 (Both MA and MO) pacients. En 'estudi no vam identificar associacio
entre I'SNP i cap dels grups clinics analitzats. Cal tenir en compte que la nostra mostra és
molt més petita que la de I'estudi original (2731 pacients MA), tot i que el poder estadistic
superava el 87%. Una possible causa de la no replicacié dels resultats podria tenir 'origen en
les proporcions de sexe a les mostres: en el GWAS la relacié homes:dones era diferent en
casos i en controls (1:4 i 1:1, respectivament), mentre que en el nostre estudi era de 1:4 a les
dues poblacions. Considerant les diferéncies en la prevalenca de la migranya, que afecta
més a les dones (relacié aproximada de 1:3), i suposant que la variant de risc fos més
freqlient en dones que en homes, aquesta podria estar infrarepresentada en els controls de
I'estudi original, afavorint aixi diferéncies en la distribucié. D’altra banda, hem observat
diferencies en la MAF dels nostres controls respecte als de I'estudi original, essent aquesta
més gran al nostre estudi. Un ultim factor a tenir en compte que podria explicar les
diferéncies és la propia poblacié objecte d’estudi, i aqui caldria considerar el possible efecte
de factors ambientals especifics de les poblacions i el nivell d'exposicié. No és estrany que
les poblacions separades divergeixin entre elles en la freqiéncia al-lelica o genotipica per

deriva genética o flux genetic. Fins i tot algunes posicions que sén polimorfiques en
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determinades poblacions no ho sén en d’altres, on poden ser monomorfiques.. Aixi doncs,
per diferents motius, el paisatge genetic de la malaltia no té perqué ser constant a les
diferents poblacions. Es més plausible pensar que hi ha una combinacié de factors genétics
de risc que poden ser compartits, i alguns altres especifics, determinats per particularitats
historiques, fenomens d'endogamia, efecte fundador i deriva genética o interaccions amb
I'ambient, entre d'altres factors. Aixi, malgrat que molts estudis de replica no mostren
resultats positius en altres poblacions, aixd no descarta necessariament la seva validesa a la
poblacio original.

Des que es publica quest primer treball GWAS en migranya, d’altres grups a més del nostre
han intentat replicar I'associaci6 amb I'SNP rs1835740 (Anttila et al. 2013, Chasman et al.
2011, Esserlind et al. 2012, Freilinger et al. 2012), i només un I'ha pogut replicar en una
mostra india (Ghosh et al. 2013), mentre que un altre s'ha obtingut un resultat nominalment

significatiu en una mostra sueca (Ran et al. 2014).

3.1.2. Altres GWAS en migranya

Des del primer GWAS en migranya publicat I'any 2010, s’han dut a terme més de 20 estudis
a escala genoOmica en altres poblacions, alguns d’ells en forma de meta-analisi tot combinant
algunes de les poblacions estudiades préviament (Anttila et al. 2013). D’aquests, només tres
han aportat resultats estadisticament significatius, els detalls dels quals es presenten a
'apartat 3.2.2 de la Introducci6. A continuacié es presenta un resum dels SNPs associats i

els gens que s’hi relacionen.

3.1.2.1. El segon GWAS

Aquest estudi de (Chasman et al. 2011) va consistir en 'analisi d’'una poblacié de descoberta
de més de 5000 pacients i uns 18000 controls del Women’s Genome Health Study, i tres
poblacions de réplica la Dutch Genetic Epidemiology of Migraine study (GEM; amb 774
migranyosos i 942 controls), la procedent del German Study of Health in Pomerania (SHIP;
306 pacients i 2260 controls), i també la poblacié clinica de 'lHGC (2748 pacients i 10747
controls).

Es van detectar associacions significatives a la meta-analisi amb els SNPs rs2651899 (al
primer intr6 del gen PRDM16), rs11172113 (al primer intré del gen LRP1) i rs10166942 (a
950bp a 5’ del lloc d’inici de transcripcié del gen TRPMS).

El gen PRDM16 (PR Domain Containing 16) no sembla que tingui a priori una clara connexio
amb la migranya, tot i que I'associacio s'ha replicat ja en diversos estudis (An et al. 2013, Fan
et al. 2014, Ghosh et al. 2013, Ghosh et al. 2014, Ran et al. 2014, Sintas et al. 2014). Si que
s’ha relacionat amb malalties cardiaques (Nonsyndromic Left Ventricular Noncompaction
Cardiomyopathy, LVNC, i Dilated Cardiomyopathy, DCM) (Arndt et al. 2013), en qué s’ha

descrit la translocacié reciproca (1(1;3)(p36;g21)) que té un punt de trencament al
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cromosoma 1, prop del gen PRDM16. Considerant la comorbiditat existent entre la migranya i
les cardiopaties, aquest gen seria un bon candidat per als futurs estudis de migranya.

El gen LRP1 (Low density Lipoprotein Receptor-related Protein 1), expressat en molts teixits
que inclouen el cervell i el sistema vascular, és un dels encarregats de modular la
transmissié sinaptica (Lillis et al. 2008). La proteina esta present a les neurones i interactua
amb els receptors NMDA de glutamat. En aquest cas, s’estableix una relacié directa entre el
gen candidat i el glutamat, un neurotransmissor que té molta relacié amb la fisiopatologia de
la migranya.

L’dltima de les variants associades esta situada prop del gen TRPM8 (Transient Receptor
Potential cation channel, subfamily M, member 8), anteriorment relacionat amb la migranya
(Huang et al. 2012). S’expressa en neurones sensorials i ganglionars i és un dels gens que
s’utilitza com a diana en estudis amb models animals de dolor neuropatic (Cortright et al.
2007). Les associacions amb aquest gen reforcen la connexié entre la migranya i les vies de

dolor neuronals.

3.1.2.2. GWAS del consorci IHGC en pacients MO

Es va publicar un tercer GWAS l'any 2012 (Freilinger et al. 2012) que permeté detectar
diverses variants genétiques de risc. El nostre grup hi va participar en la fase de réplica amb
una mostra de pacients i controls espanyols. Aquesta mostra incloia 837 pacients MO,
recollits entre els anys 2002 i 2010 a I'Hospital Universitari Vall d’'Hebron (HUVH) i 971
controls adults no migranyosos també recollits a I'Hospital Vall d'Hebron (donants de sang,
acompanyants de pacients migranyosos no emparentats amb ells o pacients de Serveis no
relacionatsamb Neurologia) entre el 2006 i el 2010. Casos i controls estaven aparellats per
sexe (un 75% de dones) i també étnicament. Mitjancant entrevistes personals vam excloure
aquells controls que presentaven historia familiar de migranya o d’episodis severs de cefalea
en parents de primer grau. A més, els controls havien de ser espanyols i pertanyer a families
d'étnia caucasica d’'un minim de tres generacions.

L’estudi amb la mostra de descoberta (una poblacié clinica de 2326 i 4580 controls) només
va donar resultats d’associacié amb significacié a escala genomica al gen MEF2D, tot i que
11 loci més contenien SNPs que presentaven nivells d'associacié nominals amb P-valors<10
°. Es van seleccionar els 18 SNPs continguts en aquests 12 loci per a la fase de replica. A
més d’aquests, també es van analitzar les variants identificades als dos primers GWAS. A
I'estudi de replica, 8 SNPs mostraven valors d’associacié nominal i la meta-analisi de I'estudi
de descoberta i el de replica va mostrar valors d’associacié significatius a nivell genomic per
a 5 de les 8 variants: rs1050316 i rs3790455 (a la regi6 3'UTR de MEF2D), rs7640543
(200bp a 5’ de TGFBR2), rs9349379 (PHACTR1) i rs6478241 (ASTN2). En I'estudi addicional
de réplica de positius anteriors es van detectar associacions amb els gens LRP1 i TRPM8

tant en la fase de réplica com en la meta-analisi.
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El gen MEF2D (Myocyte Enhancer Factor 2D) codifica un factor de transcripcid molt
expressat en cervell. Regula la diferenciacié neuronal tot reforgant la supervivéncia de les
neurones de nova formacioé (Lin et al. 1996). L’'activacié neuronal dependent de l'activitat de
MEF2D restringeix el nombre de sinapsis excitadores. Aixi, es podria especular que en el cas
de la migranya la desregulacio del procés podria afectar la neurotransmissié excitadora dels
pacients, rebaixant d'alguna forma el llindar d'hiperexcitabilitat. Es interessant constatar que
diverses malalties neurologiques, com l'epilépsia, s'han relacionat amb dianes per al factor
de transcripcié MEF2D (Flavell et al. 2008), en qué identifiquen mutacions.

TGFBR2 (Transforming Growth Factor, Beta Receptor Il) codifica una serina-treonina cinasa
implicada en la regulacié de la proliferacio i diferenciacié cel-lulars, aixi com en la produccié
de matriu extracel-lular (Lin et al. 1992). Resulta un candidat interessant, ja que s’ha descrit
una familia multigeneracional amb disseccio aodrtica familiar en qué 11 dels 14 portadors de
la mutacié p.Arg460His al gen TGFBR2, a la qual s’atribuia el fenotip, presentaven també
atacs migranyosos (Law et al. 2006). Aixd podria estar potencialment relacionat amb el fet
que els pacients amb MO tenen el doble de risc de patir dissecci6 de I'artéria cervical (Rist et
al. 2011).

El gen PHACTR1 (PHosphatase and ACTin Regulator 1) codifica una proteina que forma
part de la familia PHACTR/scapinin, encarregada del control de I'activitat i la morfologia
sinaptiques. Esta implicada en funcions endotelials i s'hi ha descrit associacid6 amb la
susceptibilitat a I'infart de miocardi d’aparicié primerenca (Myocardial Infarction Genetics et
al. 2009). Potencialment, doncs, podria estar relacionat amb la migranya des dels punts de
vista neuronal i vascular.

L’dltim Jocus associat en l'estudi de meta-analisi correspon al gen ASTN2 (ASTrotactiN 2),
amb funcions relacionades amb la migracié neuronal guiada per la glia, important en el
desenvolupament de I'arquitectura laminar de les regions corticals al cervell (Wilson et al.
2010). El seu rol en la fisiopatologia de la migranya, pero, no queda clar donada la seva
relacié amb alteracions del desenvolupament.

En el cas particular de la mostra espanyola, es van identificar associacions nominals amb
tres loci: un SNP a MEF2D (rs1050316, també positiu a la meta-analisi), quatre a PHACTR1
(rs1332847, rs93493779 -aquest també positiu a la meta-analisi-, rs2327621 i rs7739181) i
una variant en un locus que no es replicava a la meta-analisi, rs11757063, prop del gen
FHLS5 (Four and a Half LIM domains 5). La possible relacié d’aquest gen amb la migranya es
comenta al proper apartat de la Discussio. D’altra banda, en la replica de les variants de
migranya, la mostra espanyola presentava associacions nominals també per als loci TRPM8
i LRP1.

3.1.2.3. Meta-analisi de 29 GWAS

El GWAS més recent consisteix en una meta-analisi que recull les dades de 29 estudis

independents (Anttila et al. 2013). La mostra consta d'un total de 23.285 pacients
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(procedents tant de mostres cliniques com poblacionals) i 95.425 controls. La poblacié global
(All samples) inclou diferents poblacions, i s'analitzen tres grans grups de pacients: mostres
cliniques (Clinics only, que inclou pacients MA i MO) i poblacionals amb MA (MA only) i MO
(MO only).

L’estudi identifica 12 loci amb variants de susceptibilitat de tipus SNP (géniques o properes),
set dels quals ja s’havien descrit en GWAS anteriors (PRDM16, LRP1, TRPM8, MEF2D,
TGFBR2, PHACTR1i ASTNZ2), i cinc més que no s’havien descrit préeviament (prop dels gens
AJAP1, TSPAN2, FHL5 i MMP16, i a C7orf10).

El gen AJAP1 (Adherens Junctions Associated Protein 1) s’expressa a cervell i esta associat
amb la invasi6 tumoral i la regulacié de I'activitat metal-loproteinasa (Schreiner et al. 2007).
TSPAN2 és un dels membres de la familia de les tetraspanines, i la proteina de membrana
que codifica esta implicada en fenomens de transduccié de senyal relacionats amb el control
del desenvolupament, creixement i motilitat cel-lulars. Actua també com a regulador de
l'activitat metal-loproteinasa, i s’ha suggerit que podria estar relacionada amb la sinapsi
(Lafleur et al. 2009).

El gen FHL5 codifica un factor de transcripcié que regula els elements de resposta a AMP
ciclic CREM i CREB, que estan relacionats amb la plasticitat sinaptica i la memoria (Fimia et
al. 2000).

El gen MMP16 (Matrix MetalloPeptidase 16 (membrane-inserted)) codifica una
metal-loproteinasa de la matriu extracel.lular. Es interessant destacar que aquesta proteina
s’'uneix a LRP1 (Rozanov et al. 2004), un polipéptid codificat per un gen anteriorment
associat amb la migranya en el segon GWAS publicat (Chasman et al. 2011).

L’dltim dels loci amb variants associades correspon a SUGCT (SUccinil-CoA:Glutarat-CoA
Transferasa) mutacions en el qual s’han relacionat amb l'aciduria glutarica de tipus 3, una
anomalia metabodlica rara (Sherman et al. 2008). La seva relacié amb la migranya és, fins
ara, desconeguda.

Un dels problemes principals que presenten els estudis d’associacié en mostres petites és la
manca de poder estadistic. La tendéncia en els estudis actuals, com aquest, va en el sentit
d'augmentar la grandaria mostral mitjancant I'agrupament de diverses poblacions via
formacié de consorcis internacionals. Aquesta meta-analisi replica 7 de les 9 associacions
descrites amb la migranya en GWAS previs i n’identifica cinc més. El gran avantatge que
presenta l'estratégia utilitzada és, sens dubte, el poder estadistic que adquireix I'estudi en
ampliar la mostra. El preu que es paga és necessariament I'augment de I'heterogeneitat
clinica i, de retruc, també genética. Aquest estudi, com la majoria d'estudis realitzats en el
marc de consorcis internacionals, és retrospectiu, i per tant utilitza mostres ja reclutades
préviament que no han estat sotmeses a protocols de seleccié clinica consensuats. A part de
I'neterogeneitat deguda als criteris de reclutament diferencials, aquest estudi té altres font de
possible heterogeneitat clinica: d'una banda, una part de la mostra té un origen clinic mentre
que l'altra és poblacional; i de I'altra, hi ha pacients MA i pacients MO. El grup ‘All samples',

que inclou tots els pacients i és per tant el més dimensionat, és el que presenta més
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associacions, un total de 9, seguit del grup MO only. L’Gnic grup que no presenta cap
associacio significativa és '"MA only', de tipus poblacional. Una possible explicacié és que,
essent el subgrup de migranya més sever i que afecta a un percentatge menor de la
poblacié, podria tenir una arquitectura genetica diferent, per exemple amb una contribucié

més gran de les variants rares.

3.1.3. Estudi de réplica en pacients amb migranya amb aura

La publicacié dels GWAS en migranya mencionats a la secci6 3.1.2 i els resultats positius
que se’n deriven va motivar un segon estudi de réplica en el nostre laboratori. Anteriorment ja
haviem fet un primer estudi de réplica (secci6 3.1.1) (Sintas et al. 2012), amb resultats
negatius, centrat en el primer GWAS publicat (Anttila et al. 2010).

El primer pas de I'estudi va ser la selecci6é de la mostra, que en aquest cas va consistir en
pacients amb migranya amb aura (MA). S6n dos els motius que van dur-nos a prendre
aquest decisio: en primer lloc, la component genética d'aquest subtipus de migranya és més
gran que la de la migranya sense aura; en segon lloc, la nostra mostra de pacients MO ja
havia estat emprada en un dels tres GWAS que voliem replicar (ref). Aquesta tria generava el
problema que el poder estadistic del nostre estudi disminuia considerablement, fins a un
47%, perqué la mostra clinica de MA disponible era més petita que la mostra de MO: 517
casos i 535 controls espanyols i caucasics amb proporcions de sexe equivalents. Tal i com
s'havia fet en el primer GWAS (Anttila et al. 2010) i en la nostra primera réplica, vam fer
analisis de tota la mostra i també en els subgrups de pacients 'MA only’' (n=318) i 'Both MA
and MO' (n=180).

