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JUSTIFICACIO

El 2010, com a MIR de Psiquiatria, vaig tenir I'oportunitat d’iniciar-me en la recerca quan
vaig entrar a formar part del grup Genética i Ambient en Psiquiatria (GAP) a |’'Hospital
Universitari Institut Pere Mata, concretament en la linia de recerca del receptor domini de

la discoidina 1 (DDR1) i I'esquizofrénia.

Fa més d'una década que el grup va proposar el DDR1I com a nou gen amb relacid a
I'esquizofrénia. El grup, préviament, havia publicat un treball en qué es demostrava la
preséncia de Ddrl durant el neurodesenvolupament de ratolins. Posteriorment es va
demostrar que Ddrl també estava implicat en la remielinitzacié en un model muri de
desmielinitzacid-remielinitzacié. Pel que fa als humans, el grup va publicar un treball que
demostrava que en un cervell huma el DDR1 s’expressa majoritariament en
oligodendrocits i també que l'expressié de la isoforma c és la que significativament
correlaciona amb I’'expressié de gens classics de mielina, i que aquesta isoforma es troba

augmentada en cervells de pacients amb esquizofrénia.

Les alteracions en el neurodesenvolupament, fonamentades en estudis genetics, d'imatge
i moleculars, sembla que sén les responsables de la susceptibilitat pels trastorns de
I'espectre de I'esquizofrénia i altres psicosis (TEEAP). Estudis en pacients amb
esquizofrénia han evidenciat alteracions de la mielina i han identificat gens relacionats

amb la mielina i els oligodendrocits com a gens susceptibles per a I'esquizofrenia.

Amb aquests antecedents ens varem plantejar la hipotesi que les variants del DDR1
podien associar-se a una alteracio de la mielina que podia portar a un rendiment cognitiu
pitjor, avaluable a través de la velocitat de processament (VP) com a funcié directament

associada a la integritat de la mielina en pacients amb TEEAP.

Donada la part eminentment clinica de la meva formacié, el Master en Investigacié en
Psiquiatria, Neurotoxicologia i Psicofarmacologia per la URV (2010-2012) em va permetre

adquirir coneixements i aptituds en I'area de la recerca.

La rotacié externa durant el MIR en el grup de recerca de la FIDMAG Germanes
Hospitalaries (del gener al marc de 2014) especialitzat en neuroimatge dels trastorns
psiquiatrics, aixi com la formacié rebuda en el Diploma d’Especialitzacié en Genética i
Imatge del Cervell Huma (Fundacié Universitat Rovira i Virgili, 2015), em van ajudar a

poder analitzar la relacié entre el gen DDR1 i la matéria blanca cerebral.

L'afirmacio teorica que l'afectacié cognitiva és un dels aspectes clau de I'esquizofrénia

que contribueix a conferir un pronostic pitjor respecte a altres trastorns, afegida a
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I'experiencia clinica com a psiquiatra adjunta, i, més concretament, formar part d'un
equip multidisciplinari d’atenci6 a la psicosi incipient, van aportar més interés a
aprofundir en la relacié de les variants del gen DDR1 amb la cognicié, concretament amb
la VP.

La present tesi continua la linia d'investigaci6 de DDR1 amb els TEEAP, per estudiar la
relacid entre les variants del gen DDR1 i els TEEAP en associacid amb alteracions en la
matéria blanca cerebral i la VP.
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ABREVIATURES

A2RE: A2 response element

ADN: acid desoxiribonucleic

ARN: acid ribonucleic

ARNmM: ARN missatger

CIM: Classificacio Internacional de Malalties

CNP: 2’,3’-cyclic nucleotide 3'phosphodiesterase”

CNV: copy-number variation

COMT: catechol-o-methyltransferase”

CSMDI: CUB and sushi multiple domains 1"

DDR1: discoidin domain receptor 1~

DISC-1: disrupted-in-schizophrenia 1"

DNMT: ADN metiltransferasa

DSM: Diagnostic and statistical manual of mental disorders
DTI: diffusion tensor imaging

DUP: duration of untreated psychosis

EM: esclerosi multiple

FA: fractional anisotropy (anisotropia fraccional)

GWAS: (de I'anglés) estudi d’associacié de genoma complet
HDAC: histone deacetylase (histona desacetilasa)

HMT: histone methyltransferase (histona metiltransferasa)
LD: (de l'anglés) desequilibri de lligament

MAG: myelin-associated glycoprotein™

MATRICS: Measurement and Treatment Research to Improve Cognition in Schizophrenia
MCCB: MATRICS Consensus Cognitive Battery

MHC: (de I'anglés) complex d’histocompatibilitat principal
NIMH: National Institute of Mental Health

NRG1: neuroregulin 1°
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NRXN1: neurexin 1"

OLIG2: oligodendrocyte lineage transcription factor 2*

OPC: oligodendrocyte progenitor cell (cél-lules progenitores d’oligodendrocits)
OR: odds ratio

PRS: polygenic risk score

RM: ressonancia magnética

RTNA4R: reticulon 4 receptor”

SNC: sistema nervios central

SNP: single nucleotide polymorphism

TEEAP: trastorns de I'espectre de |'esquizofrenia i altres psicosis
TMT: Trail Making Test

TMT-A: Part A del TMT

VBM: voxel-based-morphometry

VP: velocitat de processament

ZFPM2: zinc finger protein, FOG family member 2"

*Nom oficial del gen
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RESUM DE LA TESI DOCTORAL

El gen del receptor domini de la discoidina 1 (DDR1) esta situat a la regié 6p24.21, que
conté el complex d’histocompatibilitat principal que ha estat relacionat amb
I'esquizofrénia. El DDR1 és un receptor tirosina-cinasa que és activat per col-lagen i al
cervell és predominantment expressat per oligodendrocits. Els oligodendrocits formen la
beina de mielina al sistema nervids central (SNC), i la hipotesi que estan involucrats en el
desenvolupament dels trastorns de |'espectre de |'esquizofrenia i altres psicosis (TEEAP)
pren forca. S’ha observat una associacié entre |'esquizofrénia i els single nucleotide
polymorphisms (SNPs) del DDR1 rs1049623, rs2267641 i rs2239518. L'SNP rs1049623
esta en alt desequilibri de lligament amb el rs1264323, que esta localitzat a la regid
reguladora. D’altra banda, I'SNP rs2267641 esta localitzat en una seqliéncia A2RE del
gen DDR1 que esta involucrada en I'empalmament alternatiu de les isoformes DDR1b i
DDRI1ic i el transport dels ARNm abans de ser traduit a proteina. S’ha evidenciat que
I'expressid de I'ARNm DDRIc es troba incrementada en cervells de pacients amb

esquizofrénia.

Els TEEAP son trastorns altament heretables que es caracteritzen per simptomes positius
i negatius aixi com per déficits cognitius. Multiples estudis mitjancant neuroimatge han
evidenciat alteracions en la microestructura de la matéria blanca in vivo en aquests

pacients.
Hipotesi:

Amb els antecedents de que disposavem ens vam proposar replicar I'associacié de DDR1
amb TEEAP en una altra mostra i estudiar si les variants del gen DDR1 conferien
susceptibilitat per presentar un TEEAP en associacié amb variacions de la microestructura

blanca cerebral i els déficits neurocognitius com la velocitat de processament (VP).

Objectius:

1) Fer una recopilacio sistematica de la informacié disponible sobre I’'expressio génica
i proteica de DDR1 en SNC, tant en humans com en models animals i en els
diversos tipus de cél-lules, i descriure la relacio de DDR1 amb malalties del SNC.

2) Replicar l'associaci6 de DDR1 amb TEEAP en una mostra gran de pacients i
controls procedents de tot I'Estat espanyol.

3) Determinar la influéncia dels SNPs de DDR1 (rs1264323 i rs2267641) en la VP en

una mostra de pacients amb diagnostic de TEEAP establert.
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4) Determinar la influéncia dels SNPs de DDR1 (rs1264323 i rs2267641) en la VP en
dues mostres independents de pacients en primeres fases de la psicosi i en
controls sans.

5) Explorar mitjancant l'anisotropia fraccional (FA, en anglés) la relacié entre la
microestructura de la materia blanca cerebral, la VP i el genotip DDR1 en una

mostra de pacients amb diagnostic de TEEAP establert.

Metodes:

En primer lloc vam fer una revisid bibliografica sistematica sobre el paper de DDR1 en el
SNC.

En segon lloc, per replicar la relacié entre els TEEAP i les variants del gen DDR1 es va
realitzar un estudi amb un disseny cas-control en qué pacients i controls (n=1193 i
n=1839, respectivament) van ser genotipats pels SNPs rs1264323 i rs2267641 de DDR1

i es van comparar les freqliéncies.

Per explorar la relacié entre els SNPs (rs1264323 i rs2267641) de DDR1 i la VP en els
TEEAP establerts, es va avaluar la VP en 194 pacients per mitja de la part A del Trail
Making Test (TMT-A) i es van obtenir els genotips per DDR1. Per comparar la VP i els
grups genotipics de DDR1, vam fer una analisi de covariancia. D'altra banda, es va
estudiar també aquesta relacio en dues mostres independents de pacients en primeres
fases de la psicosi (n=75 i n=312, respectivament) comparant-los als respectius controls

sans (n=57 i n=160, respectivament).

En darrer lloc, es va seleccionar un grup de pacients (n=54) segons el genotip rs1264323
i van ser reavaluats, incloent una prova de diffusion tensor imaging (DTI) per
ressonancia magneética cerebral. Per testar les associacions entre VP, la microestructura
de la matéria blanca i el genotip DDR1, primer es van localitzar les regions de matéria
blanca on la FA va correlacionar amb la VP, i després es va testar si la FA mostrava

diferéncies entre els genotips de rs1264323.
Resultats:

Es van aportar dades ordenades i exhaustives sobre I'expressié de DDR1 en els diversos
tipus cel-lulars de SNC tant en rosegadors com en humans, informacié sobre la
variabilitat genética de DDR1 i patologies del SNC i periféeric, i I’evidéncia respecte el rol
rellevant de DDR1 en el procés de mielinitzacié. També es va apuntar el seu paper

important en la fisiopatologia d’algunes malalties neuropsiquiatriques.

Es va replicar I'associaci6 de DDR1 amb TEEAP (rs1264323, p=0.015) i es va observar
que els portadors del genotip rs1264323AA combinats amb el rs2267641AC/CC
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presentaven risc per TEEAP comparats amb les altres combinacions genotipiques. Pel que
fa a la relacié de les variants de DDR1 amb els pacients amb els TEEAP establerts, vam
observar que els pacients amb el genotip rs2267641CC presentaven una disminuci6 de la
VP en comparacié amb els pacients amb el genotips AA i AC (p=0.009). En canvi, vam
trobar que la combinacié genotipica de risc (rs1264323AA-rs2267641AC/CC) estava
associada a un increment de la VP en els pacients en primeres fases de la psicosi pero no

en els controls sans.

Finalment vam observar que els pacients amb TEEAP establert amb el genotip
rs1264323AA van mostrar una disminucié de la FA en regions de la matéria blanca

associades a una disminuci6 de la VP.
Conclusions:

Les variants de DDR1 sembla que poden conferir un risc per als TEEAP mitjancant
alteracions en la microestructura de la matéria blanca, que poden conduir a una disfuncio
cognitiva. Els resultats suggereixen que les variants de DDR1 tenen una associacio
directa amb la VP en les primeres fases del trastorn perd una associacié indirecta a

mesura que el trastorn progressa.
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1. Generalitats dels trastorns psicotics

Entre els trastorns de l'espectre de |'esquizofrénia i altres trastorns psicotics (American
Psychiatric Association, 2013), |I'esquizofrénia és una de les patologies més greus i la més
comuna de l'espectre (Kahn et al., 2015). Definida classicament per la presencia de
simptomes positius (com sén al-lucinacions, deliris o comportament desorganitzat) i
negatius (com l'abulia, I'aplanament afectiu o la retraccié social), en les darreres décades
s’ha anat consolidant I’'evidencia que |'afectacié cognitiva és també una alteracié nuclear
d’aquests trastorns i que contribueix que sigui una de les principals causes de

discapacitat al mén (Vos et al., 2015).

Tot i la gran variacio en els components metodologics dels estudis, en la revisio del 2018
de Moreno-Kustner i altres col-laboradors (Moreno-Kistner et al., 2018), s’apunta una

prevalenca global dels trastorns psicotics al llarg de la vida d’un 0,75%.

Una altra caracteristica d'aquests trastorns és que generalment apareixen per primer cop
al final de I’'adolescéncia o a l'inici de I’'edat adulta (Owen et al., 2016), amb un pic entre
els 18 i els 25 anys (Insel, 2010). Si es presenta després dels 40 anys d’edat, el trastorn
es considera d’aparicié tardana (Suen et al., 2019; Van Assche et al., 2017). Sovint
I'amplia variabilitat de les primeres fases del trastorn en fa dificil el diagnostic, i per aixo
s’ha arribat al consens d’anomenar-los de forma general trastorns psicotics incipients
(inclouen des de simptomes psicotics aillats, formes subsindromiques i incompletes del
trastorn, trets o estructures de personalitat amb risc, fins a diagnostics de trastorns
psiquiatrics especifics), tot esperant, amb I’evolucié de la malaltia, com s’acaba definint.

La psicosi incipient s’entén aixi com un fenomen dimensional (McGorry & Nelson, 2016).

L'etiologia d’aquests trastorns continua sent poc definida tot i la inversié de moltes
decades d’investigacié en aquest camp. A la segona meitat del segle xx, quan van
emergir els farmacs neuroléptics, una de les hipotesis que va agafar més forca va ser la
dels neurotransmissors, concretament la de la dopamina (Carlsson, 1988), perd també
s’han postulat altres sistemes de neurotransmissors com el glutamat (Coyle, 2006), en
focalitzar-se en els simptomes cognitius. Tanmateix, la investigacié centrada en els
farmacs (Yang & Tsai, 2017) en lloc del trastorn, fins ara ha proporcionat pocs avangos
en la fisiopatologia dels TEEAP. Un dels models més acceptats és el del
neurodesenvolupament, proposat fa més de dues décades (Feinberg, 1982; Weinberger,
1987), que defineix la malaltia com una progressi6 que s’inicia durant el
neurodesenvolupament, en qué amb l'impacte de certs factors ambientals s’acaben
manifestant els simptomes propis del trastorn psicotic. Aquest model encaixa bé amb
I’evidéncia cientifica de la intervencid tant de factors genétics com de factors ambientals

(Van Os et al., 2008; Zwicker et al., 2018). Entre els factors ambientals relacionats amb
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la psicosi s’han descrit |'exposici6 prenatal a infeccions virals, la historia de
maltractament durant la infancia, la residencia al medi urba, la migracio, el baix estatus
socioeconomic dels pares o el consum de cannabis (Zwicker et al., 2018). D’altra banda,
la contribucié dels factors genetics a la psicosi és significativa i la descriurem més

detalladament a la seccidé 2 d’aquesta introduccio.

En la revisié feta per Radua i altres (Radua et al., 2018) es va observar que un dels
factors personals que estava més fortament lligat a la psicosi era el fet de tenir
antecedents d’estat mental d‘alt risc. A més a més, és crucial la identificacié dels
individus amb risc per I’'esquizofrénia en les fases inicials del trastorn, ja que hi ha una
associacié clara entre una evolucidé pitjor de la malaltia i el temps de la psicosi sense
tractar (DUP, de l'anglés duration of untreated psychosis). Si es reduis la DUP, es podria
reduir la prevalenca de simptomes negatius i millorar el pronostic dels primers episodis
psicotics (Fusar-Poli et al., 2017). Els estudis en primers episodis son particularment
importants, ja que tenen menys factors de confusié, com els efectes del tractament
psicofarmacologic, de I'edat, els efectes a llarg termini de I'abls de substancies o de patir

un trastorn cronic.

Per dur a terme un diagnostic psiquiatric es fa una avaluacid clinica mitjancant
I’entrevista psiquiatrica i I'exploracié psicopatologica. S’utilitzen proves complementaries
per al diagnostic diferencial, per exemple amb quadres organics o toxics, pero
actualment no es disposa de proves especifiques per al diagnostic. Per al diagnostic clinic
s’utilitzen uns criteris operatius que recull el Manual de diagnostic o estadistica (DSM, en
anglés) de I’American Psychiatric Association (American Psychiatric Association, 2013) o
la Classificacié Internacional de Malalties (CIM) de I'Organitzaci6 Mundial de la Salut.
L'esquizofrénia, com la majoria de diagnostics psiquiatrics, continua sent un concepte

sindromic (Owen et al., 2016).

Al llarg de la tesi em referiré en general als trastorns de I'espectre de |'esquizofrenia i
altres psicosis (TEEAP) seguint el sistema més actual, del DSM-5 (American Psychiatric
Association, 2013), que introdueix el concepte del continuum en la psicosi i que utilitza el
grau, el nombre i la durada dels signes i simptomes psicotics per diferenciar diverses
formes de simptomes psicotics (Guloksuz & Van Os, 2018) (taula 1). En alguns moments
em referiré més concretament als trastorns psicotics incipients com a fase inicial dels
trastorns psicotics o a I’'esquizofrénia, ja que és un dels trastorns psicotics més freqients

i més estudiats.
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Caracteristiques clau:
deliris, al-lucinacions, pensament (discurs) desorganitzat, comportament motor molt desorganitzat o
anomal (inclosa la catatonia) i simptomes negatius

Trastorn esquizotipic (de la personalitat)

Trastorn delirant

Trastorn psicotic breu

Trastorn esquizofreniforme

Esquizofrénia

Trastorn esquizoafectiu

Trastorn psicotic induit per substancies/medicaments
Trastorn psicotic degut a una altra afeccié médica
Catatonia relacionada amb un altre trastorn mental
Trastorn catatonic degut a una altra afeccié medica

Altre trastorn de lI'espectre de I'esquizofrénia especificat i altre trastorn psicotic (inclou
sindrome de psicosi atenuada)

Trastorn de I'espectre de I'esquizofrénia no especificat i altre trastorn psicotic

Taula 1. Trastorns de I'espectre de I'esquizofrénia i altres psicosis (TEEAP) segons el DSM-5
(American Psychiatric Association, 2013).

La recerca pot aportar informacié rellevant per avancgar en la identificaci6 de marcadors
per millorar el diagnostic, el tractament i la qualitat de vida de les persones que pateixen

un trastorn psiquiatric.

2. La genética dels TEEAP

Els TEEAP formen part de les malalties complexes, ja que no s’expliquen amb la genética
mendeliana, i, com hem comentat, en I'etiologia s’hi veuen implicats factors tant genétics

com ambientals i la seva interaccid.

Els estudis fets a la segona meitat del segle xx amb diversos dissenys que comprenien
estudis d’agregacié familiar, estudis amb bessons i estudis d’adopcié, van aportar
evidéncia per suficient confirmar que els TEEAP tenen un fort component genétic (Kety,
1987; McGuffin, P. & Gottesman, 1999). Amb les dades d'aquests estudis, es calcula que
I'heretabilitat dels TEEAP se situa al voltant del 80% (Hilker et al., 2018). El risc de
desenvolupar TEEAP al llarg de la vida sent familiar de primer grau d’'un membre afectat
va del 48% en els bessons monozigotics al 13% en fills o0 6% en pares (Gottesman,
1991).
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Els estudis d’associacié de genoma complet (GWAS, genome-wide association study) han
permeés identificar variants polimorfiques d’un sol nucledtid (SNP, de single nucleotide
polymorphism) i alteracions de fragments de I'’ADN (perdua o guany) anomenades CNV
(de l'anglés copy-number variation) associats a diversos trastorns psiquiatrics, entre els
guals lI'esquizofrénia (Wendt et al., 2020), i la seva identificacié pot ser d’utilitat en la

practica clinica (Bouwkamp et al., 2017).

Amb relacié als SNPs, amb el darrer gran esforg internacional en el qual s’han analitzat
>60.000 casos i >10.0000 controls, ja s’han identificat >300 SNPs associats als TEEAP
(Lam et al., 2019; Lee et al., 2019; Ripke et al., 2014). Amb el conjunt de variants del
tipus SNP es pot calcular el polygenic risk score (PRS), que explica un 25%
aproximadament de la base genética en el cas de l'esquizofrénia i té potencial per ser

utilitzat en I'avaluacié del risc (Wendt et al., 2020).

Pel que fa a les CNVs associades als TEEAP, s’han identificat diverses CNVs recurrents:
1g21.1, 2p16.3 (NRXN1), 3929, 7ql11.2, 15913.3, distal 16p11.2, proximal 16p11.2 i
22q11.2 (Kirov et al., 2014; Marshall et al., 2017). Una de les més freqients és la
causada per la deleci6 al cromosoma 22gl11.2 que dona lloc a la sindrome
velocardiofacial o sindrome de DiGeorge. Amb una incidéncia d’1/2.000-4.000
naixements, el 80% dels portadors d’aquesta sindrome desenvolupen un trastorn

psiquiatric (el 25-30% desenvolupen una psicosi) (Sullivan, 2019).

Aguests estudis cas-control amb rastreig a tot el genoma han permeés identificar variants
comunes i variants rares de susceptibilitat (Tiwari et al., 2010; Van Os et al., 2008), pero
no causants (Farrell et al., 2015). Queda més clar que els TEEAP tenen una base
genetica poligénica amb centenars de variants comunes (freqliéncia >1%) i baix impacte
fenotipic (OR lleugerament superior a 1), que en conjunt s’associen al diagnostic. D’altra
banda, presenten variants de baixa freqiéncia (<1%) en forma de variants funcionals i
variants estructurals, aquestes majoritariament representades per CNVs, perd amb un
gran impacte individual i una forta associacié amb el diagnostic (OR amb valors entre 2 i
60). A més, poden coincidir els dos tipus de variants; per exemple un portador de la
delecié 22q11.2 amb un alt PRS per esquizofrénia tindra un fenotip més sever (Davies et
al., 2020).

Cal destacar que els GWAS han revelat un grau sorprenent de superposicié genética en
els trastorns psiquiatrics (Smoller et al., 2013), especialment en esquizofrénia, trastorn
depressiu major, trastorn bipolar, trastorn d’ansietat i trastorn per déficit d’atencid i
hiperactivitat, mentre que els trastorns neuroldogics sén genéticament més diferents
(Anttila et al., 2018). Aquests resultats posen de manifest les disparitats entre la

classificacid clinica dels trastorns psiquiatrics i la biologia subjacent. Dilucidar I'abast i la
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importancia biologica de les influencies genetiques de trastorns creuats té implicacions
per a la nosologia psiquiatrica, |'elaboracié de medicaments i la prediccié de riscs (Lee et
al., 2019).

Amb relacid a la interaccidé entre la variabilitat genética i els factors ambientals,
progressivament es van identificant els mecanismes epigenétics associats a les patologies
psiquiatriques. El moment (edat de la persona) que els factors ambientals impacten
sembla que és important en el cas de les malalties psiquiatriques; s’han definit finestres
de maxima susceptibilitat al periode perinatal, a la infantesa i a |'adolescéncia, coincidint
amb els canvis hormonals associats (Guintivano & Kaminsky, 2016). S’han identificat
diversos mecanismes epigenétics que diferencien els controls sans de casos amb TEEAP,
com sén la metilacid, la modificacié d’histones i els nivells de microARNs. I en aquest
sentit, tot i que som en una etapa molt preliminar, es planteja una nova classe de
tractaments dirigits a modular el senyal epigenétic, com ara els inhibidors de la histona
demetilasa (HMT, en anglés), els inhibidors de la histona desacetilasa (HDAC, en anglés)
i els inhibidors de I'’ADN metiltransferasa (DNMT) que actuen sobre la metilacié de I’ADN
(Smigielski et al., 2020).

3. Funcions de la mielina i alteracions en els TEEAP
3.1. Estructura i funcions de la mielina

El sistema nervids central (SNC) es compon de matéria blanca i gris. La matéria blanca
conté principalment fibres nervioses mielinitzades acompanyades de fibres no
mielinitzades i cél-lules de la neuroglia (com els astrocits, oligodendrocits o la microglia).
L'abundant mielina, amb alta composicié en greixos, que recobreix els axons, li confereix
la coloracié blanquinosa. La mateéria gris esta formada per acumulacions de cossos
cel-lulars de les neurones i les seves dendrites, juntament amb axons no mielinitzats
(Gartner & Hiatt, 2011). La mielina és una capa de membrana citoplasmatica concéntrica
produida pels oligodendrocits que cobreix els axons de les neurones al SNC (figura 1) i
per les ceél-lules de Schwann al sistema nervids periféric (Muzio & Cascella, 2020). La
mielina actua com a aillant dels axons, els dona més capacitat per reproduir els estimuls
eléctrics, de manera que la velocitat de conduccié nerviosa depéen de les propietats
estructurals de les fibres connectores, incloent el diametre axonal i el gruix aillant de la
beina de mielina (Aboitiz et al., 1992; Bartzokis, 2002).

Hem de tenir en compte que els oligodendrocits sén molt sensibles a |'estrés oxidatiu, al
trauma, als atacs immunomediats, als toxics o a la hipoperfusio, factors que poden

provocar la mort de l'oligodendrocit i la desmielinitzacio (Kuhn et al., 2019). Nous
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oligodendrocits diferenciats derivats de cel-lules progenitores d’oligodendrocits (OPC, en
anglés) poden substituir els oligodendrocits morts i restablir la beina de mielina al voltant
dels axons desmielinitzats (remielinitzacié), pero la mielina regenerada té menys gruix

que la beina de mielina original (Kuhn et al., 2019).

Beina de mielina

Mielinitzacio

Neurona

Desmielinitzacio

Restes de mielina

Remielinitzacio

Oligodendrocit

& e~
/(; — —— oPC

Figura 1. Oligodendrocits en la mielinitzacié, desmielinitzacid i remielinitzacié. Adaptat de Kuhn et
al. 2019 (Kuhn et al., 2019).

La visid classica de la mielina com a aillant estatic ha canviat en coneixer que es genera

nova mielina continuament, fins i tot al cervell adult (Young et al., 2013). I encara més
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important: els estudis han demostrat que l'activitat neuronal modula la produccié de
mielina (Gibson et al., 2014). Un exemple clar d’aquesta estreta relacié la trobem en les
lesions cerebrals produides en l'esclerosi multiple (EM), en qué el dany provocat a la
mielina pels autoanticossos causa, com a conseqiiéncia, la degeneracié de I'axé (Lemus
et al., 2018). Aquestes observacions suggereixen que la mielinitzacié pot ser essencial

per a la funcié neuronal i la plasticitat en el cervell adult (Tomassy et al., 2016).

3.2. Alteracions de la mielina en els TEEAP

Si tenim en compte la important funcié dels oligodendrocits i la seva vulnerabilitat, no és
estrany que diversos estudis apuntin que l'alteracié dels oligodendrocits i la conseglient
disfuncié de la mielina poden contribuir al desenvolupament de TEEAP mitjancant
|'alteracié de la funcié sinaptica i el processament de la informacié (Giotakos, 2019;
Mighdoll et al., 2015; Raabe et al., 2019; Takahashi et al., 2011). La hipomielinitzacid i
|'alteracié de la integritat de la matéria blanca pot contribuir a la desincronitzacié i
desconnectivitat de la transmissié, mentre que el fracas de la diferenciacié astrocitica
provoca anormalitat en la cobertura glial i en el suport a les sinapsis (Dietz et al., 2020).
Aquesta hipotesi encaixa molt bé en la hipotesi més general de la causalitat dels TEEAP
coneguda com la teoria de la desconnectivitat neuronal, que s’ha identificat com una
anomalia central en l'esquizofrénia (Coyle et al., 2016; Konrad & Winterer, 2008) i
suggereix que la integracido cerebral anormal pot fonamentar el déficit cognitiu i els

simptomes presents en el trastorn (Bartzokis, 2002; Giotakos, 2019).

La dinamica del curs de la matéria blanca al llarg de la vida i la consisténcia dels déficits
de connectivitat en els TEEAP donen suport a la integritat de la matéeria blanca com un
fenotip prometedor per avaluar els dos models proposats en |'etiologia i el curs d'aquests
trastorns: el model del neurodesenvolupament i el model neurodegeneratiu (Kochunov &
Hong, 2014). Els models del desenvolupament, com hem comentat anteriorment,
plantegen que els factors de risc genétics i ambientals actuen durant el periode prenatal,
perinatal i en els periodes inicials de |'adolescéncia, de manera que n‘alteren la
trajectoria del desenvolupament i condueixen a |'aparicié dels trastorns en |'adolescéncia
i en la primera etapa de |'edat adulta. Els models neurodegeneratius descriuen els TEEAP
com a trastorns de trajectoria neurodegenerativa progressivament desfavorable, un tema
de recerca actiu ja des de |'observacié de Kraepelin del declivi mental dels pacients amb
esquizofrénia. S’han proposat diversos models per descriure la trajectoria del
desenvolupament al llarg de la vida dels canvis en la matéria blanca en pacients amb
esquizofrénia, com el model neurotoxic, el del desenvolupament i el que inclou el model

del desenvolupament més el degeneratiu. Actualment, I'evidéncia dona més suport a
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I'4ltim model esmentat, que combina el neurodesenvolupament amb el declivi posterior
(Peters & Karlsgodt, 2015) (figura 2). Aquest model inclou diferencies primerenques en
la trajectoria del desenvolupament, aixi com un declivi continuat després de |'aparicid,
gue pot ser degut als efectes de la medicacid, a la toxicitat de la malaltia o a l'alteracio

dels efectes de |'envelliment.
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Figura 2. Models hipoteétics dels canvis en el desenvolupament de la matéria blanca en les diverses
etapes de lI'esquizofrénia, en comparacié amb canvis saludables en la mateéria blanca al llarg de la
vida. Adaptat de Peters and Karlsgodt 2015 (Peters & Karlsgodt, 2015).

A continuacio, descriurem diversos enfocaments técnics que han proporcionat evidéncies

cientifiques sobre I'alteracié de la mielina en els TEEAP.

3.2.1. Estudis histopatologics de la mielina

Estudis post mortem en pacients amb esquizofrénia han reportat una reduccio del 14% al
22% en la densitat i la quantitat d’oligodendrocits (Kochunov & Hong, 2014; Takahashi

et al., 2011), especialment en tractes de fibra que connecten els cortexs prefrontals.
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Mitjancant microscopia electronica (Uranova et al., 2001), van demostrar oligodendrocits
apoptotics i alteracions en la formacid de les beines de mielina en forma de cossos
lamel-lars concentrics en cervells de pacients amb esquizofrenia, juntament amb

irregularitats de I'heterocromatina i mitocondris en els oligodendrocits.

3.2.2. Tecniques de neuroimatge per estudiar la mielina

La maquina de ressonancia magnéetica (RM) permet obtenir imatges de teixits. Es basa
en el nucli de I'atom d’hidrogen (H), per les seves propietats magnetiques i perque és el
més abundant en els teixits. Permet detectar arees que presenten danys, variacio en la
densitat del teixit, analisi de la volumetria, girificacions i gruix cortical. Hi ha diverses

modalitats, entre les quals, I’estructural, la funcional i la de difusio.

La RM estructural permet examinar alteracions cerebrals utilitzant mesures quantitatives
del teixit cerebral. Els estudis volumeétrics dels cervell complet voxel a voxel (unitats
minimes de resolucié en tres dimensions), en anglés voxel-based-morphometry (VBM),
permeten comparar la densitat de matéeria en cada un dels voxels cerebrals entre els
grups de subjectes a estudi i establir correlacions entre determinades caracteristiques
cliniques i la distribucié espacial dels diversos tipus de teixits. La majoria d’estudis de
VBM fan referéncia a analisis de la matéria gris, pero també és possible treballar amb
altres tipus de teixits o mesures anatomiques (com la matéria blanca o el gruix cortical).
Diversos estudis confirmen que els pacients amb psicosi presenten una dilatacié dels
ventricles laterals i una disminucié del volum cerebral total i del volum cortical, en

comparacié amb controls (Fusar-Poli & Meyer-Lindenberg, 2016).

La DTI (diffusion tensor imaging) és la técnica d'imatge per RM avancada que ha permeés
progressar en l|'estudi de la integritat dels tractes de mielina al sistema nerviés central
(Garin-Muga & Borro, 2014). Aquesta técnica permet, de forma no invasiva i in vivo,
obtenir mapes quantitatius de I'organitzacié microestructural dels teixits i identificar de
forma tridimensional el procés de difusid6 de molécules, principalment aigua. La difusio de
les molécules d’aigua al cervell oscil-la entre la llibertat completa en totes direccions
(isotropia) o la restriccié en direccions concretes (anisotropia) en funcié dels components
del teixit d’'una regié determinada (Basser & Jones, 2002). Les beines de mielina dels
axons fan que la difusidé de l'aigua sigui paral-lela al sentit d’orientacié de les fibres. La
reduccio significativa de I'anisotropia indica una alteracié de la integritat de la mateéria
blanca, ja sigui per modificacié de l'orientacié de la fibra, reduccions del nombre dels
axons o alteracions de la mielinitzacié (Scheel et al., 2013). L’anisotropia fraccional (FA,

en anglés) és una mesura utilitzada freqlientment, i indirectament proporciona la
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integritat microestructural, reflectint suposadament tant la mielinitzaci6 com
I'organitzacio dels tractes de mielina. Les mesures secundaries aconseguides amb la DTI
son la difusivitat radial i I'axial, que es relacionen amb la mielinitzacié i I'organitzacid
axonal respectivament (Wozniak & Lim, 2006). L'estudi de DTI s’ha aplicat a trastorns
neurologics de la matéria blanca, com I'EM, les leucodistrofies o les lesions cerebrals
traumatiques. També en trastorns psiquiatrics com |'esquizofrénia, el trastorn bipolar, el
trastorn depressiu major i I'autisme (Alba-Ferrara & de Erausquin, 2013; Koshiyama et
al., 2020; Mighdoll et al., 2015; Pasternak et al., 2018; Pomarol-Clotet et al., 2010). La
majoria dels estudis de DTI en esquizofrénia han mostrat una marcada disminuci6 de la
FA a les regions de la corona radiada anterior, el cos callds, el fornix i les circumvolucions
cingulades (Kelly et al., 2018; Koshiyama et al., 2020). Aquestes llargues fibres de
connexié sembla que faciliten la comunicacié interregional i donen suport a una amplia

gamma de funcions cognitives (Karlsgodt, 2016).