Quant a la seleccio d’'SNPs a replicar, vam escollir totes les variants genetiques associades
amb la migranya comuna descrites en estudis GWAS que incloien pacients MA. Per tant, es
van incloure les associacions positives procedents de les publicacions de (Chasman et al.
2011) (seccid 3.1.2.1 d'aquesta Tesi) i (Anttila et al. 2013) (seccié 3.1.2.3), 13 SNPs en total.
En l'analisi de la mostra completa, dos SNPs (als loci PRDM16 i TRPM8) van assolir nivells
de significacid6 nominals, que no superaven les correccions per comparacions multiples de
Bonferroni ni les permutacions. En dividir la mostra de pacients en els diferents subgrups
clinics apareixien també associacions nominals (TSPAN2 i MMP16 en el grup 'Both MA and
MO").

Els dos loci identificats a la mostra completa s’han replicat en d'altres estudis, tot indicant que
el seu paper en la genética de la migranya podria ser rellevant. Dels dos, PRDM16 és el
locus associat que més confusio suscita, ja que tot i estar relacionat amb diverses patologies
cardiaques (una de les comorbiditats més estudiades amb la migranya), el seu paper en la
fisiopatologia del trastorn continua sense estar clar.

El nostre estudi té, sens dubte, un poder estadistic molt limitat, especialment quan s'apliquen
les subdivisions cliniques. Un increment de la grandaria mostral podria reduir el nimero de
falsos negatius d'aquest estudi de réeplica, o donar més significacid estadistica a les

associacions nominals detectades. Un altre factor a tenir en compte sén les poblacions
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incloses en els estudis originals que son objecte de les nostres repliques. Tot i que hem
seleccionat estudis amb pacients MA, les mostres no son totes cliniques, i a més inclouen
pacients amb MA perd també amb MO. D’altra banda, apareix de nou la qlestié sobre el
paisatge genetic de la migranya comuna, ja que la MA és el subtipus clinic en qué s'han
descrit menys associacions amb variants comunes i també menys répliques positives
(comparat amb MO). Es per aixd que hi ha qui postula que en MA la contribucié de les
variants rares podria ser més important que la de les variants comunes, hipotesi de treball
que encara no s'ha explorat experimentalment.

Entre les perspectives de futur plantegem tres objectius per tal de completar les repliques en
la nostra mostra de pacients: D’una banda, la réplica dels SNPs del GWAS de MO (secci6
3.1.2.2) (Freilinger et al. 2012) a la nostra mostra de pacients MA. En segon lloc, la réplica en
pacients MO dels SNPs que presentan associaci6 amb la migranya en la meta-analisi
publicada I'any 2013 (seccié 3.1.2.3) (Anttila et al. 2013). Tots dos estudis completarien la
série d’estudis de réplica de les variants comunes identificades en GWAS de migranya, tot
oferint un escenari més complet a la nostra poblacié de les associacions préviament

descrites.

3.1.4. Els GWAS com a eina per a la identificacié de nous loci candidats

Gracies als GWAS la visi6 sobre els gens candidats en la migranya s’ha ampliat
considerablement, i s’han identificat variants potencialment implicades en aquest trastorn
neurologic en loci que tradicionalment no s’havien considerat. Els GWAS, a diferéncia dels
CGAS, son estudis que no se sustenten en hipodtesis prévies, i per tant no pateixen els
biaixos de la selecci6 de gens candidats basada en els coneixements limitats i encara
deslligats que tenim sobre la fisiopatologia de la migranya. El procés que s'ha seguit en els
estudis d'associacioé per identificar variants comunes de risc en malalties complexes -primer
dirigits a gens candidats, més recentment a escala gendmica- ha seguit una evolucio
paral.lela a la identificacié dels gens responsables de les malalties mendelianes, en quée una
etapa inicial de seqlienciacié de gens candidats va donar lloc a I'analisi de lligament a escala
genomica primer i a la seqlienciacié d'exomes -0 de genomes- després. El resultat ha estat
una explosio en el nombre de malalties monogéniques resoltes per unitat de temps. D'alguna
manera, aquesta estratégia, que condueix a veritats cientifiques, contravé el métode cientific
tradicional, entés com un procés que parteix d'una série de coneixements previs que
permeten formular una hipotesi, que a continuacié és contrastada experimentalment per
arribar a unes conclusions.

El Consorci Internacional de Genética de les Cefalees (IHGC) esta invertint actualment molt
esforgos en dur a terme estudis genétics en mostres de grans dimensions. Aixi, els ultims
resultats de qué disposem, encara no publicats, corresponen a una nova meta-analisi de
dades GWAS encara no publicada que reuneix 21 estudis individuals, que recull un total de
59.043 casos i 313.781 controls. Aquest projecte ha replicat 10 de 13 Joci previament

associats amb la migranya i n’identifica 29 més en el grup ‘all migraine’ (Figura 13).
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Figura 13. Evolucié dels estudis GWAS en migranya amb resultats positius des de I'any 2010.

Les analisis fetes en els grups resultants de la divisié dels casos en els dos subtipus
principals de migranyosos (MO, 7.368 casos i 135.727 controls, i MA, 6.042 casos i 141.786
controls) mostren resultats dispars. D’'una banda, en el grup MO s’identifiquen associacions
amb set loci diferents, amb nivells de significacié a escala genomica, tots ells presents en
I'analisi 'all migraine’, sis dels quals ja s’havien descrit anteriorment. D’altra banda, I'analisi
dels pacients MA no presenta cap resultat d’associacidé positiva. Aquest estudi, encara
preliminar, apunta de nou a la idea que I'arquitectura genética de la MO i la MA és diferent.

Actualment, doncs, el panorama de la genética de la migranya comuna compta amb un total
de 42 Joci amb variants associades amb la malaltia. En termes generals i cercant una visio
integradora dels resultats, hi ha un total de 36 loci que poden relacionar-se amb el teixit
nervios i el vascular, 20 dels quals tenen relaci6 amb tots dos (Figura 14). Aixd donaria
suport a la teoria neurovascular de la fisiopatologia de la migranya, ja que es fa evident la
implicacié dels dos sistemes. A més, en una analisi d’enriquiment de vies mitjangant el Gene
Ontology s’ha observat que hi ha un total de 21 gens relacionats amb el desenvolupament
vascular i sis que pertanyen a la categoria d’activitat de canals idnics. Constatem, doncs, que
aquests ultims sén minoria en el conjunt de loci potencialment implicats, demostrant la

importancia d’ampliar la visié dels gens candidats relacionats amb la malaltia.
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Figura 14. Relacié dels 36 loci amb variants associades identificats en I'Gltim estudi GWAS realitzat, encara no
publicat (Gormley et al., American Society of Human Genetics 64" Annual Meeting 2014) amb els teixits vascular i
nervios.

3.2. Regions reguladores: estudi d’associacié6 amb gens candidats (CGAS)

Els estudis d’associacié cas-control han esdevingut al llarg dels anys la metodologia més
emprada en I'estudi de malalties complexes com la migranya. Classicament ho han estat els
estudis basats en l'elecci6é de gens candidats (Candidate Gene Association Studies, CGAS),
en qué en alguns casos se seleccionen variants que maximitzen la cobertura geneética
mentre que en d'altres s'analitzen variants (potencialment) funcionals. En els Ultims anys,
pero, els estudis a escala genomica o GWAS s’han erigit com els protagonistes a I'hora
d’abordar I'estudi de variants comunes potencialment associades amb la migranya. Tot i que
cada cop tenen una densitat més gran, en general les variants incloses en aquest tipus
d’estudis no cobreixen encara la totalitat del genoma. Elements reguladors com els
microRNAs (miRNAs) son un exemple d’aquest buit. Aquests han estat objecte d’estudi en
els darrers anys, i hi ha un interés creixent en el coneixement de la seva implicaci6 en la
regulacio de I'expressié génica i en la seva relacié amb la patologia. Els trastorns neurologics
no en son una excepcio, i s'ha demostrat ja que diversos miRNAs estan implicats en funcions
sinaptiques o en el desenvolupament neuronal. També s'han comengat a explorar variants
genétiques en regions codificants de miRNAs, com a factors de risc en malalties complexes,
perd de moment ningu ho ha fet en la migranya (Bicker & Schratt 2008, Kress et al. 2013,
Lett et al. 2013, Liang et al. 2007, Mishra 2009, Mishra et al. 2008, Muinos-Gimeno et al.
2010).
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3.2.1. Disseny de I'estudi

El nostre estudi es va dissenyar a partir d'una seleccié de gens que codifiquen proteines i
que es consideren candidats per a la migranya a partir de diverses evidéncies, com ara gens
relacionats amb formes monogéniques de migranya, gens en qué s'havien descrit préviament
associacions (tant en CGAS com en GWAS), o vies funcionals relacionades amb la
fisiopatologia del trastorn, com els canals idnics, el sistema vascular o la neurotransmissio,
entre d'altres. A continuacié es van buscar a les bases de dades Tarbase (Vergoulis et al.
2012) i miRecords (Xiao et al. 2009) els miRNAs que regulen I'expressié dels 748 gens
seleccionats. Aquestes bases de dades proporcionen llistats d'interaccions miRNA-mRNA, la
gran majoria d’elles validades experimentalment, per exemple mitjangant microarrays. Dels
748 gens que hi vam cercar, n'hi constaven 208. Tots els miRNAs pels quals es predeia una
diana en algun dels nostres gens van configurar la selecci6 inicial. Cal recalcar que
actualment hi ha noves bases de dades en qué es descriuen més interaccions i compten
amb validacions experimentals més robustes, com ara TargetScan (www.targetscan.org).
Vam afegir al llistat miRNAs amb funcions demostrades en el sistema nervids, obtinguts a
partir de publicacions cientifiques. La seleccid incloia en aquest punt un total de 137
miRNAs. Les diferéncies entre el nombre de gens i de miRNAs es deu al fet que un mateix
miRNA pot tenir diversos gens diana, i un mateix gen pot tenir diversos miRNAs que el
regulin.

A continuacid6 vam obtenir de miRbase (Kozomara & Giriffiths-Jones 2014) informacio
detallada sobre els gens diana de cada un dels miRNA seleccionats, i també sobre les
caracteristiques de la seva organitzacid6 al genoma: la cadena en qué estan codificats,
clusters dels quals formen part o la seva posicio relativa a gens que codifiquen proteines
(intra- o intergénica). Vam recollir aixi informaci6 per a un total de 166 gens de miRNA, ja
que alguns miRNAs estan codificats per més d'un gen que déna lloc a la mateixa forma de
RNA madura.

Quedava definir la regié d’interes per a I'estudi d'associaci6é. En base a estudis previs que
descrivien regions implicades en la regulacié dels gens de miRNA (Wang et al. 2010), vam
considerar com a regionsa ser cobertes entre 5 i 10kb a 5' i 5kb a 3' del gen. Mitjancant les
dades genotipiques d’individus CEU disponibles a Hapmap (International HapMap et al.
2010), i utilitzant el software Haploview (Barrett et al. 2005), vam seleccionar les variants
comunes (MAF>0,1) localitzades a les regions escollides, que a més havien de presentar
valors de desequilibri de lligament inferiors a r2<0,8 amb qualsevol altre SNP seleccionat a la
regid, per evitar redundancies genétiques. D’aquesta captura en va resultar un conjunt de
269 variants de tipus SNP.

Donada la magnitud del projecte, aquest s’ha planificat en diferents fases. La que s'ha

executat en el marc d'aquesta Tesi es presenta a continuacié.
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3.2.2. miRNAs relacionats amb gens de glutamat

El glutamat és el principal neurotransmissor excitador del cervell i s’ha relacionat estretament
amb la migranya a diferents nivells (Gasparini & Griffiths 2013). Per a la primera fase del
projecte ens hem centrat en gens directament relacionats amb el glutamat: receptors,
transportadors i gens que codifiquen proteines associades (35 gens, dels quals 18 constaven
a les bases de dades Tarbase i Mirecords).

L’estudi de les formes rares d’una malaltia poden ser el primer pas en la comprensié de les
formes comunes, i en el cas de la migranya sabem que en les formes monogéniques la
consequéncia funcional a nivell neuronal és un augment del glutamat a I'espai sinaptic
(Ferrari et al. 2015). S’ha vist també que laugment de glutamat pot ser un dels
desencadenants de la CSD, el fenomen causant de I'aura (Cui et al. 2014). Fins ara, els
estudis d’associacié han detectat associacions entre la migranya i tres variants en gens
relacionats amb el glutamat: rs2195450 (GRIA1) i rs3761555 (GRIA3) (Formicola et al. 2010),
mitjangant estudis CGAS, i rs1835740 (MTDH), identificada al primer GWAS de migranya
(Anttila et al. 2010).

Aixi doncs, la primera fase va consistir en un estudi d’associacio de 47 variants de tipus SNP
localitzades en regions codificants d’'un total de 14 gens de miRNAs, amb interaccions

miRNA-mRNA predites per a 16 dels gens relacionats amb el glutamat.

3.2.3. Estudi de descoberta i de réplica.

La mostra emprada en I'estudi de descoberta inclou 517 pacients MA i 535 controls (vegeu
'apartat 3.1.3 de la Discussi6). De 40 SNPs que van passar els controls de qualitat per a
'analisi, 7 van donar valors d’associacié nominals per a un total de tres gens de miRNA
(miR-7-3, miR-335 i miR-26b) i el cluster que incloia el miR-485. Aquests quatre miRNAs
interactuarien amb un total de 14 gens relacionats amb el glutamat (GRIA1, GRIA2, GRINA,
GRIK2, GRIK4, GRIN2D, GRM3, GRM5, GRMS8, GRIP2, SLC1A1, SLC1A6, SLC17A6 i
SLC17A7). D’aquests, unicament el gen GRIA1 s'havia associat préviament amb la
migranya, tot i que les diferents répliques que s’han fet han donat resultats negatius
(Formicola et al. 2010, Maher et al. 2013). Cap de les associacions, perd, supera la
correccié per comparacions multiples. Aquests resultats s'han d’interpretar amb prudéncia, ja
que la mostra estudiada té un poder estadistic limitat. No obstant, podrien ser un primer
indicador de la possible implicacié de variants genétiques relacionades amb miRNAs com a
factors de susceptibilitat a la migranya.

Per a la fase de réplica, en qué es van assajar les associacions nominals detectades, vam
dur a terme una analisi in silico utilitzant dades GWAS pre-existents genereades pel consorci
IHGC i procedents d'una meta-analisi publicada I'any 2013, que inclou 23.285 pacients (de
mostres cliniques i poblacionals) i 95.425 controls (vegeu I'apartat 3.1.2.3 de la Discussio)
(Anttila et al. 2013). Tot i que l'escenari més adient per a un estudi de réplica implica comptar
amb una mostra el més homogénia possible, tenir accés a una mostra d’aquestes

dimensions, amb tot el poder estadistic que comporta, suposa un gran avantatge. Un dels
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SNPs, rs12610046, va mostrar associacié significativa a la mostra de réplica. Esta situat en
una regié que codifica el gen miR-7-3, que segons les prediccions bioinformatiques regularia
I'expressio del gen GRINA. L'associacié detectada correspon al grup clinic de la mostra de
réplica, de la mateixa naturalesa que la nostra, en aquest cas consistent en una poblacié de
pacients MA i MO diagnosticats per personal medic. En aquest punt torna a entrar el debat
sobre el tipus de mostra (clinica o poblacional), i sobre els subgrups de migranya que

s’estudien en cada cas (MA i MO a la réplica, només MA a la de descoberta).