Figura 3. Imatges dels tractes de mielina del cervell huma obtingudes mitjancant DTI. La
tractografia és la representacié en 3D de DTI i es pot plasmar mitjancant un mapa de color. Cada
segment de fibra reconstruida s’ha acolorit d’acord amb la seva orientacié espacial, i els segments
en direccions intermedies s’acoloreixen mitjancant una combinacié d’aquests tres colors en funcié

de la proximitat en cada una d’aquestes orientacions. Segments en direccié esquerra-dreta:
vermell; inferosuperior: blau; anteroposterior: verd. Imatges cedides per FIDMAG Germanes
Hospitalaries Research Foundation.

L'alteracié de la matéria blanca és present des dels estadis incipients, tant avaluada amb
neuroimatge estructural (Andreou & Borgwardt, 2020) com per DTI (Carletti et al., 2012;
Domen et al., 2017). Tot i aix0, és important apuntar que les alteracions observades en
DTI en pacients amb primers episodis s6n menys robustes que en pacients cronics
(Peters et al., 2010; Samartzis et al., 2014).
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3.2.3. Gens relacionats amb la mielina en els TEEAP

Hi ha multiples linies d’evidencia derivades de dades de neuroimatge, moleculars i
genétiques que donen suport al paper dels gens relacionats amb |‘oligodendroglia i la
mielina i a les vies moleculars en |'esquizofrenia (Alba-Ferrara & de Erausquin, 2013;
Gouvéa-Junqueira et al., 2020; Roussos & Haroutunian, 2014; Takahashi et al., 2011;
Voineskos, 2015). Alguns dels gens altament expressats en oligodendrocits revisats per
Roussos i Haroutunian (Roussos & Haroutunian, 2014) amb més suport cientific per
I'associacié amb l'esquizofrénia sén NRG1 juntament amb el receptor ERBB4, DISC-1,
RTN4R, OLIG2, CNP i MAG.

També s’han realitzat alguns estudis que han evidenciat que els efectes de les variants
dels gens relacionats amb la mielina en el rendiment cognitiu estan mediats per la
integritat dels tractes de matéria blanca en pacients amb esquizofrenia, com els de
Poletti i col. amb la COMT (Poletti et al., 2016), i Voineskos i col. amb MAG, OLIG2 i CNP
(Voineskos et al., 2013). Giddaluru i col. van fer un estudi de GWAS en poblaci6 sana i
van proporcionar noves dades sobre la genética de les vies de la matéeria blanca i la
velocitat de processament destacant el paper del gens ZFPM2 i CSMD1 (Giddaluru et al.,
2016).

Com hem comentat, la beina de mielina ajuda a preservar I'amplitud i a augmentar la
velocitat de conduccié de la propagacié del potencial d’axé. Giotakos (Giotakos, 2019)
apunta que, donat que el complex d’histocompatibilitat principal (MHC, en anglés) és el
responsable de la superposicié genética tant en I'EM com en l‘esquizofrénia, i tenint
present la relacié interdependent dels oligodendrocits i els axons que mielinitzen,
podriem suggerir que trastorns com l'esquizofrénia o I'EM tenen en comuU un
processament desordenat de la informacié al SNC, i en el cas dels TEEAP dona lloc als

simptomes cognitius (figura 4).

Aquests estudis s’han realitzat amb hipotesis centrades en cada un dels gens en
particular. En l'era dels estudis de genoma complet ens podem preguntar quin paper
tenen els gens expressats en oligodendrocits en el marc general d’identificacié de
variants de tipus SNP de susceptibilitat pels TEEAP. La sofisticacio de les técniques
d’analisi de les dades genétiques permet, avui en dia, agrupar les variants genétiques
que es troben en gens amb una expressié caracteristica d’oligodendrocits (o dels altres
tipus cel-lulars del SNC), de manera que s’ha pogut identificar quina és la proporcié de
cada tipus cel-lular en la susceptibilitat genética deguda a SNPs. El que s’ha reportat és
que el percentatge més alt de SNPs es troben en gens de neurones, pero a continuacié

es troben variants de gens propis d’oligodendrocits (Skene et al., 2018).
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Genetica Estres
NRGT1, DISC1, RTN4R, OLIG2, 22q11DS, Estrés precog: Infeccions durant 'embaras,
gens citoquines, gens HLA abusos, malalties autoimmunes

Estres tarda: Viral, toxic, trauma
emocional, TEPT

1 3

Epigenética
Metilacid, modificacié d'histones,
nivells de microRNAs

2 8

Mielinitzacié aberrant
Relacio interdependent dels oligodendrocits i els axons que mielinitzen
Mielinitzacié aberrant del fascicle frontal de materia blanca durant els processos normals
de mielinitzacié periadolescent
Les malalties desmielinitzants poden implicar una combinacié de factors virics i autoimmunes
Desregulacié immunogenetica al llarg de la vida
Remielinitzacié alterada o inadequada
Deficits de mielina en trastorns psiquiatrics, inclosos psicosi, autisme, TDAH, trastorn de
retard del processament sensorial

2 8

Psicosi - Sindrome de desconnectivitat
Perturbacio de la connectivitat neuronal entre diferents regions cerebrals
Perturbacions en el procés i monitoritzacié de la informacio, errors de prediccid
Retards en la conduccié de les copies d’eferéncia: confusié, simptomes negatius, apatia, simptomes
d’abstinéncia,
al-lucinacions auditives, estat d’anim delirant, depressié
Augments de l'activitat fasica de les neurones dopaminergiques del mesenceéfal:
simptomes positius, deliris, agressivitat, catatonia

Tractament

Antipsicotics, antidepressius, antiepiléptics, liti

Anti-EM: azatioprina, metotrexat, ciclosporina, micofenolat mofetil, mitoxantrona, ciclofosfamida,
rituximab
Agents que milloren la mielina, possibles agents neuro / mieloreparatius, terapies que milloren les
cél-lules mare i immunomoduladors
Moduladors senyal epigenética: HMT, HDAC, DNMT
Dieta, canvi d'estil de vida, suport psicosocial

Figura 4. Desmielinitzacid, desconnectivitat cerebral i el resultant trastorn del procés de la
informacié en la psicosi. Adaptat de Giotakos 2019 (Giotakos, 2019).
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4. El gen DDR1 i els TEEAP

La regi6 cromosomica 6p24.21, a prop de la regié del MHC, s’ha relacionat amb
I’esquizofrénia (Owen et al., 2004) i inclou el locus que codifica el gen del receptor
domini de la discoidina 1 (DDR1) (Edelhoff et al., 1995; Valent et al., 1996). El DDR1 és
un receptor tirosina-cinasa i s'‘han identificat 5 isoformes de DDR1 generades per
empalmament alternatiu anomenades isoformes a-e (figura 5). EIl DDR1 és present en
nivells baixos en teixits epitelials i en quantitats superiors al cervell, on és expressat
majoritariament per oligodendrocits (Roig et al., 2010). L'expressio de la isoforma c esta
altament correlacionada amb les proteines relacionades amb la mielina MAG i OLIG2 del

cervell huma (Roig, Abasolo et al., 2012).

DDR1a DDR1b DDR1c DDR1d DDR1e
876 AA 913 AA 919 AA 508 AA 767 AA
97 kDa 101 kDa 102 kDa 56 kDa 86 kDa

DS

DS-like

e e T Wi P T Ty

EJXM
™
IJXM +37 AA +37 AA
KD 573-868 508
610-905 610911
+6 AA
. 767
C-tail ' '
876 '
913
919
| ] L |
hd N
Receptors funcionals que es fosforilen Isoformes que no es fosforilen

Figura 5. Isoformes a-e de DDR1. DS: domini discoidina, DS-like: domini similar a la discoidina,
EJXM: regid extracel-lular juxtamembrana, TM: segment transmembrana, IJXM: regi6 intracel-lular
juxtamembrana, KD: domini cinasa, AA: aminoacid. Adaptat de Rammal i col. (Rammal et al.,
2016).
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Fins al moment només s’ha descrit el col-lagen com a Unic lligand capag d’activar DDR1
(Leitinger, 2014) (figura 6).

2. DDR1 s'uneix a 3. DDR1 s'activa
1. DDR1 Inactiu col-lagen i dimeritza per fosforilacié

N TN

Col-lagen

00O DS OB®

4. Elsenyal es
Q - Q transmet cap

al nucli

. S'activen gens de
proliferacio cel-lular

Figura 6. Activacié de DDR1 per unié amb col-lagen.

El DDR1 s’expressa durant el procés de mielinitzacié del neurodesenvolupament (Franco-
Pons et al., 2006a) i en la remielinitzacié (Franco-Pons et al., 2009), tal com s’'ha
observat en estudis amb ratolins. En un article publicat el 2007 per Roig i col-laboradors,
es va trobar una relacié significativa entre un SNP (rs1049623) d’aquest gen amb
I'esquizofrénia, particularment en homes (OR=2,03, 95% CI=1,51-2,73; P=0,0001).
Aguesta associacio es va confirmar en una analisi d’haplotip, que va mostrar una relacio
significativa entre els SNPs rs1049623, rs2267641 i rs2239518 i I'esquizofrénia (Roig et
al., 2007), alhora que es va observar que I'expressi6 d’ARNm de DDR1 en limfocits de
individus portadors d‘al-lel G (rar o de risc) de rs1049623 era inferior que en els
portadors del genotip heterozigot (AG) i per 'homozigot AA. Cal assenyalar que cap dels
SNPs causa un canvi d’aminoacid, perd tant el rs2267641 com el rs1264323 estan

implicats en l’expressido genica (Roig et al., 2007; Roig, Abasolo et al., 2012; Roig,
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Moyano et al., 2012) (figura 7). El rs1264323, probablement per la seva posicié a la
suposada regié promotora, esta inclos en la base de dades de variacions geneétiques que
afecten la regulacié de I'expressié dels gens (eQTL) per la seva expressio diferencial en el
nervi tibial huma i altres teixits. L'SNP rs2267641 es troba a la seqliéencia A2RE que
participa en I'empalmament alternatiu de les isoformes DDR1c i DDR1b i en el transport
de I'’ARN missatger abans de ser traduit a proteina (Roig, Moyano et al., 2012). En un
estudi posterior, es va observar una elevaciéo del ARNm de la isoforma DDRI1c en el teixit
de l'escorca prefrontal dorsolateral cerebral en pacients amb esquizofrénia respecte dels
controls (Roig 2012a). Aquests resultats concorden amb estudis previs, comentats
anteriorment, en que es mostra l'expressié alterada de gens de la mielina en pacients

amb esquizofrénia.

30888 K  [30.882K,  |30.8@4K  [30.886K . .rs1264323 [0k 30,892 K, |mmERAK pesse k| rs2267641  paseok

DDR1
HM_BE1297654.2 B HP_BE12845831

Regid promotora Ex6 14

Figura 7. Posicié dels SNPs analitzats al gen DDR1 (Cromosoma 6. GRCh38. p13). Font:
https://www.ncbi.nlm.nih.gov/gene/780. Data de consulta: 13/02/21.

5. Neurocognicio

5.1. Qiiestions generals

El terme neurocognicid s’utilitza per descriure funcions compreses en regions del cervell o
les seves xarxes, i com es relacionen amb els processos de pensament i del
comportament huma. Inclou capacitats com la percepcid, la velocitat de processament,
I'atencid, la memoria, el processament del llenguatge, la capacitat visuoespacial i les

funcions executives.

Per poder avaluar aquestes dimensions, s'utilitzen tests que s’han agrupat en bateries
per facilitar I'avaluacio i estimular el desenvolupament de nous enfocaments per millorar
el tractament de les alteracions cognitives. En aquesta direccio, el 2002, el National
Institute of Mental Health (NIMH) va establir la Measurement and Treatment Research to
Improve Cognition in Schizophrenia (MATRICS) per aconseguir més consens en els
dominis cognitius claus en |'esquizofrenia. Van dissenyar una bateria cognitiva

denominada MCCB i van considerar com a rellevants els factors seglients:
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atencid/vigilancia, velocitat de processament, memoria de treball, aprenentatge verbal,
aprenentatge visual, raonament i resolucié de problemes i cognicié social (Nuechterlein
et al., 2004).

5.2. Funci6 cognitiva i TEEAP

A part dels simptomes classics positius i negatius, |'esquizofrenia es caracteritza per
alteracions cognitives. Els déficits cognitius sén comuns i clinicament rellevants, i sén
indexs importants de la funcionalitat i del tractament en els pacients. Fins i tot es va
suggerir que els criteris diagnostics haurien d’incloure un criteri relatiu a la capacitat
cognitiva, fet que faria augmentar la consciéncia de la disfuncidé cognitiva a la practica
clinica (Bora et al., 2010), perdo no hi va haver consens suficient. En particular, els
deficits cognitius persistents sén uns predictors molt fiables de la recaiguda (Andreasen
et al., 2005). La seva identificacid ajuda a treballar la consciéncia del déficit i és util per

millorar la individualitzacié dels programes de tractament.

Diversos estudis han provat que els déficits cognitius sén evidents en les fases inicials de
la malaltia (Menkes et al., 2019) fins i tot a l'inici del neurodesenvolupament, molt abans
de l'aparicié de la psicosi (Bora & Murray, 2014; Sheffield et al., 2018).

El déficit cognitiu generalitzat és el més clar i fiable, perd aquestes alteracions inclouen
dificultats atencionals, de velocitat de processament, de memoria, de funcions executives
i de cognicio social. Les dades suggereixen déficits especifics en la memoria verbal en els
trastorns psicotics afectius i no afectius, i especificament la velocitat de processament en
I'esquizofrénia (Dickinson et al., 2007; Sheffield et al., 2018).

El deteriorament neurocognitiu reflecteix un déficit primari i es relaciona amb una
vulnerabilitat genetica. No obstant els nombrosos estudis realitzats, els substrats

neuropatologics de l'alteracio cognitiva en I'esquizofrénia encara no s’han pogut establir.

5.3. Velocitat de processament
5.3.1. Generalitats

La velocitat de processament (VP) reflecteix la quantitat d’informaci6 que pot ser
processada per unitat de temps. Es una variable vagament definida que s’utilitza amb
frequéncia per explicar el rendiment tant en individus sans com en els que han patit una

lesié cerebral (Tirapu Ustarroz et al., 2008).
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En la VP, hi ha diversos factors que poden condicionar una resposta rapida o lenta, com
son I'atencio, motivacid, la practica, el nivell d’activacio, la comissié d’errors en |'execucio
de la tasca, l'existéncia d’alteracions animiques, la impulsivitat, el consum de
substancies, la preséncia de simptomes neuropsicologics o dificultats motores. Algunes
depenen de I'entorn, mentre que altres caracteristiques sén propies del subjecte (Tirapu
Ustarroz et al., 2008).

Com hem apuntat anteriorment, la VP és una de les funcions més afectades en els
pacients amb esquizofrénia amb aproximadament 1,5 derivacions estandard per sota de
la mitjana dels controls sans (Dickinson et al., 2007) i esta relacionada amb la

funcionalitat dels pacients (Brébion et al., 2009).

Ojeda i col-laboradors (Ojeda et al., 2008) van assenyalar la VP com un factor central en
la relacié entre simptomes cognitius i resultats funcionals en l’‘esquizofrénia cronica.
També s’ha detectat una disminucié de la VP en familiars de primer grau de pacients amb
esquizofrénia, aixi com en individus amb un alt risc de desenvolupar el trastorn (Bolt et
al., 2019; Dickinson et al., 2007; Paolo Fusar-Poli et al., 2012; Keefe et al., 2006), fet
gue suggereix que la VP pot ser un marcador biologic de l'esquizofrénia. Centrar-se a
estudiar la VP pot proporcionar-nos, a més a més, una mesura més precisa del
deteriorament cognitiu en els pacients sense evidéncies clares de deteriorament, com en

I'estudi realitzat per Gonzalez-Blanch i col-laboradors (Gonzalez-Blanch et al., 2010).

5.3.2. Relacié amb la integritat de la mielina

Les técniques de neuroimatge i del registre de l'activitat cerebral han aportat informacio
rellevant pel que fa a les estructures subjacents a la VP. La VP s’ha relacionat més amb
la matéria blanca cerebral que amb la matéria gris (Tirapu Ustarroz et al., 2011). Estudis
conductuals mitjancant tecniques de neuroimatge han suggerit una relacié entre la VP i
determinades caracteristiques del “cablejat” cerebral, tals com el diametre de les vies
nervioses, la integritat de les beines de mielina, el grau de mielinitzacié, el nombre de
canals ionics i l'eficiéncia de les sinapsis (Rios-Lago & Periafez, 2010). Donat que els
tests neuropsicologics que mesuren la VP requereixen que els subjectes executin
rapidament tasques simples que integren un bon nombre d’operacions cognitives
basiques, les investigacions de les bases neuronals de la VP s’han centrat en la
connectivitat anatomica del cervell, mitjangant la DTI, com Karbasforoushan i col., que
van observar que el déficit cognitiu en pacients amb esquizofrénia estava mediat per la
reduccio de la integritat de la matéria blanca i que aquesta relaciéo era més forta per la
VP (Karbasforoushan et al., 2015).
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Kochunov i altres (Kochunov et al., 2017) van fer un estudi transversal amb 166 pacients
i 213 controls amb la finalitat de coneixer si l'alteracié de la connectivitat estructural
cerebral era responsable de 2 dels déficits cognitius basics de I'esquizofrénia: la reduccid
de la VP i el deteriorament de la memoria de treball. Van suggerir que la VP contribueix a
I'associacié entre la microestructura de la matéria blanca i la memoria de treball en
I'esquizofrénia, i també en controls sans perdo de forma menys robusta, i que la
deficiéncia de materia blanca és regional i especifica pels tractes que normalment es

relacionen amb el rendiment de la VP.

Recentment, Yang i altres col-laboradors (M. Yang et al., 2020) han realitzat el primer
estudi sobre |'associacié entre la funcié cognitiva i la integritat de la matéria blanca en
pacients amb un primer episodi psicotic que no havien pres mai tractament farmacologic
en comparacido amb controls sans. Han observat una alteracidé generalitzada i significativa
de la matéria blanca en 5 regions cerebrals (circumvolucié cingular, capsula interna, cos
callés, cerebel i tronc cerebral), un deteriorament neurocognitiu generalitzat en els
pacients comparat amb els controls i una correlacié negativa de la FA al gir cingular
esquerra amb l'index del Trail Making Test-A al grup de pacients. Aquestes troballes
suggereixen també que la desconnexidé de la materia blanca pot ser una de les causes

dels déficits cognitius en els TEEAP.

5.3.3. Part A del Trail Making Test

El Trail Maing Test (TMT) és un dels tests neuropsicologics més populars i s’inclou en la
majoria de bateries neuropsicologiques. Originalment era part de I"Army Individual Test
Battery (1944) i posteriorment es va incorporar a la Halstead Reitan Battery (Reitan &
Wolfson, 1985). El TMT consta de dos parts. La part A del TMT consisteix a connectar,
mitjancant linies i de forma consecutiva, 25 nombres distribuits a |'atzar en un full de
paper. El TMT-A s’inclou en la MCCB i s'utilitza per mesurar la VP. La part B és una tasca
similar, a excepcid que la persona ha d’alternar nombres i lletres. Sembla que el TMT-B
reflecteix processos d’ordre superior com la flexibilitat cognitiva. La puntuacié de cada
part representa la quantitat de temps necessari per completar la tasca. Puntuacions altes

indiquen un rendiment cognitiu pitjor.

Hi ha diversos factors que s’associen al deteriorament cognitiu en |'esquizofrénia, com
I’edat, el génere, els anys d’educacio, els anys de duracié de la malaltia, I'edat d’inici del
trastorn i els simptomes negatius. Laere i col-laboradors (Laere et al., 2018) van fer una
metaanalisi sobre la VP cognitiu i la flexibilitat cognitiva de pacients amb esquizofrénia

(mesurades amb TMT-A i B respectivament) i la contribucié de factors sociodemografics
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al rendiment cognitiu. Van concloure que la funcid cognitiva dels pacients amb
esquizofrénia mesurats per TMT-A i B estava deteriorada en comparacié amb els controls
sans, i que els factors com ara |I'abus de substancies, anys d’educacidé, anys de duracié
de la malaltia i I'estat clinic dels pacients amb el rendiment cognitiu mostraven una

associacié perd amb un efecte petit i no significatiu en les puntuacions.
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Com s’ha descrit en la introduccid, disposavem d’evidéncies prévies de la relacié entre el

gen DDR1 i I'esquizofrenia aixi com de la seva participacié en la mielinitzacio.

A partir d'aquestes evidéncies es va formular la hipotesi general segient:

- Les variants del locus del gen DDR1 confereixen susceptibilitat per presentar un
TEEAP en associacié amb variacions en la microestructura de la matéria blanca

cerebral i els déficits neurocognitius com la VP.

I amb aquesta hipotesi general es van plantejar les hipotesis especifiques segients:

1. Els estudis d’expressié de Ddrl realitzats en models animals i I'estudi de DDR1 en
cancer ens poden proporcionar detalls de la funcié de DDR1 Utils per entendre el
seu paper en la mielinitzacid.

2. L'associacio entre variants de tipus SNP de DDR1 i esquizofrénia trobada en la
mostra de pacients i controls reclutada des de I'HU Institut Pere Mata també es
trobara en una mostra més amplia de poblacié espanyola.

3. L'associacié del gen DDR1 amb els TEEAPs és mediada per variacions en la
microestructura de la mielina observables per I'analisi de neuroimatge per DTI.

4. Les variants del gen DDR1 associades a TEEAPs també es troben associades a
déficits en la VP, tant en pacients amb un TEEAP establert com en pacients en

primeres fases de la psicosi i en controls sans.
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Per contrastar les hipotesis plantejades, es van proposar els objectius seglients:

1) ARTICLE 1:
a. Fer una revisid bibliografica sobre I’expressié génica i proteica de DDR1 en
SNC, tant en humans com en models animals i en els diversos tipus de

cél-lules, i descriure la relaci6 de DDR1 amb malalties del SNC.

2) ARTICLE 2:

a. Replicar I'associacid entre els SNPs rs1264323 i rs2267641 del gen DDR1
amb el TEEAP en una mostra de casos i controls representativa de I'Estat
espanyol.

b. Determinar la influéncia dels SNPs rs1264323 i rs2267641 de DDR1 en la
VP en una mostra de pacients amb diagnodstic de TEEAP establert.

c. Explorar, mitjancant la FA, la relacié entre la microestructura de la matéria
blanca cerebral, la VP i el genotip DDR1 en una mostra de pacients amb
diagnostic de TEEAP establert seleccionats d‘acord amb el genotip
rs1264323.

3) ARTICLE 3:
a. Replicar el resultat de I'associacié de les variants rs1264323 i rs2267641
del DDR1 amb la VP mesurada amb el TMT-A en dues mostres de pacients

en primeres fases de la psicosi i en controls sans.
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ABSTRACT
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Discoidin domain receptor 1 (DDR1) is a tyrosine kinase receptor that is activated by fibrillar collagens. Here, we
review the expression and role of DDR1 in the central nervous system (CNS). In a murine model, DDR1 is
expressed in oligodendrocytes in the developing brain and during remyelination. In human adult brain tissue,
DDR1 is detected in a similar pattern as other classical myelin proteins such as myelin basic protein (MBP). Up to
50 transcripts of DDR1 have been detected in human tissues, of which 5 isoforms have been identified. In the
human brain, all 5 isoforms are detectable, but DDR1Ib is the most highly expressed, and DDRIc is coexpressed
with myelin genes. DDR1 sequence variants have been associated with psychiatric disorders, and upregulation of
this gene occurs in gliomas. Moreover, mutations in DDR1 have been found in tumors of Schwann cells, which
are the myelinating cells of the peripheral nervous system. All these data suggest that DDR1 plays a role in
myelination and is relevant to neuropsychiatric diseases.

1. Introduction

Discoidin domain receptor 1 (DDR1) is a pleiotropic protein that is
present in several tissues and is involved in several diseases [1], in-
cluding cancer [2]. Cell type-specific DDR1 expression is not well de-
scribed, as most data on DDRI expression are derived from tissue
homogenates. Since we first described the expression of DDR1 in
human oligodendrocytes (OLs) [3], new data on the presence of DDR1
in these cells have been presented. Here, we aimed to present in-
formation on DDR1 expression during the generation of mature mye-
linating OLs from oligodendrocyte precursor cells (OPCs) and to discuss
its role during this progression. However, DDR1 is expressed as at least
3 isoforms with a complex pattern that is difficult to interpret. Ad-
ditionally, we provide information that suggests the involvement of
DDR1 in the pathogenesis of some neuropsychiatric diseases.

2. Expression of DDR1
2.1. DDR1 and DDR1 isoforms

DDR1 was first identified in human c¢DNA libraries as a tyrosine
kinase protein by several research groups and received the following
names: DDR, EDDR1, TRKE, CAK and RTK6 [4-10]. Later, DDR1 was
identified as a unique gene and was given the consensus name of DDR1
due to the discoidin domain in the extracellular region. Together with
DDRZ2, these proteins comprise the family of tyrosine kinase discoidin
domain receptors and are uniquely activated by fibrillar collagens [1].
The DDRI gene was mapped to mouse chromosome 17 and human
chromosome 6p21.3 [7,8]. Northern blots and in situ hybridization have
shown that DDR1 is mainly expressed in epithelial or epithelial-like
cells [10,11] and that its expression levels in the brain are among the

= Corresponding author at: Hospital Universitari Institut Pere Mata, Ctra de I'Institut Pere Mata, s/n, 43206 Reus, Spain.
E-mail addresses: vilellae@peremata.com (E. Vilella), gasc@peremata.com (C. Gas), garciab@peremata,com (B, Garcia-Ruiz),

francisco.rivera@uach.cl (F.J. Rivera).

https://doi.org/10.1016/j.bbamecr.2019.04.010

Received 14 January 2019; Received in revised form 29 April 2019; Accepted 30 April 2019

Available online 18 May 2019
0167-4889/ © 2019 Elsevier B.V. All rights reserved.

55



UNIVERSITAT ROVIRA I VIRGILI

EFECTE DE LA VARIABILITAT GENETICA DE DDR1 EN LA MATERIA BLANCA CEREBRAL I EN LA VELOCITAT DE PROCESSAMENT
EN PACIENFY.ARESUHRFADPS! DE 1L'ESPECTRE DE L'ESQUIZOFRENIA I ALTRES PSICOSIS

Cinta Gas Prades

E. Vilella, et al.

A

BBA - Molecular Cell Research 1866 (2019) 118483

DI00000204109 - 1 e e T - R = — S B — T H— — S —— - DDR1
R O =moewsuss:  DDR1-DT St MIR4640
s NI E
i |
,30,865 K \ 30,875K . ,30,885K . 30,895 K .
Legend to regulatory regions
B Protein coding B CTCF binding site . Promoter
B RNA coding gene B TF binding site Open chromatin
DDR1a DDR1b DDR1c
N-ter NT F
Discoidin . . .
Secretase

Transmembrane

Juxtamembrane

Kinase

C-ter

36aa
Baa

876 aa 913 aa 919 aa

Fig. 1. Human DDRI gene structure and primary receptor isoforms.

"®

Y

CTF

To the nucleus

A. Structure of human DDRI and the neighboring genes DDR1-DT and MIR4640 according to Ensembl (Chromosome 6. GRCh38. p12). DDR1-DT and MIR4640 are

RNA coding genes.
B. Schematic diagram of the primary 3 DDR1 isoforms.

C. Schematic diagram of DDR1 cleavage by extracellular matrix metalloproteinases at the extracellular region and by a secretase in the transmembrane or juxta-
membrane region. Note that cleavage by a secretase has not been experimentally demonstrated. NTF: N-terminal fragment; CTF: C-terminal fragment; ICF:

Intracellular fragment.

highest [4,6,10-12]. The prediction of the primary protein structure
identified an extracellular domain, a transmembrane domain, a juxta-
membrane domain and an intracellular domain with a catalytic kinase
domain [5,13]. The extracellular region near the transmembrane do-
main contains a furin sequence [14] where the receptor can be cleaved
by membrane-type matrix metalloproteinases (Fig. 1, panel C) [15].
The human DDR1 gene contains 17 exons and was described by Play-
ford and colleagues. [16]. Early on, two isoforms with different ex-
pression patterns in mouse embryos and adult brains were described
[9], and two isoforms resulting from exon skipping during neurogenesis
were recently identified by RNA-seq [17]. Alves and colleagues de-
scribed a third DDR1I isoform in a cDNA library isolated from embryonic
brain tissue [18], and the same author later described two more iso-
forms present in cancer cells [19]. The protein length and structure of
the 3 most relevant isoforms are presented in Fig. 1 (panel B).
Current genomic databases (i.e., Ensembl, www.ensembl.org) dis-
play an extensive list of DDR1 transcripts (Ensembl, annotations for
more than 50 transcripts of human DDR1), of which only some code for
a protein, and the most abundant transcripts correspond to isoforms
DDRI1a, DDRIb and DDRIc (also named 1, 2 and 3) (Fig. 1, panel B).

More information about DDR1 isoform expression is provided in the
subsequent sections.

2.2. Trafficking of DDR1 mRNA

Using in situ hybridization with a DDR1 riboprobe in human brain
tissue slices, Roig and colleagues obtained a staining pattern that
showed mRNA in axon fibers similar to the pattern previously found for
the classical myelin protein, myelin basic protein (MBP) [20]. This RNA
labeling was in agreement with that obtained with C-terminus DDR1
antibody-based immunochemistry. Moreover, strong coexpression of
DDR1 and MBP was also observed [20]. These results suggest that
DDR1 mRNA may be intracellularly transported from the OL soma to
the processes, as previously described for MBP. RNA granules trans-
porting mRNAs from the nucleus to the processes for local translation
have been described in neurons, OLs [21] and other cell types [22].
This mechanism is possible due to a group of proteins, one of which is
hnRNP A2/B1, which recognizes a sequence in RNA known as the
hnRNP A2 response element (A2RE) [21]. By in silico analysis, Roig and
colleagues screened the DDRI sequence for an A2RE element and found
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one inside exon 14, particularly, in isoforms a, b, c and e. Through in
vitro experiments using the oligodendroglial cell line HOG1, the authors
silenced hnRNP A2/B1, which led to a decrease (45%) in the amount of
hnRNP A2/B1 mRNA and protein; this was accompanied by a decrease
(40%) in DDR1 protein in OL processes [23]. Interestingly, decreases in
hnRNP A2/B1 expression were associated with a decrease in DDRIc
mRNA and a concomitant increase in DDR1b mRNA, which suggests
that, besides its involvement in DDRI mRNA transport, hnRNP A2/B1 is
involved in the alternative splicing of DDRIb and DDRIc isoforms. In
summary, the DDRI A2RE sequence is functionally involved in both
mRNA transport and alternative splicing.

2.3. DDR1 mRNA expression in tissue

The Genotype-Tissue Expression (GTEx, www.getexportal.org)
project and BioGPS (http://biogps.org) are public access portals that
provide information on gene expression in different tissues. Human
DDR1 expression is detectable in several adult tissues (Fig. 3). Clearly,
spinal cord shows the highest levels, followed by other tissues including
the brain, while the expression of DDR2 in the brain is undetectable
(data not shown).

2.3.1. DDR1 expression in brain tissue

Early studies on DDR1 expression showed that the gene is more
highly expressed in the brain than in other tissues [6,9,10]. Detailed in
situ hybridization with Ddrl riboprobes in mouse embryos specifically
detected expression in the brain during neurogenesis [3,4,11]. Bhatt
also observed Ddrl expression in mouse secondary areas of neurogen-
esis [24]. In the postnatal period, Ddrl is highly expressed in OLs and
peaks at postnatal day 15 [3]. Bhatt and colleagues also found Ddr1
expression in the cerebellum of adult mice [24]. Expression of DDR1 in
the adult cerebellum may occur through a different transcript than
expression in the spinal cord or other brain areas, according to GTEx
data on transcript expression. After observing that Ddrl expression in
mice during neurodevelopment parallels that of classical myelin pro-
teins such as MBP, Franco-Pons and colleagues tested whether Ddrl
expression varied in an experimental mouse model of demyelination
and remyelination by oral administration of the toxicant drug cupri-
zone. By in situ hybridization, they found that during remyelination
after experimental myelin injury, Ddr1 is first upregulated in fornix OLs
(where OPCs are activated) and later in the corpus callosum and ex-
ternal capsule OLs (where OLs reestablish myelin sheaths) [25]. In the
same experiment, these authors found a 2-fold increase in Ddrl mRNA
peak expression, measured by RT-qPCR, in the corpus callosum [25],
which confirms the in situ hybridization results. All these mRNA ana-
lysis-based data demonstrate that DDRI transcript expression is de-
pendent on the cell type and on the stage of cell and tissue differ-
entiation.

Recent experiments with 6 to 8-month-old DDR1 KO mice generated
using the LacZ/Neo3 cassette (which substituted exons 1-3) showed
high expression of the inserted 3-galactosidase gene in brain tissue (and
in the heart and skin but not in the aorta), indirectly demonstrating that
the DDR1 regulatory system is enhanced in the adult mouse brain [26].