3.2.4. Limitacions del disseny i interpretacio dels resultats

Des del moment en qué es va dissenyar aquest estudi fins ara, la informacié disponible sobre
els miRNAs i les seves dianes ha crescut de manera exponencial. Actualment les eines de
prediccié in silico i els estudis funcionals en qué s’estudien les interaccions directes miRNA-
RNAm ofereixen un panorama molt més ampli d’aquests elements reguladors i les seves
dianes. En el nostre cas, les bases de dades a partir de les quals es va dissenyar I'estudi
original presentaven prediccions validades, en la majoria dels casos, mitjangant técniques
d’estudi a gran escala (p.ex. microarrays d’expressid). Aix0 representa una limitacié a I'hora
d’interpretar els resultats, ja que la variacié de I'expressié génica que s’observa no implica
una interacci6 directa del mRNA amb el miRNA. Conseqlientment, les nostres conclusions
en l'estudi han de ser prudents, i a falta d’estudis funcionals que demostrin la interaccio
directa del miR-7 amb el mMRNA de GRINA, les nostres interpretacions han de limitar-se a la
relacié de la variant rs12610046 amb la migranya. No obstant, el gen GRINA (Glutamate
Receptor, lonotropic,N-methyl D-aspartate-Associated protein 1 (glutamate binding))
representa un candidat interessant i poc explorat fins ara. Es va descriure com el gen de la
subunitat associada a receptors de glutamat de tipus ionotropic NMDA, i esta situat al
cromosoma 8q24.3, un Jlocus que s'ha relacionat en diferents estudis amb [I'epilepsia
(Bonaglia et al. 2005), una de les comorbiditats més conegudes amb la migranya. El seu
paper en relacio al glutamat, perod, és poc clar. Codifica la proteina LFG1 (Lifeguard 1, també
coneguda com TMBIM3 o NMDARA1). Aquesta proteina esta present al cervell i s’ha
relacionat amb la modulacié de I'homeodstasi del calci al reticle endoplasmatic i amb
I'apoptosi (Rojas-Rivera et al. 2012). Cal destacar la seva relacié amb el calci és rellevant, ja
que d’aquest catio depén l'alliberacié de neurotransmissors com el glutamat a I'espi sinaptic,
mitjangcant el complex SNARE (Malsam et al. 2008).

En relacié a les variants associades, fora interessant fer estudis funcionals per determinar
I'efecte dels al-lels sobre I'expressié de miR-7-3. La variant associada esta situada unes 3,4
Kb a 3' del gen miR-7-3, dins la regié potencialment reguladora del gen de miRNA. Sabem
que la forma madura d'aquest miRNA, miR-7, s’expressa a cervell i pot estar implicada en
vies de nocicepcio (Kress et al. 2013), relacionades amb la migranya. Aqui hem de tenir en
consideracio, pero, el fenomen de redundancia en els gens de miRNA. MiR-7 és un dels
miRNAs codificats per més d’un gen, i la identificacid de la seva forma madura en un teixit no

ens revela quin dels tres gens s’esta expressant en realitat. Aquest és un fenomen que
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hauria d’explorar en paral-lel per a la correcta interpretacié dels resultats d’estudis com el
nostre, ja que en el cas que la variant arribés a modular d’alguna manera els nivells
d’expressié del gen miR-7-3, aixd no seria garantia que hi hagués un impacte sobre els
nivells de la forma madura en el teixit d'interés, en aquest cas el sistema nerviés.

D’altra banda, val la pena valorar l'impacte del moment en que es fixa el disseny
experimental de I'estudi. Les constants actualitzacions de les bases de dades proporcionen,
sens dubte, informacié molt valuosa que resulten de gran ajuda per a la comunitat cientifica.
Aquesta allau de dades, pero, pot representar un problema per a projectes a llarg termini, ja
que quan alguns treballs veuen els resultats, la base informativa sobre la qual s’han construit
probablement ha canviat substancialment. En aquest sentit, les dades genotipiques que vam
extreure de Hapmap per a seleccionar els SNPs que havien de cobrir les regions dels gens
de miRNAs procedien d'unaversio del UCSC Genome Browser (http://genome.ucsc.edu) de
'any 2006, que al seu torn utilitzava dades de la versiéo 130 de dbSNP (base de dades de
SNPs, versié del 2009). A dia davui el UCSC Genome Broweser compta amb un
actualitzacié del 2013, on les dades dels SNPs provenen en aquests moments de la versié
142 de dbSNP (amb una ultima actualitzacié del 2015). Obviament, un disseny del nostre
estudi actualitzat presentaria diferéncies importants en els polimorfismes seleccionats, que
donarien una millor cobertura geneética a les diferents regions estudiades.

L’estudi d’associaci6 de variants situades en gens de miRNA, pioner en el cas de la
migranya, ofereix, malgrat les limitacions, una nova visié en el panorama dels gens candidats
a aquest trastorn, ja que explora el possible paper etiologic d'elements reguladors del
genoma. En un futur proper sera interessant dur a terme estudis més dimensionats i amb
dissenys més actualitzats, i una visi6 més amplia sobre els tipus de variants analitzades

(comunes i rares), per aprofundir en el coneixement del paisatge genétic de la migranya.
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Analisi mutacional i funcional dels gens CACNA1A i ATP1A2 en migranya hemiplégica:

* S’ha dut a terme el cribratge mutacional dels gen CACNA1A i ATP1A2 en una mostra de
18 pacients no emparentats amb migranya hemiplégica. S’han identificat quatre
mutacions a ICACNA1A ja descrites en estudis previs: p.Ser218Leu, p.Thr501Met,
p-Arg583GIn i p.Thr666Met, la primera d’elles de novo. S'han identificat dues mutacions a
ATP1A2: p.Ala606Thr, préviament descrita, i p.Glu825Lys, descrita per primera vegada en

aquest estudi

e La mutacié p.Thr501Met en el gen CACNA1A ha estat objecte d’'un estudi funcional de
tipus patch-clamp. Els resultats indiquen que es produeix una reduccié del llindar del
voltatge tant per a l'activacié com per a la inactivacio del canal. Aquests canvis provoquen

un augment de l'activitat del canal Ca,2.1.

* La mutacié p.GluB25Lys en el gen ATP1A2 ha estat objecte d'un estudi de viabilitat cel-lular
per assajar la seva patogenicitat. Aquest estudi ha mostrat una supervivencia de les cel-lules
HeLa transfectades amb la construcci6 ATPI1A2 mutada del 10% respecte les transfectades
amb la construccié WT. Aquests resultats suggereixen que la mutaci6 altera la funcié de la

bomba Na*/K+.

Analisi mutacional del gen CACNA1A en ataxia episodica de tipus 2:

e S’ha dut a terme el cribratge mutacional del gen CACNA1A en una mostra de 49 pacients
no emparentats amb ataxia episoddica de tipus 2. S’han identificat un total de vuit variants
en nou pacients: tres mutacions sense sentit (p.Trp320Ter, p.Tyr1849Ter, p.Arg1857Ter),
tres de canvi de sentit (p.Gly638Asp, p.Thr501Met, p.Pro2222Leu) i dues delecions d’un i
dos nucleotids que produeixen un canvi de la pauta de lectura (p.Gly250GlufsTer60,
p.GIn681ArgfsTer100).

e S’ha dut a terme un estudi de CNVs del gen CACNA1A en els pacients amb ataxia
episodica de tipus 2 sense mutacions puntuals identificades. L'estudi ha permes
identificar una delecié6 completa de I'exd 35 (p.Ser1752CysfsTer2) en un dels pacients,
com a resultat d’'una recombinacié entre dos fragments idéntics de sequéncies Alu

flanquejants situades als introns 34 i 35 del gen.
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La majoria de les mutacions identificades (sis de nou) provoquen una disrupcioé de la
proteina. Malgrat I'abséncia d’estudis funcionals, es prediu un reduccié de l'activitat del

canal a la cél-lula.

Dues de les tres mutacions que provoquen canvis d'aminoacid havien estat objecte
d'estudis funcionals previs que demostraven una disminucié de l'activitat del canal, un
efecte comu en les mutacions responsables d'ataxia episodica de tipus 2 (p.Gly638Asp), o
un augment de l'activitat del canal (p.Thr501Met). La mutacié p.Pro2222Leu no s’ha
assajat funcionalment. Tot i que les prediccions bioinformatiques indiquen que es podria

tractar d'un canvi benigne, la mutacié cosegrega amb la malaltia a la familia.

S’ha realitzat un estudi de NMD en fibroblasts del pacient 432B, portador de la mutacié
p-Trp320Ter, per assajar la possible existéncia de degradacié del RNAm, que seria
compatible amb un mecanisme patogenic del tipus haploinsuficiencia. Els resultats
indiquen que no hi ha NMD, o que aquest és escas. En consequéncia, el transcrit mutant
esta present a les cél-lules, tot suggerint que I'efecte patogénic de la mutacié podria estar

vehiculat per un efecte dominant negatiu.

Estudis d'associacio de tipus cas-control per identificar variants comunes de risc en

migranya comuna:
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S’ha avaluat la participacio en la susceptibilitat a la migranya de la variant de tipus SNP
rs1835740 en un estudi d'associacioé cas-control per replicar el resultat d'un GWAS previ.
No s’ha trobat associacié entre la variant i els grups clinics assajats (migranya, MO, MA,

subgrups de MA) en una mostra clinica de 1521 pacients i 1379 controls espanyols.

S’ha dut a terme un estudi d’associacié a escala gendomica amb réplica per avaluar la
participacio de variants de tipus SNP en una poblacié de 2326 pacients amb MO i 4580
controls. En la fase de descoberta s’ha trobat una associacioé significativa amb un locus
situat a 1922 (gen MEF2D), i associacions nominals en 11 loci més. En I'estudi de réplica
s’han avaluat 18 SNPs de 12 Joci en quatre mostres cliniques independents de MO, una
d’elles espanyola de 827 pacients i 971 controls. Dues de les associacions, amb els gens
MEF2D i TGFBR2, es repliquen convincentment. En combinar les mostres de descoberta i
de réplica es confirmen les associacions amb MEF2D i TGFBR2 i n'apareixen dues de
noves amb significacié gendmica, a PHACTR1 i ASTN2, a més de replicar-se dues
associacions obtingudes en un GWAS previ (TRPM8 i LRP1).



* S’ha avaluat la possible participacid en la susceptibilitat a la MA de 12 variants de tipus
SNP en un estudi d'associacié cas-control en qué es pretén replicar els resultats de
diversos GWAS previs en una mostra clinica de 521 pacients amb MA i 535 controls
espanyols. En I'estudi s'han identificat associacions nominals amb els SNPs rs2651899,
(al gen PRDM16) i rs10166942 (prop del gen TRPM8) amb MA, i de rs12134493 (prop
deTSPAN2) i rs10504861 (prop deMMP16) en el subgrup de pacients MA que tenen a

més episodis de MO amb frequéncia.

e S’ha avaluat la possible participacid en la susceptibilitat a la MA de 40 variants de tipus
SNP situades en gens de microRNAs en un estudi cas-control amb una mostra clinica de
521 pacients amb MA i 535 controls. L’estudi ha permeés identificar associacions
nominals entre MA i els SNPs rs12610046 (gen miR-7-3), rs13245645 (miR-335),
rs4672891 (miR-26b) i rs10151229, rs7161194, rs8015713 i rs8016185 (cluster que inclou
miR-485). L’estudi de replica, consistent en un mostra de 23.285 pacients amb migranya i
95.425 controls, ha confirmat I'associacié amb 'SNP rs12610046 (miR-7-3).
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APENDIX 1






APENDIX 1. TRANSCRIPTOMICA EN UN MODEL ANIMAL DE
CSD

La depressié cortical propagant (Cortical Spreading Depression, CSD) és un fenomen
neurofisiologic estretament lligat a l'aura migranyosa. Consisteix en una ona de
despolaritzacié neuronal i glial de curta durada que es propaga a través de I'escorga, seguida
d’'una ona de depressié de I'activitat. En aquesta tesi se’n parla amb més detall a I'apartat 2.3
de la Introduccio.

Tot i que els estudis que presentem aqui s’han centrat fonamentalment en la recerca sobre
les bases genetiques de la migranya, també hem volgut explorar la seva fisiopatologia
(utilitzant eines genétiques), camp on també hi ha encara moltes incognites. . Aixi, els equips
investigadors de [l'Institut de Recerca de I'Hospital Vall d’Hebron (VHIR) i de la Universitat de
Barcelona (UB) implicats en aquest projecte vam dissenyar un model de CSD en rata per
assajar els efectes de la CSD a nivell metildmic i transcriptomic. També es pretenia explorar
els efectes del tractament profilactic de la CSD amb dos farmacs (topiramat - TPM i acid
valproic - VPA) (Ayata et al. 2006, Bogdanov et al. 2011). L’objectiu era, en primer lloc,
determinar si lI'administracié dels farmacs induia canvis en el numero i la freqiiéncia de les
ones de despolaritzacié. I, en segon lloc, si es produien alteracions en els patrons de
metilacio i d’expressié génica a curt termini com a consequéncia de la CSD i de I'accio dels
farmacs. En aquest annex es presenten els resultats preliminars de [l'estudi de

transcriptomica, dut a terme al laboratori de genética de la UB.

1. DISSENY EXPERIMENTAL | METODOLOGIA

1.1. Model animal i obtencié de mostres

Per a I'estudi del model animal es van emprar 36 exemplars de rata mascle Sprague-Dawly,
que rebrien el tractament diari amb el farmac corresponent via intraperitoneal durant quatre
setmanes abans de la induccié de la CSD. El laboratori del VHIR va ser I'encarregat de
generar el model animal (Vila-Pueyo et al. 2015). Les rates es van distribuir en quatre grups:
1) Sham-operated (SHAM): injeccié de sali, cirurgia, no-induccié de CSD; 2) Sali (SER):
injeccié de sali, cirurgia, induccié de CSD; 3) VPA: injeccié d’acid valproic, cirurgia, induccié
de CSD; 4) TPM: injeccio de topiramat, cirurgia, induccié de CSD.

La CSD es va induir quimicament a I'escorga dreta amb KCI 1M durant una hora (sérum en
cas de no induir-se la CSD), durant la qual es van prendre els registres electrofisiologics
(Urbach et al. 2006). Passada I'hora, se’ls practica I'eutanasia s'extragueren les estructures

d’escorca dreta, escorga esquerra i tronc encefalic i es van congelar de forma immediata en
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nitrogen liquid. Les mostres bioldgiques de teixit nervios es van dividir per tal de dur a terme
els dos estudis paral-lels d’analisi metildmica (VHIR) i transcriptomica (UB).

Les mostres de teixit de cada estructura (escorga dreta, escor¢a esquerra i tronc encefalic)
es van homogeneitzar utilitzant el sistema TissueRuptor de Qiagen (Dusseldorf, Alemanya) i
per a I'obtencié de mostres de RNA es va fer servir el kit comercial RNeasy® Lipid Tissue
Mini Kit de QIAGEN (Dusseldorf, Alemanya). La concentracié d’'RNA es va determinar amb
I'espectrofotometre NanoDrop ND-1000 (Nanodrop Technologies. Wilmington, DE, USA) i la
integritat/qualitat de les mostres per a microarrays es va quantificar amb la plataforma
Bioanalyzer 2100 (Agilent Technologies. Santa Clara, CA, USA).

1.2. Analisi de microarrays i bioinformatica

Per a l'estudi de transcriptomica vam seleccionar 6 mostres/grup de les estructures de
'escorca dreta i tronc encefalic (un total de 48 mostres), que es van hibridar amb els xips
GeneChip Rat Genome 230 2.0 (Affymetrix, Santa Clara, CA, USA) a la Unitat de Genomica
de I'Hospital Clinic-IDIBAPS. Aquest xip permet interrogar un total de 30.000 transcrits
corresponents a uns 28.000 gens de rata.