According to GTEx data, 3 transcripts, 2 corresponding to DDRIb
and 1 corresponding to DDR1a, are the most represented in all tissues,
including the brain (Fig. 4, panel A), while the expression of the DDR1c
isoform is very low in nerve tissue. GTEx data also show that exons at
the 5” end of the gene are almost exclusively present in brain tissue
(data not shown). Roig and colleagues measured DDR1 expression by
qRT-PCR in human dorsolateral prefrontal and occipital cortical tissue
and found detectable expression of all 5 protein-coding transcripts
(DDR1a, b, ¢, d and e). DDRIb was the most abundant, with mRNA
levels 200-fold higher than the levels of DDR1a mRNA [20], and DDR1c
expression levels were approximately 2-fold higher than DDRIa ex-
pression levels (Fig. 4, panel B). Unfortunately, data regarding tissue-
specific isoform expression are scarce in public databases.
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2.4. DDRI protein in brain tissue

2.4.1. Endothelial cells

Expression of DDRI mRNA in human brain capillary endothelial
cells was detected by in situ hybridization and colocalization by im-
munostaining using an endothelial cell marker (antibody against the
Von Willebrand protein). Interestingly, in endothelial cells, DDR1 could
only be detected by an N-terminus DDR1 antibody that recognizes the
extracellular domain near the N-terminus of the receptor (Fig. 5, panels
A, B and C) [20]. In the murine model, DDR1 expression in endothelial
cells was undetectable [3,25,27]. These data together suggest the pos-
sibility that DDR1 expression in human brain capillaries, as documented
by Roig and colleagues, may not be restricted to endothelial cells, as
perivascular cells may contribute to these observations.

2.4.2. OLs and myelin

The presence of DDR1 in myelinating OLs was detected by in situ
hybridization and immunohistochemistry in murine [3] as well as in
human brain tissue [20]. The DDR1 protein expression pattern in the
human brain is very similar to that of the classical myelin protein MBP
[20]. Notably, DDR1 in myelin was detected with a C-terminus DDR1
antibody, while DDR1 in the soma of OLs was detected using an N-
terminus DDR1 antibody [20]. Positive immunostaining with a C-ter-
minus DDR1 antibody was also observed inside the nucleus of OLs [23]
(Fig. 5, panels B, C and D). Shedding of DDR1 at the extracellular do-
main produces a soluble ectodomain fragment plus two intracellular C-
terminal fragments (CTFs) of 62 and 58 kDa, which have been described
in transformed cell lines [14,28]. The extracellular cleavage is gener-
ated by membrane-type metalloproteinases (MT-MMP) [15]. The de-
tection of the CTFs prompted the authors to hypothesize that the CTFs
undergo a second proteolysis by another membrane-anchored protease,
which results in an intracellular terminal fragment (ICF) that may elicit
intracellular functions including translocation to the nucleus, where it
regulates the transcription of target genes [15,28]. For instance, this
mechanism was described for MBP [29] and other tyrosine kinases such
as Erb4, which is first cleaved by the MT-MMP ADAM17 protease and
then subsequently cleaved by a y-secretase [30]. We propose two
possible hypotheses for the respective CTF and ICF functions in OLs. On
the one hand, since we detect DDR1 immunoreactivity in myelin fibers
only with the C-terminus DDR1 antibody, one explanation could be
that, in myelin, the CTF anchored at the plasma membrane exerts an
adhesion function. Actually, DDR1 in epithelial cells is an important
stabilizer of E-cadherin-mediated cell-cell adhesion [31,32]. Therefore,
the DDR1 CTF could stabilize axon-OL membrane adhesion or OL-OL
membrane adhesion in myelin. On the other hand, since we observed
DDR1 C-terminus immunoreactivity inside the nucleus of OLs in vivo
and in vitro, we hypothesize that, at least in OLs, the ICF is generated by
the action of a secretase or a similar protease that cleaves the CTF and
that subsequently, the ICF is then transported to the nucleus where it
exerts a regulatory role (Fig. 1, panel C). Similarly, for Erb4, the ICF is
translocated to the nucleus, where it activates the transcription of
certain genes [30]. DDR1 is also expressed in Schwann cells, which are
the cells responsible for myelin sheath synthesis in the peripheral ner-
vous system [33]. More detailed information about DDR1 expression in
OLs can be found in Section 3 of this review.

2.4.3. Astrocytes

Sakuma and colleagues identified a transcript in a cDNA library of
rat astrocytes irradiated in vitro. Northern blot and cloning studies in-
dicated the presence of at least two DDR1 mRNA transcripts [34]. Using
double immunochemistry with an N-terminus DDR1 antibody and a
GFAP antibody, Roig and colleagues labeled cell bodies that were
compatible with astrocytes in human brain cortical slices (Fig. 5, panel
C). Recently, upregulation of DDR1, together with other proteins of the
extracellular matrix, such as collagen alpha-1(IV) chain (COL4A1),
COL4A2 and platelet-derived growth factor subunit A (PDGFA), has
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Fig. 3. DDR1 expression in human tissue.

Violin graphs represent the expression levels of DDR1 in descending order in several human tissues. Nerve tissues are represented in yellow. The data were obtained
from the GTEx Portal on 01/04/19. Details on the number of samples used per tissue and sample characteristics can be found at www. getexportal.org. TPM:
transcripts per million.

been described in astrocyte and glioblastoma cell lines [35]. Together, 2.4.4. Microglia
these observations suggest that DDR1 expression in astrocytes is upre- Collagen activates brain microglia through DDR1 in an integrin-
gulated under activation circumstances. independent manner [36] in a mouse model. Moreover, Hebron and

colleagues, in a pilot study, found higher DDR1 and DDR2
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B. The 3 most highly expressed transcripts from panel A correspond to DDRI1b (2 transcripts) and DDR1a (1 transcript).

C. qRT-PCR of the DDR1 isoforms in human brain cortical tissue expressed as the relative amount of mRNA with respect to DDR1a. Data were obtained from the

author's database [53].

immunoreactivity in brain tissue slices from subjects with Alzheimer's
disease and Parkinson's disease than in healthy controls. Although they
did not identify the cells in which DDR1 was present, the results suggest
a role of DDR1 in microglia. For instance, they obtained results sug-
gesting that DDRs reduce clearance of neurotoxicant products, such as
B-amyloid peptide and a-synuclein, and also induce TREM2 signaling,
increasing the microglial cell number [37]. However, scarce data are
available regarding the expression of DDR1 in human microglia.

2.4.5. Brain-derived cell lines expressing DDR1

The human oligodendroglial cell lines MO3.13 and HOG16 can be
cultured in vitro in specific medium and conditions to induce differ-
entiation into cells with a more mature myelinating phenotype [38],
and under these conditions (transition from the immature to the mature
phenotype), DDR1 expression is upregulated [25]. Human glioma cells
and glioma cell lines such as G140 and U87-MG also express DDR1
[35,39] and the differential isoforms DDRI1a and DDRIb, and autop-
hosphorylation of these proteins modulates cell proliferation and in-
vasion [39]. The PC12 cell line, with a neuron-like phenotype, ex-
presses moderate DDR1 levels, but the protein is not activated by
collagen [40].

2.5. DDR1 sequence variants affect expression in nerve tissue

Expression quantitative trait loci (eQTLs) are genomic loci that ex-
plain all or a fraction of variation in expression levels of mRNAs. Here,

we present single nucleotide polymorphisms (SNPs) that are eQTLs for
DDRI1 in nerve tissue. Data from public databases such as GETex show
that multiple local SNPs in the DDRI locus affect its expression.
Focusing on tissues with available data, 3 clear regions are differenti-
able (arbitrarily named a, b and c): one 5 region upstream from the
DDR1, a second region centered on the gene locus and a third one lo-
cated 3’ downstream from the gene (Fig. 6, panel A). SNPs in region a
are relevant for thyroid, skeletal muscle and tibial artery DDR1 ex-
pression. However, region b is more important for nerve, lung and
transformed fibroblast DDR1 expression. Region b includes two genes
that code for long noncoding RNAs (LINC00243 and LINC02570)
(Fig. 6, panel A). In addition, region b contains the DDR1 divergent
transcript gene (DDRI-DT, formerly named DDR1-ASI) and the pro-
moter for DDR1 (Fig. 1, panel A). DDRI-DT codes for an RNA that
hybridizes with intron 9 of DDRI and is highly expressed in the testis
and moderately expressed in brain and other tissues. Regarding the
influence of eQTLs on specific transcripts or isoforms, the C allele for
152267641, located inside the DDR1 A2RE, was found to be associated
with higher levels of DDRIc mRNA and lower levels of DDRIb mRNA
than the common allele in whole human dorsolateral prefrontal brain
tissue [23]. Here, we show that minor alleles at 1s9394020 located
inside LINC00243, rs2844654 located inside DDRI-DT and rs1264323
in the promoter region of DDRI also demonstrate an inverse association
with DDRIb and c expression levels in human brain tissue (Fig. 6, panel
B). Nerve cell type eQTLs for isoform transcripts are not yet available in
public databases.
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A. Schematic drawing of the 2 types of antibodies used to detect DDR1 by immunochemistry in human CNS cells.

B. Schematic drawing of DDR1 immunoreactivity in with matter (WM) and gray matter (GM) of human brain cortical tissue according to Roig and colleagues [20].
The N-terminus antibody labels blood vessels (endothelial cells), and the C-terminus antibody labels myelin fibers.

C. Schematic drawing of CNS cells (astrocytes, OLs and endothelial cells) that show somatic DDR1 immunostaining with an N-terminus antibody.

D. Schematic drawing showing OL DDR1 immunostaining using the C-terminus antibody.

3. Expression of DDR1 in OLs
3.1. DDR1 in OPCs

Early data of in situ hybridization using Ddr1 probes in the embryo
and postnatal mouse brain did not result in labeling of OPCs. Instead,
the labeling pattern was compatible with that of mature and myeli-
nating OLs [3,4,11]. Data from an RNA-seq database on mouse nerve
cells show that expression of Ddrl in OPCs is moderate [27] (Fig. 7,
panel A).

3.2. DDR1 in newly formed oligodendrocytes (NFOLs)

In vivo and in vitro data suggest that DDR1 expression is upregulated
during the transition from OPCs to OLs. Franco-Pons and colleagues
used in situ hybridization and immunohistochemistry to demonstrate
that Ddrl OL expression is upregulated during the remyelination of
damaged myelin sheaths after cuprizone exposure in mice. Cells ex-
pressing Ddrl (Ddrl +) were not OPCs or other glial cells; rather, they
were myelin-forming OLs [25]. More recent work based on single-cell
RNA-seq confirmed that Ddrl expression increases 3-fold during the
transition of OPCs to NFOLs [27] (Fig. 7, panel A). Moreover, in NFOLs,
Ddrl is the fourth-ranked gene in the list of the top 20 membrane re-
ceptors expressed [27]. A subsequent study that followed the same
methodology and that was able to identify 12 stages of oligodendro-
genic progression showed the peak of Ddrl expression in the window
comprising the late stage of NFOLs and the first stage of myelin-forming
OLs (MyOLs) [41] (Fig. 7, panel B).

The regulation of oligodendrogenic progression is well orchestrated
by several types of epigenetic mechanisms, such as DNA methylation
and microRNA interactions [42]. Indeed, miR-199a-5p was recently
identified as one of the main microRNAs that is upregulated during the
differentiation of OPCs to OLs, and an approximate 9-fold increase in
the first stage of differentiation was concomitant with the expression of
the OL biomarker galactocerebrosidase (GalC). This increase was
maintained in the second stage, where 2/, 3"-cyclic nucleotide 3*-phos-
phodiesterase (CNPase) begins to be expressed [43]. DDRI has 4 sites
that bind miR-199a-5p at the 3" UTR [43]; therefore, miR-199a-5p
likely regulates DDR1 expression during OPC differentiation, but de-
tailed molecular data on the regulatory function of miR-199a-5p in OLs
are not available. However, experimental data on miR-199a-5p in
cancer cells and endothelial cells show that increasing the miR-199a-5p
concentration decreases the amount of DDR1. In these experiments,
increasing miR-199a-5p caused downregulation of DDRI and decreased
cell proliferation [44]. These contradictory data and the increases in
miR-199a-5p and DDR1 concentrations in differentiating OLs may in-
dicate that either miR-199a-5p can differentially regulate DDRI ex-
pression in different cell types (this is unlikely because the microRNA
functional mechanism involves silencing target mRNA) or that miR-
199a-5p in OLs downregulates DDRI in a narrow window during the
differentiation process. The maximum increase in the miR-199a-5p
concentration occurs in the early stages of OPC differentiation into OLs
[43] when DDR1 expression peaks, according to data from Zhang and
colleagues [27], which suggests that miR-199a-5p may fine-tune DDR1
expression. Furthermore, we cannot discount the possibility that miR-
199a-5p regulates DDR1 expression in an isoform-dependent manner.
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Fig. 6. Human brain DDR1 eQTLs.

A. SNPs at the DDR1 locus showing negative (blue) or positive (brown) associations with DDR1 mRNA expression in several human tissues. The DDR1 locus and
230 kb upstream and 180 kb downstream are shown. The data were obtained from the GTEx Portal on 01/04/19. Details on the number of samples used per tissue
and sample characteristics can be found at www.getexportal.org.

B. Influence of several SNPs spread around and inside DDRI on DDR1a, b and ¢ isoform expression in the human brain cortex. nRNA expression levels of each isoform
were measured by RT-qPCR using TaqMan (Applied Biosystems, Madrid, Spain) reagents, and RNA was isolated from fresh brain tissue using TRIzol. Data from the
author's group are shown (from [53] and unpublished data). Relative units of mRNA levels are expressed as the mean *+ standard error. P values correspond to the
ANCOVA analysis using a SNP as an independent variable and sex, age, RNA quality and brain pH as covariables. The chromosomal position of each SNP corresponds
to what is shown in the Ensemble database (GRch38.p12). The linkage disequilibrium of the SNPs measured in the 1000 Genomes Data resource was below 0.4. The
highest was 0.36 (between rs1264323-rs2267641), while the lowest was 0.002 (between rs9394020-rs2844654). Therefore, SNPs were analyzed individually.

3.3. DDR1 in MyOLs as a structural myelin protein [47]. Interestingly, Roig and colleagues
found that DDR1b expression in the human brain did not correlate with

Using in situ hybridization, Western blot and im- the expression of OL proteins, such as oligodendrocyte transcription
munohistochemistry, Franco-Pons and colleagues were the first to re- factor 2 (OLIG2) and myelin-associated glycoprotein (MAG), but that
port the expression of Ddrl in MyOLs in the mouse brain during neu- the expression of DDRIc did correlate with expression of these other

rodevelopment [3]. In situ hybridization images of Ddrl in the adult proteins [23]. Altogether, these data suggest that an important increase
mouse brain are available in the Allen Brain Atlas data portal (http:// in DDR1 (all isoforms) occurs when OPCs begin to proliferate, migrate

mouse.brain-map.org). Recent data using single-cell RNA-seq con- and differentiate. At this stage, collagen-activated DDR1 may promote
firmed that Ddrl is expressed in MyOLs [27,41]. However, data on cell proliferation and motility, and isoform DDR1b probably orches-
DDRI1 protein expression in the mouse brain are scarce. trates this function. However, when OPCs finally give rise to myeli-

DDRI1 transcript expression in the human brain is available in public nating OLs, DDR1b is downregulated, DDRIc is upregulated, and the
portals and in the work of Roig and colleagues [20]. Im- mRNA is transported to the processes where local DDR1 protein
munohistochemistry images of brain cortical slices revealed that DDR1 synthesis occurs (see Figs. 2, 5 and 7). This DDR1 synthesized in the OL
is a structural component of myelin [20] (Fig. 5, panel B). The presence processes may form part of the myelin sheath, which contributes to the
of DDR1 immunoreactivity in myelin clearly differentiates DDR1 ex- stabilization of membrane-membrane junctions such as axon-OL or OL-
pression between the mouse and human brain. OL junctions (as explained in Section 2.4.2).

Coexpression analysis also confirmed that DDR1 expression corre-
lates with the expression of other classical myelin genes; for instance, in
mouse NFOLs, Ddrl expression is increased together with the expres-
sion of the receptors semaphorin 4D (Sema4d) and Erb-B2 receptor
tyrosine kinase 3 (Erbb3) [27], both of which are important myelin
receptors [45,46]. Marques and colleagues found that the 2 transcripts
that are expressed in the second stage of NFOLs were myelin-associated
oligodendrocyte basic protein (Mobp) and Ddrl [41]. MOBP is known

4. DDRI1 and central nervous system (CNS) diseases
4.1. DDR1 mutations in nervous system cancers
Sequence variants and copy number variants affecting DDR1 have

been described as somatic cancer mutations. Data from the COSMIC
data base (https://cancer.sanger.ac.uk/cosmic) show that up to 777
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Fig. 7. Expression of DDR1 in the maturation of OPCs to mature OLs (MOLs).

A. Relative expression of Ddrl mRNA in CNS-isolated mouse cells. Data are from https://web.stanford.edu/group/barres lab/brain_rnaseq.html.
B. Relative expression of some mRNAs that are expressed throughout the stages of differentiation in the oligodendroglial linage from OPCs to MOLs. + + + peak of
gene expression; + + high gene expression; + presence of gene expression; — absence of gene expression. Data were obtained from published results [27,41,43].

somatic mutations have been identified in DDRI1 (accessed 03/25/
2019), and of these, only 5 were identified in CNS cancer tissue from
gliomas. Gliomas are defined as cancers of glial cells, but the majority
have an astrocyte-like phenotype. Two mutations affect the kinase do-
main (p. Q830%, ¢.2488C > T and p R649W, ¢.1945C > T) and one
affects the transmembrane domain (p. R440W, ¢.1318C > T). The re-
maining 2 mutations were synonymous substitutions. This relatively
low frequency of CNS DDRI mutations contrasts with the DDRI mu-
tations found in schwannomas. Schwannomas are generally benign
tumors of the peripheral myelin (produced by Schwann cells), which
can be located in either the cranium or the spine. In an exhaustive study
performed to identify genes carrying mutations in sporadic schwan-
noma, Agnihotri and colleagues found that 14/125 (11%) cases were
carriers of DDR1 mutations; these were also exclusive events that were
not seen in healthy controls. Of these, four were point mutations in the
kinase domain, and two were point mutations at the discoidin domain.
Interestingly, they found a recurrent (n = 4) hotspot mutation in the
discoidin domain (p.R183H) [48].

4.2. Expression of DDR1 in CNS cancer cells

DDR1 is upregulated in human pediatric and adult brain tumors
[1,49]. Little is known about how DDR1 functions in brain cancer, but
isoform-dependent functions have been described; for instance, DDR1a,
but not DDR1b, was found to be involved in cell invasion and adhesion
in gliomas and could activate matrix metalloproteinase 2 (MMP-2)
[39]. These results suggest that DDR1 cooperates with the proteolytic
machinery to facilitate tumor invasiveness [35].

4.3. Neuropsychiatric diseases

A genetic association of DDR1 sequence variants with schizophrenia
has been described [50-52]. One relevant SNP in this association is
rs2267641, located inside the DDR1 A2RF, which modifies the DDR1b/
DDRIc ratio [23] but shows a complex pattern of risk together with
rs1264323 [51]. Roig and colleagues analyzed the expression of DDR1
mRNA isoforms in human brain tissue and compared data between
psychiatric patients (schizophrenia and bipolar diagnosis) and healthy
controls. They found that DDRIc was significantly increased in dorso-
lateral prefrontal and occipital cortical brain tissue [53]. Interestingly,

Gas and colleagues found that DDR1 genetic variation is associated with
cognitive processing speed and myelin integrity in schizophrenia pa-
tients [51]. Additionally, in a genome-wide association study of neu-
roticism (a personality trait frequently present in patients diagnosed
with schizophrenia), an SNP in the DDRI locus was found to be asso-
ciated with the trait [54].

DDR1 mutations have not been associated with myelin diseases such
as multiple sclerosis or leukodystrophies. A few copy number variants
(CNVs) have been identified in subjects with developmental delay; one
subject with 3 copies of the gene was also diagnosed with autism (www.
gencards.org, www.decipher.sanger.ac.uk), but no cause-effect studies
have provided conclusive data.

Data showing that shRNA knockdown of DDRs results in degrada-
tion of toxic proteins in in vivo and in vitro models of neurodegeneration
[37], together with the evidence that nilotinib (a selective DDR in-
hibitor) promotes brain autophagy of neurotoxicant products without
neuroinflammation, prompted researchers to examine the potential of
tyrosine-kinase inhibitors, such as nilotinib, as a new therapy for neu-
rodegenerative diseases [55,56].

5. Conclusion and future perspectives

DDR1 is in the right place at the right time to potentially play a role
in myelination. As with other myelin proteins, the robustness of mye-
lination prevents a single element from being indispensable; therefore,
DDR1 gene variants have no major impact on myelin-forming cells.
Nevertheless, deeper and more sophisticated recent experiments have
provided details about the specific role of DDR1 during developmental
myelination, and eventually, in myelin repair.

Future studies focusing on isoform expression in specific tissues and
cell types will help to elucidate the complexity of DDR1 expression and
functions in the brain.

Given the potentially relevant role of DDR1 in myelination, indu-
cing the upregulation or downregulation of its expression may be the
basis of a future therapy for myelin-based diseases, including multiple
sclerosis, schizophrenia, bipolar disorder and even Alzheimer's disease.
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DDR1 has been linked to schizophrenia (SZ) and myelination. Here, we tested whether DDR1 variants in people
at risk for SZ influence white matter (WM) structural variations and cognitive processing speed (PS). First,
following a case-control design (Study 1), SZ patients (N = 1193) and controls (N = 1839) were genotyped for
rs1264323 and rs2267641 at DDR1, and the frequencies were compared. We replicated the association between
DDR1 and SZ (rs1264323, adjusted P = 0.015). Carriers of the rs1264323AA combined with the rs2267641AC or
CC genotype are at risk to develop SZ compared to the other genotype combinations. Second, SZ patients (Study
2, N = 194) underwent an evaluation of PS using the Trail Making Test (TMT) and DDRI genotyping. To
compare PS between DDRI genotype groups, we conducted an analysis of covariance (including rs1264323 as a
covariate) and found that SZ patients with the rs2267641CC genotype had decreased PS compared to patients
with the AA and AC genotypes. Third, 54 patients (Study 3) from Study 2 were selected based on rs1264323
genotype to undergo reevaluation, including a DTI-MRI brain scan. To test for associations between PS, WM
microstructure and DDR1 genotype, we first localized those WM regions where fractional anisotropy (FA) was
correlated with PS and tested whether FA showed differences between the rs1264323 genotypes. SZ patients
with the rs1264323AA genotype showed decreased FA in WM regions associated with decreased PS. We
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conclude that DDR1 variants may confer a risk of SZ through WM microstructural alterations leading to cognitive

dysfunction.

1. Introduction

Traditionally, schizophrenia (SZ) was thought to be associated with
neuronal dysfunction; however, the current hypothesis that myelin and,
specifically, oligodendrocytes are also involved in the development of
SZ is gaining traction (Ren et al., 2013; Roussos and Haroutunian,
2014). In this regard, after screening the discoidin domain receptor 1
(DDR1) locus in DNA from 100 patients diagnosed with SZ, we identi-
fied an association of several genetic variants with the disease (Roig
et al., 2007). The haplotype encompassing rs1049623, rs2267641 and
rs2239518 was associated with SZ after adjusting for multiple testing
(Roig et al., 2007).

DDR1 is a membrane-anchored tyrosine kinase receptor whose un-
ique ligand identified to date is collagen (Leitinger, 2014; Ullrich and
Schlessinger, 1990; Vogel, 1999). The DDR1 gene is located at 6p21.3,
near the major histocompatibility complex (MHC) region. This chro-
mosomal region has been associated with SZ (Ripke et al., 2013) but
most GWAS arrays used in SZ studies did not contain rare variants at
the DDR1 locus such as rs2267641. Alternative splicing of DDR1 pro-
duces at least 5 isoforms, known as DDR1a to DDRIe (Alves et al.,
2001). Isoforms DDR1a and DDRIb are the most abundant in several
tissues, including blood (Leitinger, 2014). Detailed analysis of DDR1
protein in the adult human brain revealed that its expression pattern
parallels that of the MBP, a classic white matter (WM) protein (Barbara
Roig et al., 2010). DDR1c isoform expression is highly correlated with
the myelin genes MAG and OLIG2 in the human brain (Barbar Roig
et al., 2012b). In rodents, high oligodendrocyte expression of DDR1
parallels developmental myelination (Franco-Pons et al., 2006) and
remyelination after experimental demyelination (Franco-Pons et al.,
2009). SNP rs2267641, located in a heterogeneous nuclear ribonu-
cleoprotein A2 response element (A2RE) sequence in DDRI exon 14,
influences alternative splicing and the concentrations of the isoforms
DDR1b and DDR1c (Barbara Roig et al., 2012b). In the same study, SNP
rs1264323, which is in linkage disequilibrium (LD) with rs1049623,
was also found to influence the expression of isoforms DDRIb and
DDRIc (Barbara Roig et al., 2012b). Moreover, the abundance of the
DDRIc isoform was significantly elevated in brain dorsolateral pre-
frontal cortex (DLPFC) tissue from patients with SZ compared to

Table 1

controls (Barbara Roig et al., 2012a).

Diffusion tensor imaging (DTI) has made it possible to investigate
microstructural WM abnormalities in vivo (Garin-Muga and Borro,
2014). On the basis of DTI data, several studies reported abnormal WM
microstructure in patients with chronic and first-episode psychosis
(Andreasen et al., 2011; Bora et al., 2011; Pomarol-Clotet et al., 2010;
Tamnes and Agartz, 2016) and even in those who were naive to anti-
psychotic drugs (Alvarado-Alanis et al., 2015; Zeng et al,, 2016; Zhang
et al., 2016). Differential expression levels of myelin-related genes, such
as NRG1, ERBB4, DISC1, RTN4R, OLIG2, CNP and MAG, in brain tissue
from subjects with SZ also revealed molecular WM abnormalities,
matching the results found by DTI (Roussos and Haroutunian, 2014;
Takahashi et al., 2011; Voineskos, 2015). The abnormal expression of
myelin-related genes in SZ was most pronounced in the DLPFC, hip-
pocampus, superior temporal cortex and cingulate gyrus (Hoistad et al.,
2009; Katsel et al., 2005). Only a few reports have demonstrated a
relationship among gene variants, WM tract integrity, and cognitive
performance. For instance, genetic variability at MAG, OLIG2, and CNP
influenced cognitive performance in a manner mediated by the in-
tegrity of WM fiber tracts in patients with SZ (Voineskos et al., 2013);
more recently, Poletti et al. showed the influence of the COMT
Val'*®Met polymorphism on the association between cognitive function
and WM microstructure (Poletti et al., 2016). Our present hypothesis is
that SNP variants in the DDR1 locus confer susceptibility to SZ in as-
sociation with WM microstructure variation and neurocognitive deficits
such as processing speed (PS) (Karbasforoushan et al., 2015). To test
this hypothesis, we designed 3 different but interrelated studies to
achieve three main aims: in Study 1, we aimed to replicate the asso-
ciation between DDR1 variants and SZ; in Study 2, we aimed to de-
termine whether these DDR1 variants influence PS; and in Study 3, we
assessed whether there is a link between WM microstructure, PS and
DDR1 genotype.

Sociodemographic, clinical and neuropsychological characteristics of study participants.

Study 1 (case-control)

Study 2 (neurocognition) Study 3 (neuroimaging)

Control Schizophrenia Schizophrenia Schizophrenia
N = 1839 N=1193 N =194 N =154

Sex (% men/% women) 62.2/37.8 71.4/28.6 66.5/33.5 53.7/46.3
Age (mean =+ SD for men/women) 51.4 = 10.0/52.6 = 9.9 47.4 £+ 13.0/53.7 = 15.0 340 + 9.7/38.0 = 11.1 326 + 6.8/36.0 = 9.0
Years of education (mean + SD) na na 10.6 + 3.1 9.9 + 2.5
Duration of illness (years, mean + SD) na na 10.1 + 102 81 * 85
Antipsychotic dose (CPZ equivalents in mg/day) na na 314.4 + 188.6 373.4 + 226.8
Psychotic disorder diagnosis (%)

Psychotic disorder not  otherwise specified na na 18.0 37

Paranoid schizophrenia na na 45.9 50.0

Residual schizophrenia na na 28.4 241

Undifferentiated schizophrenia na na 6.2 204

Schizophreniform disorder na na 1.5 1.9
PANSS (score)

Positive na na 231 = 68 223 £ 73

Negative na na 17.3 + 6.7 176 = 7.2

General na na 387 £ 75 384 £ 73
TMT-A direct scores (mean + SD) na na 56.0 + 295 56.8 + 375

TMT: Trail Making Test, Direct scores expressed as time (sec).
75
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2. Materials and methods
2.1. Subjects

2.1.1. Study 1. case-control sample

The cases involved in this study (N = 1193) included patients di-
agnosed with SZ according to DSM-IV criteria recruited from different
hospitals across several regions in Spain. Healthy controls (N = 1839)
were recruited from the same regions as the patients (Julia et al., 2014),
For further details see Table 1 and Supplementary Material and
Methods.

2.1.2. Study 2. neurocognition sample

We recruited 194 unrelated participants who were diagnosed as
having SZ spectrum disorders according to the DSM-IV criteria. The
Trail Making Test part A (TMT-A), administered as previously described
(Martorell et al., 2007), was used as a measure of processing speed
(Nuechterlein et al., 2004; Varjacic et al., 2018). The TMT-A scores (in
seconds) are shown throughout the article, and higher values indicate
lower PS. Further information on inclusion and exclusion criteria is
provided in Supplementary Material and Methods.

2.1.3. Study 3. neuroimaging sample

Based on rs1264323 genotype, we selected 54 patients with a di-
agnosis of SZ from the Study 2 sample distributed as follows: 23 sub-
jects with the rs1264323 GG allele, and 21 with the GA and 10 with the
AA genotypes. The group with the rare homozygous AA genotype was
limited to the 10 patients available. All patients were enrolled in a
quantitative neuroimaging study based on DTI to assess whether the
relationship between microscopic variations in WM could underlie the
relationship between DDRI1 genotype and neurocognition. Further in-
formation can be found in Supplementary Material and Methods.

The authors assert that all procedures contributing to this work
complied with the ethical standards of the relevant national and in-
stitutional committees on human experimentation and with the
Declaration of Helsinki of 1975, as revised in 2008. The study protocol
and informed consent document were approved by the Hospital
Universitari de Sant Joan (Reus, Spain) ethics committee. Informed
consent of all the participants was obtained after the nature of the
procedures had been fully explained.

2.2. Genotyping

DNA isolated from peripheral blood was used for SNP genotyping
with TagMan technology (genotyping details are available in
Supplementary Material and Methods). SNPs 151264323 and
152267641, which influence DDR1 isoform expression in the brain
(Barbara Roig et al., 2012) and are associated with SZ (Roig et al.,
2007), were genotyped. Moreover, rs3135388 (a proxy of HLA-
DRB*1501 that has consistently been associated with multiple sclerosis
(Cox et al., 2012)) and rs9268895 (near HLA-DRB9 and has been as-
sociated with SZ (Ripke et al., 2013)) were genotyped to exclude false
locus associations.

2.3. Neuroimaging

Each subject in Study 3 underwent an MRI scanning session using a
1.5-T GE Signa scanner (General Electric Medical Systems). DTI data
collection and fractional anisotropy (FA) image analysis protocols are
described in Supplementary Material and Methods. To assess whether
there was a link among DDR1 genotype, PS and WM microscopic var-
iation, we first localized those WM regions where FA correlated with
PS, after which we checked whether FA in these regions showed dif-
ferences between groups with different DDRI rs1264323 genotypes.
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2.4. Statistical analysis

2.4.1. Study 1. case-control

Genotype frequencies in patients and controls were compared using
Pearson's chi-square test. P-values adjusted using Bonferroni correction
(2 SNPs analyzed simultaneously) were also calculated. Allele esti-
mates, genotype association, and analysis of epistasis between SNPs
were conducted using the software PLINK v1.07. We also evaluated the
association between the SNP rs1264323 genotype and SZ using logistic
regression, stratifying the sample by rs2267641C allele presence. The
degree of association was represented as the odds ratio (OR) with the
corresponding 95% confidence interval (CI). These analyses were con-
ducted using SPSS Statistics Package, v22.0 (IBM Corp., New York, NY,
USA).

2.4.2. Study 2. neurocognition

Categorical variables were reported as frequencies and percentages.
Continuous variables were presented as the mean * SD. We explored
the normality of the distribution of continuous variables using the
Kolmogorov-Smirnov test. TMT-A scores are shown in Figures and
Tables, however, the normalized log-transformed variable was used in
all statistical analyses. Parametric correlation coefficients were calcu-
lated to assess the associations between PS, symptoms (positive and
negative scale scores and the general PANSS score) and other clinical
variables (sex, age, years of education, duration of illness and anti-
psychotic dose). Student's t-tests were used to compare continuous
variables stratified by sex. To compare PS between DDRI genotype
groups, we conducted analysis of covariance (ANCOVA). DDR1 geno-
types were grouped following the dominant, recessive and codominant
models and the groupings with the most statistically significant results
are shown for clarity. We included as covariates the variables that
correlated with cognitive function in the univariate and bivariate ana-
lyses (Supplementary Table 1). In addition, a bootstrap method
(Dwivedi et al., 2017) was used because of the small size of the group
homozygous for the minor allele. To assess whether DDRI genotype
was associated with PS changes over time (the period between assess-
ment for Study 2 and reassessment for Study 3), we conducted an
ANOVA with repeated measures and appropriate covariables. These
analyses were conducted using SPSS.