L’analisi de les dades dels xips es va dur a terme amb el software Bioconductor per a R
(bioconductor.org). Es van fer diverses analisis per valorar la qualitat de les hibridacions i
excloure possibles problemes experimentals utilitzant la llibreria affyPLM: es va verificar la
homogeneitat dels experiments, es van comparar perfils d’expressié mitjangant histogrames,
es van comparar les mitjanes i els percentils dels valors d’expressié global amb boxplots, es
va comprovar la homogeneitat inter-xip dels patrons de degradacié de I'RNA i de la topologia
de punts amb el grafic MA plot, entre d’altres controls. Es va procedir posteriorment a la
correccié del soroll de fons, normalitzacié i sumaritzacié mitjancant el background method,
Robust Multichip Average (RMA) i el métode medianpolish, respectivament. Es van descartar
els gens que no corresponien a gens coneguts. Finalment, es van aplicar els seglents filtres:
el primer, pel senyal de la sonda, utilitzant un llindar d’expressié de log2(100), amb I'objectiu
de descartar els gens poc modificats; el segon, per variabilitat, per descartar els gens que
presentaven una variacid6 d’expressid inferior al 20% entre xips (Interquartile range,
IQR<20%).

Per a les comparacions es va utilitzar la llibreria Linear Modeling for Microarray Analysis
(LIMMA) de Bioconductor, i es van contrastar els patrons d’expressio dels diferents grups: 1)
Efecte de la CSD: SER-SHAM, TPM-SHAM, VPA-SHAM, 2) efecte dels farmacs: TPM-SER,
VPA-SER, i 3) diferéncies en I'efecte dels farmacs: TMP-VPA. Es van aplicar correccions per
tests multiples amb el metode False Discovery Rate (FDR, 5%).

Per a [l'andlisi bioinformatica dels resultats es van utilitzar diferents eines: 1)
Sobrerepresentacié de grups funcionals amb DAVID i Gene Ontology (GO), 2) Vies
sobrerepresentades (KEGG pathways) amb el software WebGESTALT, i 3) Construcci6é de
xarxes géniques amb Ingenuity Pathway Analysis (IPA) 8.8.
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1.3. Validacio

Per confirmar els resultats més rellevants obtinguts en I'estudi de microarrays, les mostres de
RNA de totes les estructures es van retrotranscriure a cDNA amb el High Capacity cDNA
Reverse Transcription kit (Applied Biosystems.Foster City, CA, USA) per dur a terme els
experiments de PCR a temps real (QPCR). Els experiments de gPCR es van dur a terme amb
el sistema LightCycler 480 Il i els resultats s'han analitzat amb el software Universal Probe
Library Assay Design Center (Roche Applied Science, www.roche-applied-science.com).

Per a la validacié vam seleccionar nou gens de I'escor¢a dreta (Btg2, Egr2, Mapk10, Nirk2,
Crem, Gadd45g, Homer1, Egr4 i Sgk) i tres del tronc encefalic (Btg2, Gadd45g i Sgk), a més
de dos controls enddgens comuns per a ambdues estructures (Ywhaz i Pgk1). Els gens
validats a I'escorga dreta s'assajaran properament també a I'escorga esquerra amb I'objectiu
de determinar si els canvis en els patrons d’expressié passen a I'hemisferi on no s’indueix la
CSD.
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2. RESULTATS PRELIMINARS

2.1. Escorga dreta

L’escorca dreta és I'estructura cerebral on s’indueix quimicament la CSD. Esperem, per tant,
trobar patrons d’expressié alterats que ens ajudin a descriure genéticament els canvis que
s’hi donen.

L’analisi dels experiments de microarrays de I'escorca dreta ha revelat canvis significatius en
els nivells d’expressié de 665 gens en la comparacié SER-SHAM, 851 per TPM-SHAM i 570
per VPA-SHAM, 500 dels quals s6n comuns per a les tres comparacions, i correspondrien als
canvis produits per la CSD (Figura A1 i Taula A1). En comparar els dos grups tractats amb
farmacs (TPM-VPA), que senyalarien les diferéncies derivades de I's d'un o altre farmac,
s’han observat 60 gens alterats. En comparar els grups tractats amb farmacs amb el grup
SER, per estudiar si hi ha canvis en I'expressié génica quan s’indueix la CSD sota una
condicié de tractament profilactic, només s’ha observat un gen en la comparacié TPM-SER i
cap en VPA-SER.

SER-SHAM TPM-SHAM
665 851

VPA-SHAM
570

Figura A1. Venndiagram de I'escorga dreta resultant de les comparacions SER-SHAM, TPM-SHAM i VPA-SHAM,
amb el nombre de gens que presenten canvis d'expressio significatius per a cada grup. S'indiquen els gens que

presenten canvis de forma simultania en dues o en tres comparacions.

En les analisis bioinformatiques posteriors, on s’han utilitzat programes com DAVID, GO o
IPA i els llistats de gens obtinguts en cadascuna de les comparacions per separat i els
comuns, hem observat sobrerepresentacid de gens implicats en la regulacié de la
transcripcio (Btg2, Jun, Fos, Atf3, Egr2), resposta a substancies organiques (Ccl2, Cdkn1a,
Nr4a3), desenvolupament vascular (Plat, Srf, Col1a2) i plasticitat i transmissio sinaptica
(Bdnf, Ntrk2, CamkZ2a) (Figura A2). Aquests resultats coincideixen amb anteriors publicacions
de models animals i cel-lulars de CSD (Urbach et al. 2006) (McKee et al. 2006), en qué
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s’observen canvis en I'expressioé de gens que també detectem en el nostre estudi (Egr1, Arc,

Fosl2, Crem, Btg2, Gadd45g) (Figura A2).

Taula A1. Gens més sobre- (vermell) o sota-expressats (verd) a les tres comparacions de I'escorga (hi consten els

10 primers gens de cada comparacié en els casos en que n’hi havia més). En tots els casos, el valor de fold-change

és superior a 1.6.

SER-SHAM TPM-SHAM VPA-SHAM
ID Gene Fold-change ID Gene Fold-change ID Gene Fold-change
1381511_at  Slc8a2 -1,69976641 1370155_at Col1a2 -1,94973209 1374529 _at Thbsl 4,03785835
1367948_a_at Kdr -1,65893436 1387854 _at Col1a2 -1,92042484 1387788 _at Junb 4,20452551
1393371_at  Zfp54_predicted -1,61237721 1381511 _at Slc8a2 -1,69526346  1380063_at Ch25h 4,29206522
1383517_at Mtap7_predicted  -1,65592462 1370832_at Ccl4 4,45136005
1386995_at  Btg2 4,82372279 1380250_at  Snedl -1,63160836 1367896 _at Ca3 4,92095833
1368527 _at Ptgs2 5,19990368 1367948 _a_at Kdr -1,63068034 1368527_at Ptgs2 5,27197014
1387788_at  Junb 53566599 1376917_at  Znf292 -1,62295061 1375043_at Fos 6,08178662
1380063_at Ch2sh 5,48747857 1370959_at Col3al -1,62126149 1370997_at Homerl 6,62420445
1368147_at Duspl 5,54439368 1395083_at Noval -1,60166741 1388792 at Gadd45g 7,271186
1370832_at  Ccl4 5,64838411 1387306_a_at Egr2 8,13926601
1370997_at  Homerl 6,84700326 1367973_at Ccl2 5,88654859
1375043_at  Fos 7,03027294 1380063_at Ch25h 6,06462231
1387306_a_at Egr2 9,45081076 1385407_at Tiparp_predicted  6,26814998
1388792_at  Gadd4sg 10,1311897 1387788_at  Junb 6,31468645
1368527_at Ptgs2 6,60544428
1375043_at Fos 7,59915234
1370832_at  Ccla 7,81719323
1370997_at Homerl 7,91445605
1387306_a_at Egr2 10,4812785
1388792 at  Gadddsg 12,3138688
- 7.41
Response to organic substance 556 7.87
] 5.48
6.25
Regulation of transcription 246 6.03
) 7.39
5.22
Regulation of synapsis — 5.74
6.01
4.48
Vasculature dev/blood vessel morph. 3.57 546 -
2.82
4.16
Response to steroid hormone stimulus R 458
2.94
Regulation of apoptosis e 434
i 4.15
3.07
Neuron morph/axogenesis 3.17 379
\_ I 2,98 Y,
3.84
Response to abiotic stimulus 5.72
_= 3.07
Regulation of cell motion 2.26 3.26
2.78 B SER-SHAM
Response to glucocort/corticost/lipopolysacar 3.19
. ] -
Sterol biosyn/cholesterol metab 28 ¥ TOPI-SHAM
Response to extracellular stimulus P23 3.89 VALP-SHAM
- — KT
Response to oxidative stress — 37 B COMUNS

Figura A2. Representaci6 grafica dels resultats dels grups funcionals més representats en les tres comparacions de

I'escorga dreta utilizant DAVID. En la resta de comparacions els grups estaven poc enriquits i no eren significatius.
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2.2. Tronc encefalic

En el cas de les comparacions en el tronc encefalic, no sén tants els gens que experimenten
canvis en la seva expressi6. Hem de tenir en compte, en aquest punt, que malgrat la
implicacié d’aquesta estructura en la CSD, aquesta s’indueix a I'escorga i I'estudi es realitza a
curt termini, raé per la qual és possible que els canvis en els patrons d’expressid, si n'hi ha,
poden ser més tardans.

S’han observat canvis significatius en 98 gens per a la comparacié SER-SHAM, 62 en TPM-
SHAM i 68 en VPA-SHAM (Figura A3 i Taula A2). La resta de comparacions no ha mostrat
diferéncies significatives en I'expressié génica.

Els gens pertanyents a les vies de regulacié de I'apoptosi sén els més destacats en tots els
casos que hem considerat a les analisis bioinfprmatiques (Gadd45g, Sgk1, Ccnd1) (Figura
A4).

SER-SHAM TPM-SHAM
98 62

VPA-SHAM
68

Figura A3. Venndiagram del tronc encefalic resultant de les comparacions SER-SHAM, TPM-SHAM i VPA-SHAM,
amb el nombre de gens que presenten canvis d'expressié significatius per a cada grup. S'indiquen els gens que

presenten canvis de forma simultania en dues o en tres comparacions.

Taula A2. Gens més sobre- (vermell) o sota-expressats (verd) a les tres comparacions del tronc encefalic (hi
consten els 10 primers gens de cada comparacié en els casos en qué n’hi havia més). En tots els casos, el valor de

fold-change és superior a 1.6.

SER-SHAM TPM-SHAM VPA-SHAM
ID Gene Fold-change ID Gene Fold-change ID Gene Fold-change
1369407_at Tnfrsfllb -2,63923442 1369407_at Tnfrsfllb -2,14740335 1369407_at  Tnfrsfllb -2,74966031
1390412_at Slc40al -1,86608435 1390412_at Slc40al -1,89465937 1390412_at  Slc40al -1,99916341
1383075_at Ccndl -1,77050952 1391323_at Tf -1,81900158 1387130_at  Slc40al -1,68680956
1396630_at LOC500532 -1,67908201 1386995_at Btg2 -1,75288044
1393179_at Flt1 -1,64155331 1396017_at LOC313672 1,61898498
1386995_at Btg2 -1,62846273 1393128_at RGD1311086 1,67886264 1388674_at  Cdknla 1,69519836
1385229 _at Pcdh20_predicted 1,7550968 1393128 at RGD1311086 1,75844937
1369200_at Nt5e 1,72406767 1391208_at Pcdh20_predicted 1,79614746 1367650_at  Lcn7 1,76954028
1385229_at Pcdh20_predicted 1,75046801 1371363_at Gpd1 1,9033871 1387028_a_at Id1 1,7968494
1388674_at Cdknla 1,78203565 1376481_at Adamts9_predicted ~ 2,08050607 1373093_at  Errfil 1,83934142
1389538_at Nfkbia 1,84428051 1367802_at Sgk 2,66227979 1371363_at  Gpdl 1,91786969
1388901_at Fkbp5 1,92640735 1387260_at  Kif4 2,1214743
1393128_at RGD1311086 1,99153647 1376481 _at  Adamts9_predicted 21426693
1373093_at Errfil 2,040857 1367802_at  Sgk 3,47976891
1376481_at Adamts9_predicted 2,05935065
1371363_at Gpdl 2,19758337
1367802_at Sgk 3,84657943
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Regulation of apoptosis/programmed cell death

Apoptosis

Regulation of kinase activity/phosphorylation

W Ser-Sham M Topi-Sham Valp-Sham

Figura A4. Grafic de resultats dels grups mfes representats utilizant DAVID en les tres comparacions del tronc

encefalic. En la resta de comparacions els grups estaven poc enriquits i no eren significatius.

2.3. Validacio dels resultats

La validacié dels resultats dels experiments de microarrays es va fer en un total de 9 mostres
de cada grup: les mateixes sis que s'havien utilitzat en els microarrays i tres més, per tal de
reforgar els resultats. Hi ha, per tant, sis répliques técniques i 3 répliques bioldgiques.

De moment només s’ha dut a terme la validacié d'una seleccié de gens diferencialment
expressats a nivell de I'escorga dreta: Btg2, Egr2, Mapk10, Ntrk2, Crem, Gadd45g, Homer1,
Egr4 i Sgk. D’aquests, se n’han validat correctament set en tots els grups, tret d'un per a la
comparacié VPA-SHAM. A la Figura A5 es presenta un resum dels resultats de validacié per
aquesta estructura. La confirmacio, en gairebé tots els gens que hem seleccionat, dels
resultats obtinguts amb els microarrays déna validesa a I'estudi a nivell global. Es a dir, fem
extensiva la validacio d'una mostra petita dels resultats a tots els resultats obtinguts.

Queda pendent la validacié dels gens diferencialment expressats en el tronc encefalic, i es
procedira també a I'assaig de I'expressio dels gens validats en escorga dreta en I'estructura
esquerra, amb l'objectiu de determinar si els efectes de la CSD que hem induit en un

hemisferi es traslladen a I'altre hemisferi.
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Figura A5. Resultats preliminars de la validacio dels gens seleccionats a escorga dreta. Indicats en verd, valors que
superen el coeficient de variacié. Indicats en vermell, gens no validats.
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Abstract

Introduction: Chronic migraine (CM) is at the severe end of the clinical migraine spectrum, but its genetic background is
unknown. Our study searched for evidence that genetic factors are involved in the chronification process.

Methods: We initially selected 144 single-nucleotide polymorphisms (SNPs) from 48 candidate genes, which we tested for
association in two stages: The first stage encompassed 262 CM patients, the second investigated 226 patients with high-
frequency migraine (HFM). Subsequently, SNPs with p values < 0.05 were forwarded to the replication stage containing
531 patients with CM or HFM.

Results: Eight SNPs were significantly associated with CM and HFM in the two-stage phase. None survived replication in
the third stage.

Discussion: We present the first comprehensive genetic association study for migraine chronification. There were no
significant findings. Future studies may benefit from larger, genome-wide data sets or should use other genetic

approaches to identify genetic factors involved in migraine chronification.
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Introduction

According to the International Classification of
Headache Disorders, third edition beta (ICHD-III
beta) classification criteria, a clinical diagnosis of
chronic migraine (CM) is made when a patient has 15
or more days with headache per month of which at least
eight days have features of migraine headache (or that
are described by the patient as migraine and are
relieved by migraine-specific medication) (1). CM is at
the severe end of the clinical migraine spectrum with a
substantially decreased quality of life and increased dis-
ability, and is strongly associated with depression,
medication overuse, and/or cutaneous allodynia (2,3).
The reported prevalence of CM is estimated to be
around 0.5% to 2.0% (4,5). Recently, several
genome-wide association studies (GWAS) have identi-
fied a dozen susceptibility gene variants and loci for
episodic migraine (6-8), but until now no studies have
focused on identifying genetic risk factors for CM.

It is debatable whether it is meaningful to make a
strict distinction between episodic migraine and CM
because headache frequency in patients varies from
month to month and the thresholds of 15 headache
days and eight migraine days, while practical, are arbi-
trary (9). Genetic studies in rarer complex disease sub-
types, such as CM, are particularly challenging as
collecting sufficiently large numbers of well-character-
ized patients is difficult. Therefore, we decided to also
include a group of patients with high-frequency
migraine (HFM) who suffer from headache 10 to 14
days per month, with half or more days meeting the
criteria for migraine.