2.4.3. Study 3. neuroimaging

Whole-brain voxel-based statistical analyses were carried out using
a general linear model by means of the Statistical Parametric Mapping
(SPM12) software package (Wellcome Trust Centre for Neuroimaging,
London, UK). The statistical model and contrasts of interest were de-
signed to find regions where the FA values were positively or negatively
correlated with PS based on TMT-A scores, the cognitive variable that
was significantly associated with DDRI genotypes. Covariates were
included to adjust for age and sex. Before the statistical analysis, nor-
malized images were spatially filtered with a Gaussian kernel of
FWHM = 2.5 mm. The statistical analysis was restricted to all voxels in
WM (threshold: FA > 0.2). Regions were reported as significant at
p < 0.05, fully corrected for multiple comparisons at the cluster level
via the topological familywise error (FWE) approach implemented in
SPM12 (based on random field theory) using a cluster-forming height
threshold of p < 0.001 and a spatial extent threshold of k > 40
voxels. The anatomical locations of significant regions were determined
with reference to the structural atlases integrated into MRIcron soft-
ware, including the Automated Anatomical Labeling (AAL) structural
atlas, the Johns Hopkins University (JHU) DTI-based white-matter atlas
and the NatBrainLab tractography atlas. Finally, the average value of
FA for all voxels in each significant cluster was extracted and further
analyzed to check whether there were differences in FA between dis-
tinct genetic groups, as well as to ensure that the correlation between
FA and PS was not due to potential confounding factors (age, sex, years
of education, disease duration, PANSS score, or medication).
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3. Results
3.1. Study 1. case-control replication study

A description of the study participants is shown in Table 1. Geno-
type frequencies, shown in Table 2, differed between cases and controls
for rs1264323 (adjusted P = 0.015). Interestingly, a significant inter-
action between the SNPs rs1264323 and rs2267641 was observed
(OR = 1.58, P = 0.00152). That is, carriers of one or two rs2267641C
alleles who have an rs1264323 GA genotype are protected against the
development of SZ (OR = 0.56; 95% CI = 0.40-0.77, P < 0.001)
compared to rs1264323AA homozygous subjects. Therefore, an ele-
vated risk of SZ is associated with rs1264323AA and one or two C al-
leles at rs2267641. In the present study, 8.3% of patients had the DDR1
risk genotypes, compared to 5.2% of controls (Table 2). Together, these
results demonstrate that the genetic association between DDRI and SZ
is mediated by an interaction between rs1264323 and rs2267641.

One of the most replicated chromosomal regions associated with SZ
is 6p21.3, near the MHC, which includes the human leukocyte antigen
(HLA) genes (Corvin and Morris, 2014). To assess whether the observed
associations between DDR1 SNPs and SZ were due to or influenced by
HLA genes, we assessed LD between DDRI SNPs (rs1264323 and
1s2267641) and HLA-DRB*1501 (rs313538 associated with multiple
sclerosis) and HLA-DRB9 (rs9268895, which has been associated with
SZ). All LDs were low (r> < 0.04) (data not shown). Therefore, we
assumed that the association between DDR1 and SZ was independent of
HLA genes.

3.2. Study 2. DDR1 and rs2267641 and TMT-A scores

Participants’ general characteristics are summarized in Table 1.
TMT-A scores, according to the model showing the most statistically
significant differences, are shown in Table 3. In Model 1, subjects
homozygous for the rs2267641C allele had elevated TMT-A scores
(P = 0.001). Similarly, in Model 2, only subjects from AA-CC genotype

Journal of Psychiatric Research 110 (2019) 74-82

distributed (Shapiro-Wilk test p = 0.581 and p = 0.964 for clusters 1
and 2).

Interestingly, we found that individuals with the genotype
rs1264323AA showed lower FA in these clusters than individuals car-
rying the G allele (t-tests: p = 0.015 and p = 0.009 for clusters 1 and 2,
respectively) (Fig. 1, panel D). FA in the second cluster showed a re-
lationship with medication (p = 0.027), but medication was not found
to be a confounding factor in a regression of FA by polymorphism
covarying by medication (p = 0.015 and p = 0.007 for clusters 1 and
2). Thus, in these WM regions, individuals with the genotype
rs1264323AA showed decreased FA; and decreased FA was associated
with increased TMT-A scores (decreased PS). Moreover, we explored
the involvement of the rs1264323 genotype in the differences in TMT-A
scores between the first and second assessments, which on average were
6 years apart. The interaction between time and the rs1264323A allele
was significantly associated (P = 0.029) with worsening of PS over time
(Fig. 2, panels A and B). Together, these results showed that rs1264323
was associated with changes in FA in brain regions involved in PS in
patients with SZ.

4. Discussion
4.1. Study 1

Here, we further demonstrated the association between DDR1 and
SZ in a case-control design using a Spanish sample. Moreover, we
showed an interaction between rs1264323 and rs2267641 for the first
time, producing a complex association with SZ. The data suggested that
SZ was associated with the rs2267641C allele only in rs1264323A

Table 2

Genotype distribution (%) and multinomial logistic regression to assess the
association between DDRI rs1264323 and rs2267641 and schizophrenia in
patients and controls from Study 1 sample.

Control: Patients Adjusted P*
group had significantly increased TMT-A scores (P = 0.009). Thus, N : 1‘;;9 Nazne;xlgz Juste
patients with schizophrenia with the rs2267641CC genotype have ele-
vated TMT-A scores that can be read as a sign of decreased PS and SNP
suggested a recessive effect of the C allele.
151264323

GG 47.2 49.3 0.015
3.3. Study 3. DDRI1 rs1264323, WM FA, and PS GA 44,2 39,7

AA 8.7 11.0

Patient features, that were similar to those of Study 2, are sum- fszﬁ"“l as
marized in Table 1. At a corrected p-value < 0.05, no significant re- aC ;:'; ; 49 .
gions of positive correlation between FA and TMT-A were found in the cc 1.5 19
whole-brain analysis. By contrast, the analysis showed two clusters
where FA was negatively correlated with TMT-A scores. One of these -
areas (cluster 1: corrected p-value = 0.006, cluster-size = 66 voxels, Combined genotype Effect
peak MNI coordinate (9,4,30), T-score = 4.59) was located in the body GG-AA 47.2 493 Neutral
of the corpus callosum, reaching the margin of the right cingulum GA-AA 23.4 21.3 Neutral
bundle. The second significant area (cluster 2: corrected p- AA-AA 3.4 28 Neutral
value = 0.009, cluster-size = 61 voxels, peak MNI coordinate (32,- 22‘22 (2’07 ‘383 ;": .
. . . . = L., o otective
68,3.3), T-score = 4.96) was centerle:.i in a WM region in the rlght AAAC 37 64 Risk
hemisphere close to the middle occipital gyrus, reaching the posterior GG-CC 0 0 NA
segment of the arcuate fasciculus. For more details about the anato- GA-CC 0 0 NA
mical locations, see Fig. 1. AA-CC 15 19 Risk
After the average FA value was computed for all voxels in both
. . . MLRA OR (95%CI) P
clusters, the ROI-based analysis revealed that the relationship between
FA and PS remained significant (p = 0.007 and p < 0.001 for clusters GG-AA/GA- AA" 954 96.2 1.2 (0.79-1.89)  ns
1 and 2) for a linear regression of PS by FA with the covariates of age, AA-AA 4.6 3.8
b -4

PANSS score and years of education, thus showing that the correlation GA-AC 79.9 68.9 056 (0.40-0.77) 4 x 10

AA-AC/AA-CC 20.1 31.1

between FA and PS was not due to any of the potential confounding
factors that we investigated. Note that we had previously shown that
these covariates (and not others) were independently associated with
PS and that, although PS was not normally distributed (Shapiro-Wilk
test p < 0.001), the residuals of the regression were normally
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# r51264323-rs2267641
152267641 AA, AC, CC.

b Reference group in the multinomial logistic regression analysis (MLRA).

¢ Bonferroni correction.

combined genotype: rs1264323 GG, GA, AA;
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Table 3
Analysis of covariance to compare mean TMT-A scores between carriers and non-carriers of the rs2267641 C allele in Study 2 sample,
Model 17 Genotype rs2267641 P value P value*
AA + AC cC
N =190 N=4
TMT-A, mean + SD 494 + 15 66.7 + 1.2 0.086 0.001
Model 2" Genotype rs1264323-rs2267641
GG-AA GA-AC AA-AC AA-CC P value P value’
GA-AA N =34 N=11 N=4
AA-AA
N =145
TMT-A, mean + SD 494 = 1.5 494 + 1.6 36.6 = 1.3 66.7 = .21 0.061¢ 0.009°

? The covariates included in the analysis (based on the bivariate analysis shown in Supplementary Table 1) were SNP rs1264323 (GG + GA vs AA), duration of
illness, years of education, age at testing, gender, antipsychotic dose and PANSS Negative score.
" The covariates included in the analysis (based on the bivariate analysis shown in Supplementary Table 1) were duration of illness, years of education, age at

testing, gender, antipsychotic dose and PANSS Negative score.
¢ ANCOVA using bootstrapping.
d Comparison AA-AC vs AA-CC.

homozygotes. We previously (Roig et al., 2007) identified the SNP
rs1049623, which is in high LD with rs1264323 (examined in the
present article), as being associated with SZ (OR = 1.44, 95%
CI = 1.15-1.79, adjusted P = 0.0016). It is important to note that
rs2267641 has not been included in most GWAS panels; therefore,
genotype data on this SNP are scarce. Interestingly, 1s2267641 is a
functional SNP that has been implicated in the alternative splicing of
DDR1b and DDRIc isoforms, and subjects with the rs2267641CC gen-
otype had lower levels of DDRIb mRNA and higher levels of DDRIc
mRNA in their brain tissue than subjects who were homozygous for the
major allele (Barbara Roig et al., 2012b). Further, the levels of the
DDRIc isoform were increased in patients with SZ compared with
controls (Barbara Roig et al., 2012a). The epistatic interaction between

A) Cluster 1

B) Cluster 2

C) Statistics

151264323 and rs2267641 regarding the association with SZ, as ob-
served in the present study, could involve differential isoform expres-
sion. Neither SNP causes an amino acid change, but both are involved
in gene expression: rs2267641 because it alters the binding affinity of
the A2RE mRNA sequence for the protein hnRNP A2 (Barbara Roig
et al., 2012b), and rs1264323 that is included in the eQTL database
(GTEx, http://www.gtexportal.org) for its differential expression in
human tibial nerve (P =6.9 x 10>, n = 369) and other tissues,
probably because of its position in the putative promoter region. Al-
though we assumed that the association between DDRI and SZ was
independent of HLA genes, HLA is a complex chromosomal region, and
we cannot rule out the possibility that other variants linked to DDR1
might influence the association that we have found. We must take into

Fig. 1. Brain regions showing a significant cor-
relation between processing speed (PS, TMT-A
T scores) and fractional anisotropy (FA) in pa-
tients with schizophrenia from Study 3. Panels
A), B), and C) depict the anatomical locations
and statistical results of the correlation analyses.
Panel D) shows the intergroup comparisons be-
tween patients who were categorized by the

D) Boxplot
0.6

0.5

- T}

0.4 E presence of the rs1264323G allele.
i
—_—
GG+GA AA
-
H
GG+GA AA

cluster-level peak-level white matter regions
Prwe-corr K T mmmmmm
cluster 1 o.o006 66 4.59 9 4 30 Body of corpus callosum (R), cingulum

bundle (R)

cluster 2 o.o009 61 4.96 32 -68 33

fasciculus (R)

White matter close to the middle occipital
gyrus (R), posterior segment of arcuate
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suggested that the G allele at rs1264323 may be protective, as it is
associated with higher FA and thus with less damaged WM. This result
is in line with the results of Study 1, in which we found that the G allele
at rs1264323 is protective against SZ in subjects carrying the
1s2267641C allele. DDRI is present in myelin (Barbara Roig et al.,
2010); however, no detailed data exist about differential expression of
DDR1 across brain regions. A number of previous studies have found
reduced FA in SZ (Kelly et al., 2018; Pomarol-Clotet et al., 2010), as
well as correlations with symptomatology, sensory function, and cog-
nition (Hoptman, 2010). Genetic susceptibility to reduced FA in healthy
subjects has been found. For instance, four independent studies have
reported that genetic variation in the NRGI-ERBB4 complex, involved
in axon guidance and myelination, is associated with reduced FA in
WM, mainly affecting tracts from the frontal and temporal lobes
(Konrad et al., 2009; McIntosh et al., 2008; Nickl-Jockschat et al., 2014;
Winterer et al., 2008). Additionally, the rs1018381T allele of the
DTNBP1 gene was associated with differential FA compared to the A
allele (Nickl-Jockschat et al., 2012). Different SNPs in NTRK3, related
to oligodendrocyte and myelin development, were correlated with FA

Variables P value in several regions including the corpus callosum and the inferior

Between subjects effects® re1264323 0.884 longitudinal fasciculus (Braskie et al., 2013).
In SZ patients, an association appeared to exist between rs2710126,
Within subjects effects® Time 0.054 located inside CNTNAP, a protein involved in neuronal synchronization
Time x rs1264323 0.029 and brain connectivity, and FA in the uncinate fasciculus (Clemm von

*Mean time (years): 6.27+1.3

“Covariates used: age, years of education, duration of illness, medication and negative

symptoms.
Fig. 2. The time and rs1264323 effect on processing speed (PS, TMT-A scores)
comparing baseline and follow-up measures in patients from Study 3. Panel A)
shows a graph representing mean TMT-A scores (time, in seconds) according to
rs1264323 genotype group at baseline and follow-up time points. Panel B)
depicts the results from the analysis of covariance with repeated measures that
compares TMT-A scores between baseline and follow-up according to
rs1264323 genotype.

account that although the highest association with SZ ever found for a
SNP is for rs9268895 near HLA DRB9 (Ripke et al., 2013), a significant
risk was also observed for other genes not related to the immune system
but located nearby (Corvin and Morris, 2014). Moreover, Bergen et al.
(2012), using a Swedish sample, found a significant association be-
tween SZ and both SNPs at LINCO00243, which codes for a long mRNA
and is located 50 kb upstream of DDRI.

4.2. Study 2

Through this study, we demonstrated a significant relationship be-
tween homozygosity for the rare rs2267641C allele and decreased PS in
patients with SZ. There are no published studies on the relationship
between DDRI and cognitive function. We know that the 1s2267641C
allele is associated with decreased abundance of the DDR1b isoform and
increased abundance of the DDRIc isoform in whole brain tissue
showing a genotype dose-dependent relationship (Supplementary
Fig. 1, panel D) (Barbara Roig et al., 2012b), but further investigation is
needed to elucidate the exact role of DDRI isoforms in brain phy-
siology. However, these results are consistent with several published
studies reporting that patients with abnormalities in oligodendrocyte
genes show an increased severity of cognitive dysfunction. One example
is a paper that reported the effects of genetic variants in oligoden-
drocyte genes (CNP, MAG, and OLIG2) on cognitive function and the
involvement of myelin tract integrity (Voineskos et al., 2013).

4.3. Study 3

We found two clusters where FA was significantly correlated with
PS. Notably, in these clusters patients with the genotype rs1264323AA
showed lower FA than patients carrying the G allele. This result
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Hohenberg et al., 2013). A SNP of the GRM3 gene was found to be
correlated with FA in tracts from the cortico-cerebellar-thalamic-cor-
tical circuit of patients with SZ (Mounce et al., 2014). Finally, a recent
report showed that the COMT Val'>®*Met polymorphism moderates the
association between WM microstructure and cognitive performance
(Poletti et al., 2016).

The underlying neural mechanisms for the interindividual varia-
bility in PS remain unknown. It has been proposed that this variability
may be due to differences in the physiological properties of the white
matter in association fibers and tracts supporting interhemispheric
transmission (Kochunov et al., 2017; Penke et al., 2010), such as the
differences found in our study. For example, a mediation analysis car-
ried out (Kochunov et al., 2017) using DTI data from 166 patients with
schizophrenia found a significant association pathway from FA to PS to
working memory. The strongest association was observed for the body
of the corpus callosum, which contains interhemispheric motor and
sensory fibers. Strong correlations were also observed for a number of
association fibers including the cingulum bundle and the superior
longitudinal fasciculus that contains the arcuate fasciculus. In two
previous studies, the integrity of these tracts, as measured by DTI, was
significantly associated with PS in healthy older people (Kerchner et al.,
2012; Penke et al., 2010). PS and FA associations in the body of the
corpus callosum have been found in other studies examining sickle cell
anemia (Stotesbury et al., 2018), multiple sclerosis (Genova et al.,
2013), and normal aging (Salami et al., 2012). Similar associations in
the cingulum bundle have been reported in early-course schizophrenia
(Seitz et al., 2016), normal aging (Salami et al., 2012) and adults with
coronary artery disease (Santiago et al., 2015), the latter which also
found a significant association in the inferior fronto-occipital fasciculus.