The aim of this study was to obtain evidence for
association of variants in genes, acting in pathways pos-
sibly implicated in the chronification process of
migraine as well as relevant secondary hits from
GWAS, with chronification of migraine. In total, 144
single-nucleotide polymorphisms (SNPs) selected based
on literature and previous studies were tested in a three-
stage design.

Methods

Participants and design of the genetic association
study

Participants included in our study were patients diag-
nosed with either CM or HFM, and healthy control
individuals. Migraine diagnoses were based on ICHD
criteria. A three-stage genetic association study was
performed (Figure 1). The discovery stage included
262 CM patients and 2879 control individuals (all
patients came from the CHROMIG study (Spain), or
the Leiden University Migraine Neuro Analysis
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(LUMINA) study (the Netherlands)). In this stage, all
144 SNPs (in 48 genes) were tested. The selected mar-
kers fulfilled one or more of the following criteria: 1)
SNPs had been positively associated with migraine and
not replicated in other migraine candidate-gene associ-
ation studies; ii) the corresponding genes had already
been implicated in mechanisms relevant to the chroni-
fication of migraine; or iii) SNPs were identified as sec-
ondary findings in previous migraine GWAS. In the
second stage, all SNPs of the first stage that showed a
p value <0.05 were tested in a further 226 patients
diagnosed with HFM vs. the same 2879 controls
(patients again came from Spain or the Netherlands).
In the third stage, SNPs with p values < 0.05 in the first
two stages were tested for replication in 531 patients
with CM or HFM (all patients came from the
CHROMIG study (Spain), the LUMINA study (the
Netherlands), or the Nord-Trendelag Health Study
(HUNT) (Norway)). In this stage, 2491 different con-
trol individuals from the three countries were tested.

Gene and SNP selection

We designed a candidate-gene association study focus-
ing on genes that are likely associated with migraine or
migraine comorbidities and may act as risk factors for
migraine progression. To date, many association stu-
dies have been performed to identify genetic factors
that confer susceptibility to common migraine (10,11).
We selected genetic variants that had been studied in
Caucasian populations, especially those that were stu-
died only once. According to these criteria, a total
number of 42 SNPs in 26 genes were selected. These
genes were related to: i) ion metabolism transport
(calcium channel, voltage-dependent, beta 2 subunit
(CACNB2) and potassium voltage-gated channel,
Shab-related subfamily, member 2 (KCNB2) (12), syn-
taxin 1A (STX1A) (13), endothelin 1 (EDNI), endothe-
lin receptor type A (EDNRA) and endothelin receptor
type B (EDNRB)) (14-16); ii) dopamine (DBH) (17)
and serotonin metabolism (HT'R2B) (18); iii) hormonal
metabolism (ESRI) (19-23); iv) vascular disease (inter-
leukin (/L)-9, potassium channel, subfamily K,
member 17 (KCNK17), low-density lipoprotein recep-
tor-related protein 1 (LRPI), matrix metallopeptidase
12 (macrophage elastase) (MMP12), methylenetetra-
hydrofolate dehydrogenase (nicotinamide adenine
dinucleotide phosphate (NADP)+ dependent) 1,
methenyltetrahydrofolate cyclohydrolase, formyltetra-
hydrofolate synthetase (MTHFDI), nitric oxide syn-
thase 3 (endothelial cell) (NOS3), sodium channel,
non-voltage-gated 1 alpha subunit (SCNNIA), trans-
forming growth factor, beta 1 (TGFBI) and tumor
necrosis factor (TNF)) (24-26); v) autonomous nervous
system dysfunction (GNAS complex locus (GNASI)
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Discovery phase

Spanish CM cohort

181 cases
801 controls
Total

262 cases
2879 controls

Dutch CM cohort

2873 contrals Dutch HFM cohort

110 cases
2078 controls

\
81 cases Dutch CM/HFM cohort
2078 controls
210 cases
896 controls
Total
p<0.05 531 cases
Norwegian CM/HFM cohort (1) 2491 controls
Spanish HFM cohort p<0.05 162 cases
495 controls
116 cases
801 controls J
Total
226 cases Norwegian CM/HFM cohort (Il)*

Replication phase

Spanish CM/HFM cohort

70 cases
394 controls

89 cases
706 controls

Figure 1. Three-stage gene association cohort study design.

CM: chronic migraine; HFM: high-frequency migraine; GWAS: genome-wide association study.
*In stages | and 2, the same group of 2879 controls was used. *The second Norwegian cohort was previously genotyped as part of a
GWAS (5). This cohort was used for in silico replication in the present study. The other cohorts in stage 3 were genotyped using a

TagMan genotyping assay.

and potassium inwardly-rectifying channel, subfamily
J, member 1 (KCNJI)) (27,28); vi) stress-response
(brain-derived neurotrophic factor (BDNF)) (29); vii)
and psychiatric disorder-related genes, specially asso-
ciated with anxiety and depression syndrome (cate-
chol-O-methyltransferase  (COMT), cryptochrome
circadian clock 1 (CRYI), vasoactive intestinal peptide
receptor 2 (VIPR?2), regulator of G-protein signaling 2
(RGS2), sodium channel, voltage-gated, type IX, alpha
subunit (SCN9A4) and Wolfram syndrome 1 (wol-
framin) (WFS1)) (30-33). In addition, we selected can-
didate genes that encode molecules known to play an
important role in migraine pathophysiology but that
had not been studied before in candidate-gene associ-
ation studies for migraine. In more detail, 37 TagSNPs
were selected from CEU Hapmap data using a tagger
pairwise tool with *> 0.8 (Haploview tool) that codes
for calcitonin-gene related peptide (CALCA) and its
CGRP-receptor subunits (calcitonin  receptor-like
(CALCRL) and receptor (G protein-coupled) activity
modifying protein 1 (RAMPI)). The pituitary adenyla-
tecyclase-activating polypeptide (PACAP), a neuroex-
citatory peptide released to periaqueductal gray matter
during neurogenic inflammation, encoded by the

adenylate cyclase activating polypeptide 1 (pituitary)
(ADCYAPI) gene, and its receptor, encoded by adenyl-
ate cyclase activating polypeptide 1 (pituitary) receptor
type I (ADCYAPIRI), were also investigated with 17
tagSNPs. ESRI and ESR2, but not G protein-coupled
estrogen receptor 1 (GPR30) estrogen receptors, have
been previously studied in relation to migraine, so we
included GPR30, which encodes a multi-pass mem-
brane protein that binds estrogen. Fractalkine, a che-
mokine that has been associated with neuroprotection
(chemokine (C-X3-C motif) ligand 1 (CX3CLI) gene),
and its receptor (CX3CRI) were chosen as candidate
genes with six tagSNPs (34). We also focused on two
molecules that had been previously reported in a micro-
array study as probable migraine with aura biomarkers,
namely alpha-phodrin (SPTAN]I) and hippocalcin-like
protein (HPCALI) (35). The former is a cytoskeletal
protein of the spectrins family and the latter is a
member of the neuron-specific calcium-binding protein
family and is involved in neuronal signaling in the cen-
tral nervous system. Two tagSNPs in both genes were
genotyped. A tagSNP in peripherin (PRPH), a cyto-
skeletal protein localized in neurons of the peripheral
nervous system, the expression of which has been
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associated with GPR30, was also studied (36). Finally,
eight tagSNPs in a gene involved in circadian rhythm
and metabolism regulation (CLOCK) were added to the
panel. Overall, 77 non-previously studied gene variants
in 12 genes were selected.

Finally, 25 polymorphisms extracted from the list
of secondary top hits in the analysis of the first
migraine GWAS (6) that was carried out by our
International =~ Headache  Genetics  Consortium
(IHGC) were included. The list included 15 intergenic
SNPs and 10 variations that were located in gene-
coding regions (acyl-CoA synthetase long-chain
family member 5 (ACSLY5), chromosome 4 open read-
ing frame 22 (C40rf22), DCC netrin 1 receptor
(DCC), insulin-induced gene 2 (INSIG2), opioid bind-
ing protein/cell adhesion molecule-like (OPCML),
olfactory receptor, family 9, subfamily Q, member 1
(OR9Q1), reelin (RELN), SET and MYND domain
containing 3 (SMYD3), STAM binding protein-like
1 (STAMBPLI) and transient receptor potential
cation channel, subfamily M, member § (TRPMS)).
In summary, 119 SNPs were genotyped in 38 candi-
date genes, as well as 25 additional SNPs from GWAS
data.

Cohorts

Spanish CM and HFM patients were recruited at the
Headache Unit of the Vall d’Hebron University
Hospital (Barcelona). Patients with CM were diag-
nosed by a clinical interview and physical examination
by a headache-specializing neurologist, according to
the ICHD-III beta classification (1). HFM was diag-
nosed when patients suffered from headache 10 to 14
days per month, of which half or more days fulfilled
the criteria for migraine. Healthy controls were blood
donors. Exclusion criteria for this control population
were migraine, a positive family history for migraine
and any type of severe or recurrent headache in first-
degree relatives.

Dutch CM and HFM patients were available from
the well-defined, web-based LUMINA population
(Leiden University Migraine Neuro Analysis program)
(www.lumc.nl/hoofdpijn). Details of this study are
described elsewhere (37). Migraine was diagnosed
according to the ICHD-III beta criteria (1). CM was
diagnosed when patients suffered from migraine and
indicated that they experienced severe headache 15 or
more days per month. HFM was diagnosed when
patients suffered from migraine and indicated that
they experienced severe headache 10-14 days per
month. Control samples for the discovery phase
were part of the population-based Rotterdam Study
(38). Control samples for the replication phase were
collected via a Dutch blood bank.
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The Norwegian patients were recruited from the
population-based HUNT-2 (1995-1997) and HUNT-3
(2006-2008) studies, in which all inhabitants (age > 20
years) of the Nord-Trendelag county of Norway were
invited to participate (39,40). Migraine was diagnosed
based on a modified version of the most recent ICHD
criteria at the time of each study, and this question-
naire-based headache classification has been validated
by interview diagnoses (39,40). Migraineurs reporting
headache seven or more days per month were classified
as HFM, and those reporting headache 15 or more days
per month were classifitd as CM. Controls were
recruited from the same two studies, and participants
fulfilling criteria for migraine were excluded from the
control population.

Genotyping

Spanish cohorts. Venous blood samples of individuals
who fulfilled inclusion criteria were collected in ethyle-
nediaminetetraacetic acid (EDTA) tubes and conserved
at —80°C until DNA extraction. DNA was extracted
from blood lymphocytes at the Centre de Regulacio
Genomica (CRG, Barcelona, Spain) with the
Chemagen® extraction kit (Perkin Elmer, Germany)
and at the Departament de Genetica (Facultat de
Biologia, Universitat de Barcelona, Barcelona, Spain)
by a standard salting-out procedure (41). Quantity and
quality of DNA samples were controlled spectrophoto-
metrically with NanoDrop NDI1000 (NanoDrop,
Wilmington, DE, USA). Genotyping of SNPs in the
discovery sample set was performed with VeraCode®
GoldenGate® technology (Illumina, CRG, Barcelona,
Spain). For the replication phase, an additional 70 CM
and HFM patients and 394 controls were recruited
under the same criteria and procedures that were used
for the discovery sample. Blood sampling and DNA
extraction were performed in the same way.
Genotyping was performed with a TagMan® SNP
Genotyping Assay (Applied Biosystems, Foster City,
CA, USA) using the 7900HT Sequence Detection
System (SDS, Applied Biosystems) in 384-well plates
and following the manufacturer’s protocol.

Dutch cohorts. Peripheral blood samples were collected
in EDTA tubes. Subsequently, DINA was isolated using
a standard salting-out method. Genotyping of the
samples had been previously performed as part
of two GWAS for common migraine (6,7).
Genotyping of the replication cohort was performed
with a TagMan® SNP Genotyping Assay (Applied
Biosystems, Foster City, CA, USA). A standard poly-
merase chain reaction (PCR) was carried out using the
TagMan Universal PCR Master Mix. Genotyping clus-
ters were analyzed using the LightCycler LC-480
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machine and LightCycler® 480 1.5.0 software, version
1.5.0.39 (Roche Applied Science, Penzberg, Upper
Bavaria, Germany) in 384-well plates following the
manufacturer’s protocol.

Norwegian cohorts. DNA from all Norwegian samples
was extracted from blood using two kits: Autopure
Kit (Qiagen, Duesseldorf, Germany) and Masterpure
Kit (Medinor, Oslo, Norway), both based on a salt-
ing-out procedure. Quantity and quality of DNA sam-
ples were controlled regularly by monitoring every
eighth sample spectrophotometrically with NanoDrop
ND1000 and ND8000 (NanoDrop). Genotyping of the
replication cohort was performed with a TagMan®
SNP Genotyping Assay (Applied Biosystems). A stand-
ard PCR reaction was carried out using the TagMan
Universal PCR Master Mix. Genotyping clusters were
analyzed using the LightCycler LC-480 machine and
LightCycler® 480 1.5.0 software, version 1.5.0.39
(Roche Applied Science, Penzberg, Germany) in 384-
well plates following the manufacturer’s protocol. A
part of the Norwegian sample for replication had pre-
viously been genotyped with the Illumina 670 k plat-
form, as part of a GWAS of migraine (8), and was used
for in silico replication for the current study. We used
the Illuminus calling algorithm, with the following fil-
ters for genotyped SNPs: minimum call rate per SNP
and per individual (0.97), Hardy-Weinberg equilibrium
(HWE) p value higher than 1.00 E-06 and minor allele
frequency (MAF) >0.01. For those SNPs that were not
directly genotyped, imputation was performed with
Impute v.2.1.2 in a standardized pipeline, using
HapMap2 data from a CEU population as the refer-
ence panel.

Statistical analyses

We performed power calculations for all three steps of
our design, assuming an additive model, an effect allele
frequency of 0.20 and effect sizes ranging from 1.2 to 1.4.
We added the outcome of these power calculations to the
online Supplementary Material. Statistical analyses were
performed using PLINK v1.07 (42) and SNPTEST
v2.2.0 (43). GTOOL v0.7.5 was used to combine different
cohorts. First, the entire panel of SNPs was tested for the
HWE for each cohort considering p < 0.05 as the thresh-
old. Then, both allele and genotype frequencies were
compared between cases and controls, considering addi-
tive, genotypic (co-dominance), dominant and recessive
models. Subsequently, a meta-analysis was performed
using GWAMA v2.1. For all analyses, the threshold
for statistical significance was defined as a p value
below 0.05. Approval was obtained from local medical
ethics committees and written informed consent was
obtained from all participants.

Results

For this study, 144 SNPs in genes already implicated in
migraine or that had surfaced as interesting secondary
hits in GWAS (see online Supplementary Material)
were used in a three-stage association design
(Figure 2). In the first stage, SNPs were tested in 262
patients with CM vs. 2879 control individuals. Nominal
significant associations (p value <0.05) were obtained
for 30 SNPs (see also online Supplemental Material,
Table 2). These 30 SNPs were taken forward to the
second stage with 226 patients with HFM and the
same control data set, where eight SNPs showed a nom-
inally significant association; rs5742912 (in SCNN1A),
1r$3792603 (in CLOCK), 152956 (in CALCA), rs858745
(in CALCRL), 15302680 (in RAMPI), rs2267730 and
1$2299908 (in ADCYAPIRI), and rs217693, which is
an intergenic SNP (see Table 1 for detailed information
on these 8 SNPs). These eight SNPs were taken for-
ward to the replication stage and were genotyped in
three replication cohorts from Spain (70 patients with
CM or HFM and 394 controls), the Netherlands (210
patients with CM or HFM and 896 controls), and
Norway (162 patients with CM or HFM and 495 con-
trols). The availability of GWA data allowed testing
of seven of the eight SNPs in 89 additional Norwegian

patients with CM or HFM and 706 controls.
144 candidate SNPs
v
128 SNPs left *
Stage 1 tested in 262 CM patients vs.
Discovery (1) 2,879 controls
30 SNPs nominally significant
) Stage 2 in stage 1
Discovery (2) tested in 226 HFM patients vs.
2,879 controls
8 SNPs nominally significant
Stage 3 in stage 1 and 2
Replication tested in 531 CM/HFM patients
vs. 2,491 controls

Figure 2. SNP selection study flow.

SNP: single-nucleotide polymorphism; CM: chronic migraine;
HFM: high-frequency migraine; HWE: Hardy-Weinberg equilib-
rium. *¥16 SNPs excluded due to genotyping failure, low HWE,
or low rate of successful genotypes. Nominally significant:
p <0.05.
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Subsequently, a combined meta-analysis of the associ-
ation results from these replication cohorts with 531
patients with CM or HFM and 2491 controls was per-
formed but showed no statistically significant
associations.

Discussion

Here we present the first comprehensive genetic associ-
ation study in CM and HFM migraineurs testing 144
SNPs from 48 genes in 1019 patients with CM or
HFM, without significant associations. Patient numbers
in each cohort were relatively small, largely because of
the rarity of CM, which makes it difficult to collect large
enough patient samples. As CM is a complex genetic
disorder, it is likely that multiple genetic variants, each
with relatively small effect, contribute to disease suscep-
tibility, suggesting that large numbers of patients and
controls are needed to reach sufficient power to detect
a genetic association. We attempted to address this chal-
lenge in two ways. First, to increase overall numbers, we
decided to include not only CM patients, but also HFM
individuals, as we consider the cutoff values for a diag-
nosis of CM to be rather arbitrary and instead favor the
idea that migraine chronification has a broader spec-
trum with respect to the number of headache days (9).
Second, by selecting only candidate genes (and SNPs
therein) we reduced the massive correction for multiple
testing that is needed for unbiased GWA approaches.
Considering the negative results, our approach
may still have had insufficient statistical power or
we may have selected SNPs irrelevant to migraine

Table I. Results of the replication phase (stage 3).

chronification. As even large international collabor-
ations, such as the THGC, have difficulties collecting
large enough cohorts of well-characterized patients
with CM and HFM, we feel that studies like ours will
probably remain underpowered in the immediate future.
We are working with the IHGC on unifying the criteria
to select patients so that future studies will be able to
count on larger and better phenotyped cohorts.

CM is severely disabling and difficult to manage, as
affected patients experience substantially more-frequent
headaches, comorbid pain and affective disorders, and
fewer pain-free intervals, than do those with episodic
migraine (4). Furthermore, the relationship of CM with
cutaneous allodynia has been investigated, indicating
that cutaneous allodynia is a clear risk factor for
migraine chronification (3). Different models have
been proposed to explain this relationship. Further
investigations into the basic mechanisms of cutaneous
allodynia, and its relationship with migraine chronifica-
tion, could lead to new potential genes that should be
studied in future designs.

Clinical and genetic studies have shown that
migraine is a multifactorial disorder with complex
interaction between multiple predisposing genetic and
modulating non-genetic factors. GWAS have identified
13 gene variants pointing, among others, at path-
ways involved in glutamatergic neurotransmission and
synaptic function (8). Translating results from GWAS
to pathophysiological mechanisms, however, remains
one of the biggest challenges in molecular biology as
gene effect sizes are small and their interactions are
complex.

Stage | Stage 2 Stage 3

Discovery Discovery
General SNP information phase phase Replication phase (CM/HFM)

(™M) (HFM)

Ref.  Alt Cohorts  Samples

SNP Chr. (position)  Gene allele allele p value p value p value OR (95% Cl) (N) (N) Effects
rs5742912 12 (6458350) SCNNIA G A 0.035 0.003 031 0.872 (0.672-1.132) 3 2108 —N-I-
rs3792603 4 (56302058) CLOCK G A 0.006 0.004 0.69 1.024 (0.911-1.151) 4 2943 -1+
rs217693 14 (62402801) Intergenic G A 0.045 0.019 0.10 0911 (0.816-1.018) 4 2930 —I—I—I-
rs2956 11 (14989121) CALCA T A <0.001 0.029 0.90 0.993 (0.895-1.102) 4 2967 —I4+-1+1+
rs858745 2 (188216807) CALCRL T c <0.001 0.004 0.12 1.129 (0.971-1.313) 4 2925 -+ +
rs302680 2 (238791396) RAMPI G A 0.040 0.010 0.89 1.009 (0.887-1.147) 4 2937 +—I-1+
rs2267730 7 (31122630) ADCYAPIRI T C 0.043 0.036 0.36 0.956 (0.868-1.052) 4 2845 41+
rs2299908 7 (3113809¢) ADCYAPIRI G A 0.026 0.046 0.34 0.946 (0.843-1.061) 4 2871 e fa

SNP: single-nucleotide polymorphism; CM: chronic migraine; HFM: high-frequency migraine; Ref. allele: Reference allele; Alt. allele: alternative allele;
OR: odds ratio; Cl: confidence interval. Genomic position in basepairs according to Build 37. Stage | included 262 CM cases and 2879 controls, stage 2
included 226 HFM cases and 2879 controls (same controls as stage |), and stage 3 included 531 CM/HFM cases and 2491 controls. Effects: Direction of
individual effects in the four replication cohorts, depicted in the following order: Spanish CHROMIG (TagMan)/Norwegian Nord-Trendelag Health

Study (HUNT) (in silico)/Norwegian HUNT (TagMan)/Dutch Leiden University Migraine Neuro Analysis (LUMINA) (TagMan). (+) risk addition; () risk

reduction; (?) not calculated (because of missing data).
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We suggest that for future designs it is relevant to
consider the outcome of withdrawal from medication,
as the vast majority of CM patients are (over)using
acute headache medication. In this study, we did not
have sufficient data to include this aspect in the ana-
lysis. However, future studies would benefit from sub-
dividing CM individuals into patients responsive to
withdrawal therapy and returning to episodic
migraine after withdrawal of their medication, and

patients in whom such withdrawal has no or less
effect on attack frequency. Lastly, although the prob-
lem of statistical power will remain problematic in
association studies for CM and HFM, we would
like to put forward that perhaps other genetic
approaches are more fruitful in detecting genes and
pathways involved in CM, such as gene-expression
studies, epigenetic studies or the analysis of rare
variants.

Clinical implications

migraine chronification is not warranted so far.

factors involved in migraine chronification.

e No genetic variants were detected, indicating that genetic testing to identify patients at increased risk for

e Medication overuse and the success of reverting to episodic migraine after withdrawal of acute medication in
individual patients should be considered when studying chronic migraine.
e Future studies may benefit from larger data sets or should use other genetic approaches to identify genetic

Funding

This work was supported by grants from the Netherlands
Organization for Scientific Research (NWO) (VICI
918.56.602 to M.D.F., VIDI 917.11.319 to G.M.T.); the
European Community (EC); and the Centre for Medical
Systems Biology (CMSB) in the framework of the
Netherlands Genomics Initiative (NGI), the Orion Farmos
Research Foundation (to V.A.), the South-Eastern Norway
Regional Health Authority (2010075 and 2011083 to B.W.
and J.A.Z.) and the Miguel Servet Programme (CP12/03298
to I.F.-C.). This project has also been funded by public dona-
tion mediated by the Fundacio La Marato TV3 (072310),
Fondo de Investigaciones Sanitarias: FIS (P110/00876), the
Spanish Ministry of Economy and Competitiveness
(SAF2009-13182-C01,  SAF2009-13182-C03) and the
Ageéncia de Gestio d’Ajuts Universitaris i de Recerca
(AGAUR) (2009SGR0971). None of the funders had any
role in the design or conduct of the study.

Conflict of interest

M.A. Louter reports support for conference visits from
Menarini and Allergan. M.D. Ferrari reports grants and con-
sultancy or industry support from Medtronic, Menarini, and
Merck and independent support from NWO, ZonMW, the
United States National Institutes of Health (NIH), the
European Community, and the Dutch Heart Foundation.
G.M. Terwindt reports grants and consultancy/industry sup-
port from Menarini, and independent support from NWO. P.
Pozo-Rosich reports support for conference visits from MSD
and Almirall and consultancy for Allergan. The other authors
have nothing to declare.

Acknowledgments

The Nord-Trendelag Health Study (the HUNT Study) is a
collaboration between HUNT Research Centre (Faculty of
Medicine, Norwegian  University —of Science and

Technology, NTNU), Nord-Trendelag County Council,
Central Norway Health Authority, and the Norwegian
Institute of Public Health.

References

1. The International Classification of Headache Disorders,
3rd edition (beta version). Cephalalgia 2013; 33: 629-808.

2. Bigal ME and Lipton RB. Modifiable risk factors for
migraine progression. Headache 2006; 46: 1334-1343.

3. Louter MA, Bosker JE, van Oosterhout WP, et al. Cuta-
neous allodynia as a predictor of migraine chronification.
Brain 2013; 136 (Pt 11): 3489-3496.

4. Diener HC, Dodick DW, Goadsby PJ, et al. Chronic
migraine—classification, characteristics and treatment.
Nat Rev Neurol 2011; 8: 162—-171.

5. Katsarava Z, Manack A, Yoon MS, et al. Chronic
migraine: Classification and comparisons. Cephalalgia
2011; 31: 520-529.

6. Anttila V, Stefansson H, Kallela M, et al. Genome-wide
association study of migraine implicates a common sus-
ceptibility variant on 8q22.1. Nat Genet 2010; 42: 869-873.

7. Freilinger T, Anttila V, de Vries B, et al. Genome-wide
association analysis identifies susceptibility loci for
migraine without aura. Nat Genet 2012; 44: 777-782.

8. Anttila V, Winsvold BS, Gormley P, et al. Genome-wide
meta-analysis identifies new susceptibility loci for
migraine. Nat Genet 2013; 45: 912-917.

9. Lipton RB, Penzien DB, Turner DP, et al
Methodological issues in studying rates and predictors

of migraine progression and remission. Headache 2013;
53: 930-934.
10. de Vries B, Frants RR, Ferrari MD, et al. Molecular
genetics of migraine. Hum Genet 2009; 126: 115-132.
11. Eising E, de Vries B, Ferrari MD, et al. Pearls and pitfalls
in genetic studies of migraine. Cephalalgia 2013; 33:
614-625.

233



Cephalalgia 0(0)

12

13

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

Nyholt DR, LaForge KS, Kallela M, et al. A high-
density association screen of 155 ion transport genes for
involvement with common migraine. Hum Mol Genet
2008; 17: 3318-3331.

Corominas R, Ribasés M, Cuenca-Ledén E, et al.
Contribution of syntaxin 1 A to the genetic susceptibility to
migraine: A case-control association study in the Spanish
population. Neurosci Lett 2009; 455: 105-109.
MacClellan LR, Howard TD, Cole JW, et al. Relation of
candidate genes that encode for endothelial function to
migraine and stroke: The Stroke Prevention in Young
Women study. Stroke 2009; 40: e550-e557.

. Tikka-Kleemola P, Kaunisto MA, Hamalainen E, et al.

Genetic association study of endothelin-1 and its recep-
tors EDNRA and EDNRB in migraine with aura.
Cephalalgia 2009; 29: 1224-1231.

Tzourio C, El Amrani M, Poirier O, et al. Association
between migraine and endothelin type A receptor (ETA —
231 A/G) gene polymorphism. Neurology 2001; 56:
1273-1277.

Fernandez F, Colson N, Quinlan S, et al. Association
between migraine and a functional polymorphism at the
dopamine beta-hydroxylase locus. Neurogenetics 2009;
10: 199-208.

Corominas R, Sobrido MJ, Ribasés M, et al. Association
study of the serotoninergic system in migraine in the
Spanish population. A4m J Med Genet B Neuropsychiatr
Genet 2010; 153B: 177-184.

. Colson NJ, Lea RA, Quinlan S, et al. The estrogen recep-

tor 1 G594A4 polymorphism is associated with migraine
susceptibility in two independent case/control groups.
Neurogenetics 2004; 5: 129-133.

Kaunisto MA, Kallela M, Hamalainen E, et al. Testing of
variants of the MTHFR and ESRI genes in 1798 Finnish
individuals fails to confirm the association with migraine
with aura. Cephalalgia 2006; 26: 1462—-1472.

Oterino A, Pascual J, Ruiz de Alegria C, et al. Associa-
tion of migraine and ESRI G325C polymorphism.
Neuroreport 2006; 17: 61-64.

Corominas R, Ribasés M, Cuenca-Leon E, et al. Lack of
association of hormone receptor polymorphisms with
migraine. Eur J Neurol 2009; 16: 413-415.

Joshi G, Pradhan S and Mittal B. Role of the oestrogen
receptor (ESRI Pvull and ESRI 325 C->G) and proges-
terone receptor (PROGINS) polymorphisms in genetic
susceptibility to migraine in a North Indian population.
Cephalalgia 2010; 30: 311-320.

Schurks M. Genetics of migraine in the age of genome-
wide association studies. J Headache Pain 2012; 13: 1-9.
Rainero I, Grimaldi LM, Salani G, et al. Association
between the tumor necrosis factor-alpha —308 G/A gene
polymorphism and migraine. Neurology 2004; 62:
141-143.

Mazaheri S, Hajilooi M and Rafiei A. The G-308A pro-
moter variant of the tumor necrosis factor-alpha gene is
associated with migraine without aura. J Neurol 2006;
253: 1589-1593.

Oterino A, Ruiz-Alegria C, Castillo J, et al. GNASI
7393C polymorphism is associated with migraine.
Cephalalgia 2007; 27: 429-434.

234

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tobin MD, Tomaszewski M, Braund PS, et al. Common
variants in genes underlying monogenic hypertension and
hypotension and blood pressure in the general popula-
tion. Hypertension 2008; 51: 1658—1664.

Yoshida K, Higuchi H, Kamata M, et al. The
G1964 polymorphism of the brain-derived neuro-
trophic factor gene and the antidepressant effect of mil-
nacipran and fluvoxamine. J Psychopharmacol 2007; 21:
650-656.

Krugel LK, Biele G, Mohr PN, et al. Genetic variation in
dopaminergic neuromodulation influences the ability to
rapidly and flexibly adapt decisions. Proc Natl Acad Sci
U S A4 2009; 106: 17951-17956.

Soria V, Martinez-Amorés E, Escaramis G, et al.
Differential association of circadian genes with mood
disorders: CRY1 and NPAS?2 are associated with unipolar
major depression and CLOCK and VIP with bipolar dis-
order. Neuropsychopharmacology 2010; 35: 1279—-1289.
Smoller JW, Paulus MP, Fagerness JA, et al. Influence of
RGS2 on anxiety-related temperament, personality, and
brain function. Arch Gen Psychiatry 2008; 65: 298-308.
Di Lorenzo C, Sances G, Di Lorenzo G, et al. The wol-
framin His611Arg polymorphism influences medication
overuse headache. Neurosci Lett 2007; 424: 179-184.
Combadiere C, Godin O, Vidal C, et al. Common
CX3CRI alleles are associated with a reduced risk of
headaches. Headache 2008; 48: 1061-1066.

Nagata E, Hattori H, Kato M, et al. Identification of
biomarkers associated with migraine with aura.
Neurosci Res 2009; 64: 104-110.

Liverman CS, Brown JW, Sandhir R, et al. Role of the
oestrogen receptors GPR30 and ERalpha in peripheral
sensitization: Relevance to trigeminal pain disorders in
women. Cephalalgia 2009; 29: 729-741.

van Oosterhout WP, Weller CM, Stam AH, et al. Valida-
tion of the web-based LUMINA questionnaire for
recruiting large cohorts of migraineurs. Cephalalgia
2011; 31: 1359-1367.

Hofman A, van Duijn CM, Franco OH, et al. The Rot-
terdam Study: 2012 objectives and design update. Eur J
Epidemiol 2011; 26: 657-686.

Hagen K, Zwart JA, Aamodt AH, et al. The validity of
questionnaire-based diagnoses: The third Nord-Trende-
lag Health Study 2006-2008. J Headache Pain 2010; 11:
67-73.

Hagen K, Zwart JA, Vatten L, et al. Head-HUNT: Valid-
ity and reliability of a headache questionnaire in a large
population-based study in Norway. Cephalalgia 2000; 20:
244-251.

Miller SA, Dykes DD and Polesky HF. A simple salting
out procedure for extracting DNA from human nucleated
cells. Nucleic Acids Res 1988; 16: 1215.

Purcell S, Neale B, Todd-Brown K, et al. PLINK: A
tool set for whole-genome association and population-
based linkage analyses. Am J Hum Genet 2007; 81:
559-575.

Marchini J, Howie B, Myers S, et al. A new
multipoint  method for genome-wide association
studies by imputation of genotypes. Nat Genet 2007; 39:
906-913.



Journal of the Neurological Sciences 344 (2014) 37-42

Contents lists available at ScienceDirect

Journal of the Neurological Sciences

journal homepage: www.elsevier.com/locate/jns

Clinical and genetic analysis in alternating hemiplegia of childhood: Ten
new patients from Southern Europe

@ CrossMark

Marta Vila-Pueyo ?, Roser Pons °, Miquel Raspall-Chaure ¢, Anna Marcé-Grau ?, Oriel Carrefio %€,
Célia Sintas “%¢, Bru Cormand “%¢, Mercé Pineda-Marfa {, Alfons Macaya **

2 Grup de Recerca en Neurologia Pediatrica, Institut de Recerca Vall d'Hebron, Universitat Autonoma de Barcelona, Barcelona, Spain
b First Department of Pediatrics, Agia Sofia Hospital, University of Athens, Athens, Greece

© Departament de Genética, Facultat de Biologia, Universitat de Barcelona, Spain

4 Institut de Biomedicina de la Universitat de Barcelona (IBUB), Barcelona, Spain

€ Center for Biomedical Network Research on Rare Diseases (CIBERER), Barcelona, Spain

f Pediatric Neurology Department, Teknon Clinic, Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history: Alternating hemiplegia of childhood (AHC) is a rare neurodevelopmental disorder featuring attacks of hemiplegia
Received 26 March 2014 and other paroxysmal and non-paroxysmal manifestations leading to progressive neurological impairment. De
Received in revised form 4 June 2014 novo mutations in ATP1A3 have been identified in up to 80% of patients. AHC is also associated with rare muta-
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tions in other genes involved in episodic neurological disorders.
We sought to find mutations in ATP1A3, CACNA1A, ATP1A2, SCN1A and SLC2A1 in a cohort of ten unrelated patients
from Spain and Greece.

Available online 17 June 2014

ﬁﬁ)‘:ﬁig hemiplegia of childhood All patients fulfilled AHC diagnostic criteria. All five genes were amplified by PCR and Sanger sequenced. Copy
ATP1A3 number variation (CNV) analysis of SLC2A1 and CACNA1A was performed using two different approaches.

CACNAIA We identified three previously described heterozygous missense ATP1A3 mutations (p.Asp801Asn, p.Glu815Lys
Genetics and p.Gly947Arg) in five patients. No disease-causing mutations were found in the remaining genes. All muta-

Ketogenic diet

tions occurred de novo; carriers presented on average earlier than non-carriers. Intellectual disability was more
Neurodevelopmental syndrome

severe with the p.Glu815Lys variant. A p.Gly947Arg carrier harbored a maternally-inherited CACNA1A
p.Ala454Thr variant. Of note, three of our patients exhibited remarkable clinical responses to the ketogenic diet.
We confirmed ATP1A3 mutations in half of our patients. Further AHC genetic studies will need to investigate large

rearrangements in ATP1A3 or consider greater genetic heterogeneity than previously suspected.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Alternating hemiplegia of childhood (AHC) is a complex and rare
neurodevelopmental syndrome that was first described by Verret and
Steele in 1971 [1]. It is characterized by (i) onset of paroxysmal events
before 18 months of age, (ii) repeated periods of hemiplegia involving
either side of the body lasting from a few minutes to several days caused
by various factors including emotional triggers, head trauma and fa-
tigue, (iii) episodes of bilateral hemiplegia or quadriplegia of varying in-
tensity, (iv) other paroxysmal manifestations including tonic and
dystonic episodes, ocular abnormal movements (nystagmus, strabis-
mus) and/or autonomic disturbances occurring during hemiplegic

* Corresponding author at: Grup de Recerca en Neurologia Pediatrica, Edifici
Mediterrania, Institut de Recerca Vall d'Hebron Passeig Vall d'Hebron 119-129, 08035
Barcelona, Spain. Tel.: +34 934893890; fax: +34 934894102.

E-mail address: amacaya@vhebron.net (A. Macaya).

http://dx.doi.org/10.1016/j.jns.2014.06.014
0022-510X/© 2014 Elsevier B.V. All rights reserved.

bouts or in isolation, (v) disappearance of all abnormalities by sleep,
with probable recurrence of long-lasting bouts after waking, and (vi)
nonparoxysmal neurological abnormalities including developmental
delay, choreoathetosis, dystonia and/or ataxia [2,3].

Analysis of whole exome sequencing in 16 proband-parent trios and
whole genome sequencing in another two led to establish AHC as a ge-
netic disorder caused by mutations in ATP1A3, encoding the neuronal
as-subunit of the Na™/K*-ATPase pump [4-6]. Subsequent molecular
analysis in 143 additional AHC patients revealed the presence of muta-
tions in 112 of them [4-8]; the negative results in approximately 20% of
patients may indicate some degree of genetic heterogeneity in AHC. In
fact, some reports have linked AHC, or a very similar phenotype, to mu-
tations in three genes encoding ionic channels or solute carriers
expressed in the central nervous system: CACNA1A [9], ATP1A2 [10,11]
and SLC2A1 [12].

In the present study, we sought to determine whether mutations in
ATP1A3 or in any of the three genes involved in familial hemiplegic
migraine (FHM), CACNA1A, ATP1A2 and SCN1A or in glucose transporter
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type 1 deficiency syndrome (GLUT1DS), SLC2A1, were linked to AHC in a
cohort of 10 unrelated patients from Spain and Greece.

2. Subjects

Ten sporadic AHC patients who clinically fulfilled the previously de-
scribed criteria for the disorder [2,3] were recruited by neurologists at
four Spanish or Greek centers. After obtaining informed consent from
all patient parents or custodians, blood samples were collected and ge-
nomic DNA was extracted following standard procedures [13]. The
study was approved by the local Ethics Committee at Vall d'Hebron Uni-
versity Hospital, Barcelona.

3. Methods
3.1. Mutation screening

All promoters, exons and flanking intronic regions of ATP1A3,
CACNA1A, ATP1A2 and SLC2A1 genes and the five FHM-associated
SCN1A exons (number 6, 17, 23, 24 and 26) and flanking intronic
regions were amplified by PCR in all the patients (details available
upon request). Purified PCR products were sequenced using the BigDye
Terminator cycle sequencing kit v3.1 and the automated sequencer ABI
PRISM 3730 DNA Analyzer (Applied Biosystems, Foster City, CA, USA).
All mutations were assessed by bidirectional sequencing. Inheritance
of mutations was determined after sequencing the parents of all muta-
tion carriers.

Mutation nomenclature follows HGVS guidelines (www.hgvs.org/
mutnomen) and refers to the ATP1A3 cDNA sequence NM_152296.4
(protein sequence NP_689509.1) and to the CACNAIA cDNA sequence
NM_023035.2 (protein sequence NP_075461.2) with + 1 correspond-
ing to A of the ATG translation initiation codons.

3.2. Copy number variant analysis

Copy number variation (CNV) studies for SLC2A1 and CACNA1A were
performed. For SLC2A1 we analyzed all exons with the Multiplex
Ligation-Dependent Probe Amplification (MLPA) assay by using the
SALSA MLPA kit P138 for SLC2A1 (MRC-Holland, Amsterdam, the
Netherlands). For CACNA1A we used two complementary approaches
to maximize gene coverage: MLPA and Quantitative Multiplex PCR of
Short Fluorescent Fragments (QMPSF). For the MLPA assay we used
the SALSA MLPA kit P279-A2 for CACNATA (MRC-Holland, Amsterdam,
the Netherlands) and for QMPSF we used four sets of primer pairs that
covered 16 additional exons not included in the MLPA kit (experimental
details and primer sequences available upon request).

4. Results
4.1. Clinical data

The main clinical features of the ten patients (5 females) are summa-
rized in Table 1.

Briefly, all patients were from Southern Europe, seven from Spain
and three from Greece. The age of onset varied from 0 to 18 months;
present age is comprised between 6 and 36 years. Attacks lasted mi-
nutes to days with a daily to every two months frequency and featured
typical motor signs including unilateral or bilateral paresis, hypotonia,
dystonia, rigidity, ataxia, nystagmus or other abnormal eye movements,
dysphagia, hand posturing and postictal drowsiness. Other frequently
reported paroxysmal events included epileptic seizures, cyclic vomiting
and migraine with aura. Over a 6-16 year follow-up period, 9/10 pa-
tients have developed different degrees of intellectual deterioration,
mostly moderate to severe, and other signs of chronic, progressive neu-
rological dysfunction, such as ataxia, dysarthria, spasticity, hypotonia,
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hypertonia, dyskinesia, tremor and pyramidal signs. Microcephaly oc-
curred in only one patient.

All patients had MRI studies, which were all normal except for pa-
tient 6 who displayed subtle bihemispheric white matter lesions. All pa-
tients showed no abnormalities on serial EEGs.

None of the patients had familial history of AHC, however six had fa-
milial history of migraine, one of a non-classified neurodegenerative
disorder, one of vertigo and one of epilepsy.

Used treatments included prophylaxis with flunarizine, which often
provided some degree of improvement in severity and frequency of at-
tacks, or topiramate. Interestingly, in three patients the number and se-
verity of attacks were markedly reduced upon institution of the
ketogenic diet (KD). Patient 1 was treated for one year with KD, at age
11. She had been on flunarizine since age 3 with no clear benefit. The
frequency of her dystonic attacks while on KD decreased from one per
week to one every three weeks, approximately. A more dramatic im-
provement was recorded in her behavioral status. Both her psychologist
and caregivers described frank improvement in her school performance
and resolution of mood swings and sociability problems. Because of
cost-effectiveness issues the family decided to stop the treatment. Pa-
tients 4 and 5 were treated with flunarizine since the disease started
with poor response. Benzodiazepines were used to take them quickly
to sleep and shorten the attacks: in patient 5 rectal diazepam reduced
the duration of her attacks from 2 to 3 days to 4-5 h, but frequency
(1-2 a week) remained unchanged; in the case of patient 4 clonazepan
in his oral mucosa reduced the attacks to 3-4 h instead of 1-2 days, but
their number did also not decrease. In both of them KD brought about a
cessation of the hemiplegic attacks. In addition, and according to
teachers and caregivers, there were improvements in their motor clum-
siness, mood. attention and, though not quantified, global cognitive
functions. Of note, patient 5, a 6 year-old girl, has suffered no further at-
tacks since she was put on the diet at age 4.

4.2. Mutation screening

The extensive sequencing of the ATP1A3 gene in ten subjects with
AHC allowed the identification of three previously reported changes in
five unrelated patients. We identified a G-to-A transition at cDNA posi-
tion ¢.2401, resulting in the substitution of an aspartic acid for an aspar-
agine at residue 801 (p.Asp801Asn), in patient 1; a G-to-A transition at
cDNA position c.2443, resulting in the substitution of a glutamic acid for
a lysine at residue 815 (p.Glu815Lys), in patient 2; and a G-to-A transi-
tion at cDNA position ¢.2839, resulting in the substitution of a glycine for
an arginine at residue 947 (p.Gly947Arg), in patients 3,4 and 5 (Fig. 1).
All mutations were heterozygous and were confirmed to be de novo, ex-
cept in patient 1 whose parental DNA was not available. However, the
variant found in this patient has been previously associated with AHC
in the literature.

A distinctive clinical feature of ATP1A3-positive vs ATP1A3-negative
patients was an earlier onset of symptoms in the former group (average
age of onset: 4.8 vs 13.4 mo).

Moreover, direct sequencing of CACNA1A gene revealed a heterozy-
gous G-to-A transition at cDNA position 1360 (c.1360G>A) in patient
5, who also bore an ATP1A3 change, and in her asymptomatic mother.
This mutation results in the substitution of alanine for threonine at res-
idue 454 (p.Ala454Thr) and is assessed as probably damaging by the
prediction tool PolyPhen-2 v2.2.2 (score = 1). All mutations are listed
in Table 2.

No mutations in ATP1A2, SCN1A and SLC2A1 genes nor copy number
variants in SLC2A1 or CACNA1A were found in the ten patients screened.

5. Discussion
We have identified three mutations in the ATP1A3 gene in five out of

ten AHC patients from Spain and Greece. ATP1A3 encodes the alpha-3
catalytic subunit of te Na*/K* ATPase pump. Na™ /K™ ATPases maintain
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Fig. 1. Electropherograms of ATP1A3 changes found in AHC patients and diagram of the ATP1A3 protein indicating the positions of the mutations. Three ATP1A3 mutations were found in
five AHC patients. Mutations p.Asp801Asn and p.Gly947Arg are located within transmembrane domains M6 and M9, respectively, and p.Glu815Lys within cytoplasmic loop M6-7.

cationic gradients essential for a number of cell membrane functions, in-
cluding muscle and nerve electrical excitability [13]. The ATPase alpha-3
isoform, in turn, appears to play a critical role during high-frequency ac-
tivity, when intracellular Na* increases. Mutations in ATP1A3, have
been described to cause at least two phenotypes: AHC and rapid-onset
dystonia-parkinsonism (RODP) (DYT12), a movement disorder charac-
terized by abrupt onset of dystonia, usually accompanied by signs of
parkinsonism. A recent study proposes that the two disorders lie at
both ends of a continuous phenotypic spectrum of ATP1A3-related dis-
orders [15]. It was hypothesized that inability to maintain the high de-
mand for ion transport during and after stressful events may relate to
the development of abnormal movements in ROPD [14]. This might be
also the case in the more severe AHC phenotype, where even small
stressful events may bring about more frequent and severe episodes, in-
cluding status epilepticus [8]. In fact, presence of epilepsy may reflect a
more profound pump dysfunction and in our series it was associated
with worse global outcome.

There is evidence that the three identified amino acid substitutions
are disease-causing: all are missense, have been previously described
in several AHC patients and appeared de novo, as shown in all available
trios. The mutations identified in our cohort are also the most frequent
AHC-causing mutations in the five previous ATP1A3-screened case
series, where p.Asp801Asn was the most frequent, followed by
p.Glu815Lys and p.Gly947Arg [4-8]. In our series, p.Gly947Arg was
the most frequently encountered mutation. All of these changes are
G>A transitions located within hypermutable CpG dinucleotide se-
quences and have been only described as de novo mutations.

Table 2
Mutations found in five out of 10 patients with alternating hemiplegia of childhood.

Recently, a Japanese study on 33 AHC cases attempted to establish
genotype-phenotype correlations by grouping their case series accord-
ing to the following ATP1A3 mutation types: p.Asp801Asn, p.Glu815Lys
or other mutations [8]. It was suggested that the p.Glu815Lys group had
amore severe clinical course, while the p.Asp801Asn group resulted in a
moderate form of AHC. Our results, despite the smaller sample size, may
concur with these findings, since patients with the p.Gly947Arg or the
p.Asp801Asn variants all had mild to moderate intellectual disability
whereas the patient bearing the p.Glu815Lys variant had a severe and
global psychomotor involvement. Conversely, patients with no muta-
tion in ATP1A3 also displayed variable degrees of neurological impair-
ment, though they tended to present later in life.

Compared to ours, previous genetic studies in AHC showed a higher
incidence of ATP1A3 mutations. Although we have not ruled out the
presence of ATP1A3 CNVs in our patients, data derived from the func-
tional analyses of ATP1A3 mutations suggest that such CNVs would be
more apt to produce a DYT12 phenotype, since DYT12-causing muta-
tions reduce protein expression, whereas AHC-causing mutations
seem to modulate pump activity [5,14]. Also, the possibility of additional
AHC loci remains open, particularly considering the specific geographic
origin of the present cohort.

Prior to the description of ATP1A3 as the major genetic cause of AHC,
genetic screenings in smaller AHC cohorts, or single case reports, identi-
fied mutations in three genes encoding ion-channels, i.e. ATP1A2 [10,
11], CACNA1A [9] or the solute carriers SLC2A1 [12] and SLC1A3 [16].
The proteins encoded by three of these genes play important roles at
glutamatergic synapses: CACNAIA encodes a presynaptic neuron

Patient Gene Mutation

Exon cDNA level Protein level Inheritance Frequency in AHC patients screened for this gene (see refs. [4-8])
1 ATP1A3 17 c2401G>A p.Asp801Asn Parental DNA unavailable 48%
2 ATP1A3 18 c.2443G>A p.Glu815Lys De novo 33%
3 ATP1A3 21 c2839G>A p.Gly947Arg De novo 8%
4 ATP1A3 21 c.2839G>A p.Gly947Arg De novo 8%
5 ATP1A3 21 c.2839G>A p.Gly947Arg De novo 8%
CACNAIA 11 c.1360G>A p.Ala454Thr Inherited from asymptomatic mother 17%
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calcium channel involved in glutamate neurosecretion, while ATP1A2
encodes the astrocytic ATPase isoform o, involved in glutamate reup-
take; SLC1A3, in turn, encodes the glial glutamate and aspartate trans-
porter EAAT1. Because of these previous findings and the existing
clinical overlap between severe forms of FHM [17] and atypical AHC,
we performed sequence analysis of the three known FHM genes and
of SLC2A1, which encodes the glucose transporter at the blood-brain
barrier. Mutations in SLC2A1 are the cause of GLUT1DS, a syndrome
that shows wide phenotypic variability and shares many clinical signs
with AHC, such as delayed development, episodic eye movements, tran-
sient abnormal involuntary movements - including hemiparesis - and
epilepsy. Mutational analysis of these four genes did not reveal the ge-
netic cause of the disease in any of the patients that were negative in
the ATP1A3 screen. This agrees with a recent Italian study investigating
SLC2A1 mutations in AHC [18]. However, we identified the p.Ala454Thr
variant in CACNA1A in patient 5 and her asymptomatic mother. This mu-
tation was first considered a polymorphic variant with a frequency of
0.02 in the control population of a genetic screen performed in FHM
and episodic ataxia patients [19]. It was later associated with early-
onset progressive ataxia [20]. More recently, we found this mutation
in two subjects displaying the milder phenotype in a family segregating
both FHM and migraine with aura [21]. The functional in vitro analysis
concluded that this mutation reduced the secretion efficiency of the
channel, which prompted us to consider the p.Ala454Thr mutation as
a negative modulator of the aura severity. Our patient 5 is also carrying
an ATP1A3 mutation. A possible relationship between CACNA1A and
ATP1A3 proteins has only been considered in a study where presynaptic
Ca?* buffers were shown to control the strength of a fast post-tetanic
hyperpolarization mediated by the ATP1A3 pump [22]. This led us to
speculate that the consequences of the ATP1A3 mutation in patient 5
could be modulated by the found CACNA1A variant and result in a milder
AHC phenotype. It is conceivable that the many genes regulating mem-
brane excitability are liable to act as each other's modifiers in paroxys-
mal neurological phenotypes and that variable expression in these
dominantly inherited disorders may relate to epistatic or other types
of gene-gene interaction.

A unique feature of three of our patients was the clinical response to
KD institution, particularly concerning the paroxysmal symptoms. This
concurs with two recent observations of KD-induced amelioration of
paroxysmal signs in two AHC patients carrying mutations in ATP1A3,
both initially diagnosed with GLUT1DS and one of them effectively har-
boring a SLC2A1 rare variant [23,24]. At present there is no clear ratio-
nale for the use of KD therapy in AHC. Use in our patients was
empirical and occurred before molecular diagnosis was known. Institu-
tion of the diet was decided in patients with very frequent attacks and
lack of response to other treatments, and was based on previous obser-
vations of an AHC-like phenotype in GLUT1DS [12] and the finding of
interictal abnormal cerebral glucose metabolism in the frontal lobes, ip-
silateral putamina and cerebellum in AHC Japanese patients, as detected
by means of FDG-PET studies [25]. Whatever the mechanism, all three
patients where KD was tried underwent a substantial reduction of at-
tacks and a long-lasting resolution in one (patient 5), only to recur
very recently in association with intense emotional stress.

Our results confirm ATP1A3 mutations as a common cause of AHC at
both ends of the Mediterranean area, but also raise the issue of the exis-
tence of genetic heterogeneity. Studies focused on AHC patients who are
negative for mutations in ATP1A3, including data mining of their
existing massive sequencing results will hopefully identify novel
genes or deep-intronic sequence variants associated with this devastat-
ing disorder.

Note added in proof

During the processing of this article, we performed a MLPA analysis,
using the SALSA MLPA P059 Dystonia probemix (MRC Holland,

Amsterdam, The Netherlands), of samples from patients 6-10. No
ATP1A3 CNVs were detected.
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Article history: Benign paroxysmal torticollis of infancy (BPTI) is a rare paroxysmal disorder characterized
Received 19 April 2013 by recurrent episodes of head tilt and accompanying general symptoms which remit
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p.Glu533Lys. Functional analysis revealed that this mutation induces a loss of channel
Keywords: function due to impaired gating by voltage and much lower current density. Our data
Benign paroxysmal torticollis of in- suggest that BPTI, a periodic syndrome commonly considered a migraine precursor, con-
fancy stitutes an age-specific manifestation of defective neuronal calcium channel activity.
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Patch clamp
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1. Introduction

head tilt to one side and variable behavioral and autonomic
changes. Attacks start during infancy, last minutes to days

and usually recur monthly. They are accompanied by one or

Benign paroxysmal torticollis of infancy (BPTI) is a rare
paroxysmal disorder characterized by recurrent episodes of

more of the following signs: pallor, irritability, malaise,
vomiting and ataxia. Neurological examination between
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Fig. 1 — A) Pedigree of the family with the electropherograms showing the mutated or the wild-type residue in CACNA1A.
White symbols indicate healthy individuals, black BPTI and grey epilepsy. B-C) Current traces illustrating voltage-dependence
and activation kinetics (tact) of WT (left) and p.Glu533Lys (center) Cay2.1 channels, in response to 20 ms voltage pulses. Dotted
lines in the current traces indicate the zero currentlevel. Current density—voltage relationships are shown in the right panels
(B: for channels containing the B, subunit; C: for channels containing the 3 subunit). D) Normalized I-V curves for WT (open
symbols) and p.Glu533Lys (closed symbols) Cay2.1 channels expressed in HEK293 cells. A modified Boltzmann equation was
fitted to normalized current—voltage (I-V) to obtain the voltage dependence of activation for each Cay2.1 channel (indicated by
Vi/2, act Values): I = Gmax(V — Vre)/(1 + exp(—(V — V2, act)/Ract))- Vi/2, ace Values were (in mV): WT2, (0, n = 10) 8.8 + 1.1;
p-Glu533LysB,, (®,n = 11)14.5+0.7; WTB3, (A, n = 9) 7.1+ 0.8; p.Glu533Lysp3 (A, n = 8) 17.3 + 0.9. E) Average t, of WT (open
symbols) and p.Glu533Lys channels (closed symbols) at the indicated voltages. The presence of either the regulatory B,,
subunit or the B; subunit is indicated at each panel. Data are presented as the means + S.E.M. Statistical tests included
Student’s t test or Mann—Whitney test, as appropriate. Differences were considered significant if P < 0.05.
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episodes is normal. It usually improves by age 2 years and
tends to resolve by age 3-5, often evolving into benign
paroxysmal vertigo (BPV)' or migraine with aura (MA).

There is some clinical and genetic evidence pointing to this
childhood periodic syndrome as one of the infantile migraine
precursors. Clinically, it is a paroxysmal disorder with
accompanying signs similar to some of the non-headache
features of migraine. Genetically, it has been occasionally
associated with mutations in CACNA1A, a gene that encodes
the ion-conducting pore and voltage-sensing a subunit of the
neuronal Cay2.1 (P/Q-type) calcium channel and that has been
linked to familial hemiplegic migraine (FHM).

We report a new case of this clinical-genetic association
and provide functional evidence that the mutation is indeed
disease-causing.

2. Case study

A 3year-old boy was referred with a history of recurrent epi-
sodes of torticollis starting at the age of 9 months and occur-
ring twice per month ever since. He experienced acute
episodes of lateral flexion of neck, with ipsilateral flexion of
the trunk and ataxia, and no useful ipsilateral hand move-
ment. During the episodes, which lasted no longer than
5 min and were relieved by sleep, the patient became irritable,
unsteady, aphasic and held onto his mother. No nystagmus or
loss of consciousness were recorded. After age 2 years the
patient appeared drowsy and apathetic during the episodes.
His psychomotor development and interictal examination are
normal. No pharmacological treatment was attempted due to
the low frequency of the attacks at the age of referral. Her 10-
year-old sister had experienced similar attacks between ages
13 months and 3 years. They occurred monthly and lasted
from 30 min to 24 h and some reportedly associated upgaze
deviation and severe global hypotonia. Treatment with car-
bamazepine worsened them. Her EEG and RM were normal.
No overt migraine attacks have developed.

Peripheral blood samples were collected from both pa-
tients, parents and an epileptic aunt. Genomic DNA was iso-
lated using a standard salting-out method. Promoter, all exons
and flanking intronic regions of CACNA1A were amplified by
PCR, purified and sequenced using BigDye Terminator cycle
sequencing kit v3.1 and the automated sequencer ABI PRISM
3730 DNA Analyzer (Applied Biosystems, Foster City, CA, USA).
Copy Number Variant (CNV) studies for CACNA1A were per-
formed by Multiplex Ligation-Dependent Probe Amplification
(MLPA) using the SALSA MLPA kit P279-A2 (MRC-Holland,
Amsterdam, the Netherlands) and Quantitative Multiplex PCR
of Short Fluorescent Fragments (QMPSF) using four sets of
primer pairs that covered 16 additional exons (details avail-
able upon request).

A heterozygous G to A transition at cDNA position 1597
(c.1597G > A, reference sequence GeneBank NM_023035) was
found in both patients and their asymptomatic mother, but
not in their father nor their aunt (Fig. 1A). This mutation re-
sults in a substitution of glutamate for lysine at residue 533
(p-Glu533Lys). Such residue is located at the second voltage
sensor domain (VSD) of the Cay2.1 channel and it has been
suggested to necessarily contribute to the energy pathway

required for the movement of the voltage sensor to gate the
channel. No CNV was found.

Cay2.1 wild-type (WT) and p.Glu533Lys (E533K) mutant
human channels were heterologously expressed in HEK293
cells and analyzed using the whole-cell patch clamp tech-
nique as previously described.” We observed a significant
decrease in maximum current density in the mutant
p.Glu533Lys compared to WT P/Q channels containing func-
tionally different regulatory p subunits (in channels contain-
ing the B,, subunit: from -54.9 + 14.6 pA/pF (n = 10) to
—9.2 + 1.6 pA/pF (n = 11), P < 0.01 (Fig. 1B); in channels con-
taining the Bs; subunit: from —87.6 + 24.5 pA/pF (n = 9) to
—8.3 + 1.9 pA/pF (n = 8), P < 0.001 (Fig. 1C)). The potential for
half-maximal activation (Vy/5, act) Was also significantly shif-
ted to depolarized potentials for p.Glu533Lys channels
(by ~ 6 mV for channels containing the B, subunit (P < 0.001)
and by ~10 mV for channels containing the B3 subunit
(P < 0.0001)). Consistently, the maximum current amplitude
was elicited by depolarizing pulses to +20/+15 mV or +25 mV
for WT or p.Glu533Lys channels, respectively (Fig. 1D).
Furthermore, activation kinetics of p.Glu533Lys mutant
channels were also right shifted (by ~5 mV for channels
containing the By, subunit and by ~10 mV for channels con-
taining the B; subunit when compared to WT channels)
(Fig. 1E).

3. Discussion

We have described the unusual instance of two sibs with BPTI
carrying a loss-of-function mutation in CACNA1A. This
observation adds to previous evidence suggesting that BPTI
can be an early manifestation of a calcium neuronal
channelopathy.

Because of the accompanying general symptoms, complete
recovery between attacks, development of migraine or other
related syndromes at follow-up, and the presence of family
history of migraine, BPTI is often considered a childhood
migraine precursor or equivalent. In fact, three previous re-
ports have identified mutations in CACNA1A in patients”* or
in relatives of patients® with BPTI. Here we report the CAC-
NA1A p.Glu533Lys mutation in two siblings affected with BPTI
and their presumably asymptomatic mother. The latter might
have displayed reduced penetrance or have suffered the same
symptoms in infancy, but without being cause of concern.

This is the fourth mutation that links this syndrome to the
o subunit of the neuronal Cay2.1 channel, encoded by the
CACNA1A gene. The first mutation (p.Tyr1854*) was found in a
BPTI patient from a kindred with FHM and episodic ataxia
type-2 (EA-2).* The patient was described as having attacks
from six weeks of age, starting with tilting of the head, head
turning to the left for 15—30 min, followed by vomiting and
unsteadiness of gait, and lasting 1-3 days. The second mu-
tation (p.Tyr1245Cys) was found and functionally character-
ized by our group in the clinical context of neonatal BPTI that
evolved with aging, first into BPV and then into HM.” The third
one (p.GIn736%) was found in a BPTI patient from a kindred
with paroxysmal tonic upgaze and EA.? The patient was
described as having attacks from 16 months of age, starting
with head tilting, accompanied by unsteadiness, moaning,
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sweating and sometimes vomiting, and lasting for one to
several hours.

The results of our functional studies of the p.Glu533Lys
mutation on Cay2.1 channels expressed in HEK293 cells show
that this mutation induces a loss of channel function due to
an impaired gating by voltage and much lower current den-
sity. The later effect might be due to a reduction in the traffic
of P/Q channels to the plasma membrane, as suggested for
other EA-2 mutation (p.Glul47Lys) affecting a glutamate
residue placed at a similar position but on the first VSD of the
Cay2.1 channel. The p.Tyr1854* was analyzed in vitro else-
where showing also a loss-of-function of the mutant chan-
nel. Moreover, the premature stop codon can lead to
nonsense-mediated RNA decay (NMD) of the resulting tran-
scripts, a process that, if triggered, would induce a loss-of-
function due to haploinsufficiency. The p.GIn736* mutation
has not been functionally studied, but the early position of
the resulting premature stop codon made the authors sup-
pose it would lead to NMD of the mutated transcripts and
therefore to haploinsufficiency of the CACNAIA protein.
These mutations all lead to a loss-of-function of the channel.
However, our functional analysis of the p.Tyr1245Cys muta-
tion showed a clear gain of function due to improved channel
activation by voltage and decreased direct channel inhibition
by G-proteins.”

Thus, the p.Glu533Lys mutation identified in our family
and the two previously described mutations with premature
stop codon (p.Tyrl854* and p.Gln736%), all induce a loss-of-
function of the calcium channel, the most common func-
tional correlate of mutations causing EA-2. Indeed, the
p.Glu533Lys mutation has been previously found in a EA-2
patient and her affected relatives.” Her spells started at age
12, lasted about 20 min and were sometimes precipitated by
stress and preceded by headache.

Mutations in the CACNA1A gene have been now asso-
ciated with a wide variety of paroxystic syndromes,
including EA-2, FHM, BPTI, other childhood periodic syn-
dromes and a variant of alternating hemiplegia of child-
hood (AHC).
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On the basis of its association with loss-of-function CAC-
NA1A mutations, as in the cases reported here, or with CAC-
NAIA haploinsufficiency, we hypothesize that BPTI may
represent an age-specific, early manifestation of defective
neuronal calcium channel activity.
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