Data are scarce regarding the impact of genes on WM micro-
structure and PS. On the one hand, a number of neuroimaging studies in
patients with SZ found that FA is strongly associated with PS
(Karbasforoushan et al., 2015; Roalf et al., 2015; Zeng et al., 2016). On
the other hand, a recent exploratory analysis provided preliminary data
suggesting that KCNQI1 may contribute to the correlated risks of di-
minished PS, diminished FA and SZ (Bruce et al., 2017).

All these previous studies highlighted the point that SZ is a very
complex disorder involving multiple genes. The disruption of these
genes is associated with local WM changes, which in turn, are related to
different symptoms, as well as to sensorial and cognitive malfunction.
In this context, our Study 3 provided new information about the in-
volvement of DDR1 in SZ and its relation to WM microstructure and PS.
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Although we observed that DDR1 is present in myelin (Franco-Pons
et al., 2009, 2006; B Roig et al.,, 2010 and speculated that it can
modulate WM microstructure, DDR1 is present in activated leukocytes
(Hachehouche et al., 2010; Kamohara et al., 2001) and therefore an
involvement through brain tissue inflammation cannot be ruled out.

4.4. Strengths and limitations

One of the strengths of the present study is that we showed the
association between DDR1 and SZ through 3 different study designs:
first, a case-control association analysis; second, a neuropsychological
assessment in a cohort of SZ patients; and finally, a DTI neuroimaging
study in a sample of SZ patients grouped according to DDR1 genotype.
Another strong point is the capacity to control for many confounding
variables, such as the presence of psychotic symptoms, drug abuse,
pharmacotherapy, and education. However, there is an important lim-
itation regarding the sample size of the homozygous rare allele groups
for both SNPs in Study 3. Future studies with larger sample size to allow
detection the relationship between DDR1 variants and PS are required.
Also new studies involving more SNPs in white matter genes and even
polygenic risk scores to explore their influence in processing speed are
worth conducting. FA, sensitive to changes in various microstructure
parameters including axon diameter, degree of myelination, membrane
permeability, fiber density, and orientation heterogeneity, is the most
widely used metric to study WM in vivo. However, a potential limita-
tion of this metric, apart from that we used a 1.5T platform to collect
DTI scans, is that it is not specific to any of these parameters. Therefore,
it is not possible to identify the particular aspect of the microstructure
that is responsible for the FA changes (Beaulieu, 2002). For this reason,
future studies should be conducted to explore more advanced neuroi-
maging techniques based on multiple MRI features (Canales-Rodriguez
et al., 2014), allowing the individual characterization of these micro-
structural parameters (Daducci et al., 2015) by using MRI scanners with
higher magnetic fields and stronger diffusion gradients (Jones et al.,
2018).

5. Conclusions

First, we replicated the association of DDR1 with SZ in an in-
dependent Spanish sample and demonstrated that a SNP-SNP interac-
tion within DDRI played a role in the association with the disease.
Second, we observed that SZ subjects with the rs2267641CC genotype
had decreased PS scores. Third, SZ subjects with the rs1264323AA
genotype showed decreased FA in WM regions in association with de-
creased PS. We conclude that DDR1 variants may confer a risk of SZ
through WM microstructural alterations leading to cognitive dysfunc-
tion.
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MATERIAL SUPLEMENTARI DE L'ARTICLE 2:
Supplementary Materials and methods

Subjects

Study 1. Case-control sample

The cases involved in this study (N=1193) included patients diagnosed with schizophrenia
according to DSM-1IV criteria and recruited from different hospitals across several regions in
Spain Spain: 275 from Valencia (East), 435 from Santiago de Compostela (Northwest), 217
from Sabadell and 266 from Sant Boi de Llobregat (Northeast). Healthy controls (N=1839)
were recruited from 13 blood donor centers in the same regions as the cases'. The sampling
inclusion criteria were being of Caucasian origin, unrelated, aged above 18 years, and, for
controls, free of psychiatric illness. None of the participants were from the discovery sample?

region.

Study 2. Neurocognition sample

Using convenience sampling, we recruited participants from the acute hospitalization unit of
the Hospital Universitari Institut Pere Mata (Reus, Spain) with the following inclusion criteria:
Caucasian men and women aged 18-65 who were diagnosed as having schizophrenia spectrum
disorders using a semi-structured interview, the Schedules for Clinical Assessment in
Neuropsychiatry (SCAN), according to the DSM-IV criteria. The exclusion criteria were the
following: present severe neurocognitive impairment, intellectual disability or disabling
psychosis, psychosis due to drug abuse, evidence of organic disease or concomitant trauma
and/or medical criteria that would discourage participation. Participants were assessed when
the referring psychiatrist considered them clinically stable before clinical discharge. All
participants completed a study protocol consisting of symptom and neurocognitive evaluations
and blood sampling for genotypic analysis. Symptoms were assessed with the Positive and
Negative Syndrome Scale (PANSS), Spanish version®. A neuropsychological battery to measure
key cognitive domains such as working memory (the Stroop Color-Word Test and the
Wisconsin Card Sorting Test [WCST]), attention/vigilance (the Continuous Performance Test
CPT), processing speed (the Trail Making Test, Part A [TMT-A]) and executive function (the
TMT-B) was used as previously described®. Note that direct scores on neuropsychological
evaluations were used throughout the article. General intellectual function was estimated using
the Vocabulary subtest of the Wechsler Adult Intelligence Scale-Third Edition”. Sex, age, years
of education, age of onset, duration of illness, handedness, drug abuse and medication (as
antipsychotic dose converted into chlorpromazine equivalents)® were among the other
variables collected for the study. From this sample, we selected 194 unrelated participants to
complete the neuropsychological battery and be genotyped for DDR1 to assess whether DDR1

genotypic variants are associated with psychotic symptoms and neurocognitive functions in
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schizophrenia. In the present study DDR1 genotypes and TMT-A scores were used to test the

working hypothesis.

Study 3. Neuroimaging sample

From Study 2 sample we searched patients to conduct the neuroimaging study to explore
whether DDR1 SNPs are associated to white matter microstructure alterations in SZ patients.
Although rs2267641 is associated to SZ(2) and has functional consequences affecting isoform
splicing and expression’, the risk allele is very rare (rs2267641CC genotype f<4%). Instead,
we used rs1246323 because it has been linked to SZ also previously? and in the present Study
1 sample. Thus, according to rs1264323 genotype, we selected a group of SZ patients from
the Study 2 sample a diagnosis of SZ (confirmed again using the SCAN and according to DSM-
IV) as inclusion criteria. Exclusion criteria included left-handedness, age outside the range of
18-55 years, history of brain trauma or neurologic disease, and alcohol/substance abuse or
dependence within the 12 months immediately before assessment. We end up with a group of
54 SZ patients distributed as follows: 23 subjects with the rs1264323 GG allele, 21 with GA
and 10 with AA genotype. The group with the rare homozygous AA genotype was limited to the
10 patients available. All 54 selected patients were enrolled in a quantitative neuroimaging
study based on DTI in order to assess whether the relationship between microscopic variations
in white matter could underlie the relationship between DDR1 genotype and neurocognition.
Concomitantly, patients underwent a new neuropsychological and symptom evaluation using
exactly the same protocol as for Study 2. At this time, all patients were being treated at
community mental health centers; none of them were hospitalized. For this group of patients,
we have evaluations carried out at two time points separated by an average of 6 years, the
first when they were recruited during their hospitalization in an acute psychiatric unit and the
second when they were recontacted at the community mental health centers.

All three studies were carried out with approval of the Ethics Committee, and all subjects

provided voluntary written informed consent.

Genotyping

Rationale of SNPs included in the present study

In our previous report, we found that rs1049623 was the SNP most strongly associated with
DDR1 and schizophrenia®. However, rs1049623, located inside an intron, is in total linkage
disequilibrium (LD) with rs1264323 (r’=1, according to 1000 Genomes data), located in the
promoter region. We decided to genotype rs1264323 instead because of its potential influence
on gene regulation. The SNP rs2267641 was also included because of its functional impact on
the alternative splicing and expression of DDR1 isoforms’.

rs3135388, a proxy of HLA-DRB*1501 that has been consistently associated with multiple

sclerosis as an ‘inflammatory disease’®, and rs9268895, an SNP near HLA-DRB9, that has been
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associated with schizophrenia® , were also genotyped to explore whether association of DDR1
with schizophrenia is due to this highly disease-linked SNPs.

Genotyping

We used two TagMan SNP genotyping assays to detect genetic variations of the DDR1 SNPs
rs1264323 and rs2267641, rs3135388 (HLA-DRB*1501) and rs9268895 (near HLA-DRB9)
respectively (Life Technologies, Madrid, Spain). Detailed information on the sequences of SNPs
used is publicly available (http://www.ncbi.nlm.nih.gov/SNP/). Polymorphisms were assessed
using an allelic discrimination method on an ABI PRISM 7900HT Fast Real-Time PCR System

(Life Technologies, Madrid, Spain). PCR was performed following the standard protocol with a 5

pl final reaction volume in a 384-well plate. As a template, we used 20 ng of genomic DNA.
The cycling program conditions were 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 10 min, 40
cycles of 959C for 15 s and 60°C for 1 min. The software SDS, version 2.4 (Life Technologies,
Madrid, Spain), was used to automatically assign the allele calls. Allele calling failed in less
than 0.1% of the samples. DNA samples of known genotypes were included in all plates as
internal positive controls; 80% of the case participants were included in a previous study from
our research group that involved assessment of population substructure via analysis of a set of
32 highly polymorphic SNPs!®. We also calculated the allele and genotype frequencies for each
DDR1 SNP and compared the frequencies between samples from different regions to ensure
that they were not different from each other. In the present study, a Hardy-Weinberg
equilibrium test was used to assess independence between the alleles inherited from the
parents (data not shown). Hardy-Weinberg equilibrium and LD were calculated using

Haploview v4.1.

Neuroimaging

Image acquisition

Each subject underwent a single MRI scanning session using a 1.5-Tesla GE Sigha scanner
(General Electric Medical Systems) located at the Centre del Diagnostic per la Imatge -
Hospital Universitari Joan XXIII (Tarragona, Spain). DTI data were collected using a dual spin-
echo echo-planar pulse sequence along 25 equidistant gradient directions on one sphere in g-
space. The sequence parameters were as follows: repetition and echo times of 12000 and 92.9
milliseconds, respectively; b value=1000 s/mm?; field of view=256x256 mm?; number of
contiguous axial slices=40; slice thickness=3 mm; in-plane resolution=1.05x1.05 mm?; flip
angle=90°. One T2 b0 image with no diffusion weighting (b value=0 s/mm?) was also obtained
from each subject. An automatic quality-control workflow was implemented to correct possible

acquisition artifacts.
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DTI image processing

Following Canales-Rodriguez, et al.!'!, we applied the normalized correlation between
successive slices to detect slicewise intensity-related abnormalities, with diffusion volumes
containing one or more artifacts being excluded !%!3. Next, eddy current and head motion
correction were performed using the FMRIB Software Library (FSL)!*. Finally, the diffusion
gradient vectors were properly reoriented using the resulting affine transformations'®.
Fractional anisotropy (FA) images were obtained from the resulting diffusion tensors'®, which
were estimated from the corrected images using the ‘dtifit’ tool in FSL. After skull removal,
images were normalized with the symmetric normalization (SyN) algorithm, a high-resolution
diffeomorphic nonlinear registration method?’. To assess whether there was a link among
DDR1 genotype, processing speed and white matter microscopic variation, we first localized
those white matter regions where FA was correlated with processing speed, after which we
checked whether FA in these regions showed differences between different DDR1 rs1264323

genotypes.
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ARTICLE INFO ABSTRACT
Keywords: Recent evidence supports that DDR1 participates in myelination and that variants are associated with
DDR1 decreased cognitive processing speed (PS) in schizophrenia (SZ). Here, we explore whether DDR1 single

early-phase psychosis
processing speed

nucleotide polymorphism (SNP) variants are associated with PS in subjects at the early phase of psychosis
(EPP), a diagnosis often preceding SZ. Two EPP-independent samples (n=75 and n=312, respectively) were
compared to respective healthy controls (HCs; n=57 and n=160, respectively) using Trail Making Test part A

cognition to evaluate PS; DDR1 SNPs rs1264323 and rs2267641 were genotyped. SZ-risk rs1264323AA-
rs2267641AC/CC combined genotypes were associated with increased PS in EPP patients but not in HCs,
suggesting that DDR1 SNP variants have a direct association with PS in the early phases but an indirect
association as the disease progresses.

1. Introduction

Schizophrenia (SZ) is a highly heritable psychiatric disorder
with positive and negative symptoms as well as cognitive deficits.
Decreased processing speed (PS) is one of the most replicatable
cognitive deficits in people with SZ (Sheffield et al., 2018).
Moreover, premorbid cognitive deficits, including PS, have been
described as a risk factor for the development of a psychotic disorder
(Bolt et al., 2019).

Successful genome-wide approaches have demonstrated that a
considerable proportion of the heritability of SZ is attributable to the
aggregate effect of common genetic variants, mainly single-
nucleotide polymorphisms (SNPs). The chromosome region with the
highest genome-wide association is the 6p21.33 major
histocompatibility complex (MHC) region, and complement
component 4 (C4) A and B genes have been identified as relevant in
this region. Nevertheless, the presence of other relevant genes in this
region cannot be excluded. The discoidin domain receptor 1 (DDR1)
gene is also located at 6p21.33, and DDR1 SNP variants have been
found to be associated with SZ (Benkovits et al., 2016; Gas et al.,
2019; Roig et al., 2007). DDR1 is expressed in oligodendrocytes and
plays a role in myelination (Vilella et al., 2019). We previously
reported that DDR1 rs1264323, an SNP associated with SZ in case-
control designs, is associated with fractional anisotropy (FA) of some
white matter areas correlating with PS in SZ patients. Specifically,
the major allele (rs1264323G) was found to be associated with
higher FA values, which in turn were associated with increased PS.
Conversely, carriers of the minor rs1264323A allele showed lower
FA, and lower FA was associated with decreased PS. In the same
sample, SZ patients who were carriers of the homozygous genotype
CC of the functional SNP rs2267641 (Roig et al., 2012) exhibited a
significantly decreased PS (Gas et al., 2019). Notably, the
rs1264323A allele was detected to be in linkage disequilibrium with
the rs2267641C allele. Nonetheless, no study of DDR1 gene variants
and PS has been conducted in psychotic patients at the early phase, a
time when early interventions are critical to preventing disease
progression (Fusar-Poli et al., 2017).

In the present study, we aimed to determine whether DDR1 SNP
variants are associated with PS in subjects with early-phase

psychosis (EPP) compared to healthy controls (HCs). Our main
hypothesis was that DDR1 rs1264323 and rs2267641 SZ-risk
genotypes are associated with decreased PS in subjects with EPP
compared to HCs, as previously described for SZ.

2. Material and methods
2.1 Subjects
Reus sample

We included 75 EPP outpatients attending Early Psychosis
Program (HPU Institut Pere Mata, Reus, Spain). The patients were
diagnosed according to DSM-IV criteria. The exclusion criteria were
a history of brain injury or illness, intellectual disability, non-
Caucasian, DSM-1V diagnosis of drug dependence (except nicotine
dependence) and a scalar score of less than 6 in the WAIS-III
Vocabulary subtest (Lezak, 1997). We included an HC group of 57
subjects who were nongenetic relatives or friends of the patients and
screened to rule out past or current history of psychiatric disorder.
This sample (patients and HCs) was selected from a dataset used in
previous studies (Montalvo et al., 2014).

Santander sample

We included 312 EPP patients who attended Epidemiological and
Longitudinal Intervention Programme of First Episode Psychosis at
the University Hospital Marqués de Valdecilla (Santander, Spain)
(Crespo-Facorro et al., 2006). The patients were diagnosed according
to DSM-IV criteria, and the exclusion criteria were the same as
above plus the presence of an affective psychosis diagnosis (Pelayo-
Terén et al., 2008). In addition, 160 HC individuals screened to
exclude a personal or family history of mental disease were recruited
from the same geographical area (Suérez-Pinilla et al., 2015).

2.2 Ethical aspects
All procedures were in accordance with international standards

for research ethics and were approved by the local institutional
Ethics Committee for clinical research in each case.
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2.3 Genotyping

For the Reus sample, DNA was isolated from peripheral blood
white cells, and TagMan technology was used for SNP genotyping,
as previously described (Stojanovic et al., 2014). For the Santander
sample, DNA was extracted from whole peripheral blood cells and
genotyped with Genome-wide Human SNP Array 6.0 at Affymetrix
Services Laboratory. Standard quality control procedures, phasing
and imputation and adjustments for population structure were as
previously described (Bramon et al., 2014). Based on our previous
publications, we examined DDR1 rs1264323 and rs2267641 (Gas et
al., 2019; Roig et al., 2007; Vilella et al., 2019). In sample 2, we used
rs3213644 as a proxy for rs2267641 (r’=1 (Machiela & Chanock,
2015)), but we use ‘rs2267641” for clarity herein. Moreover, because
we showed that the genetic association between DDR1 and SZ is
mostly represented by interaction between rs1264323 and rs2267641
(Gas et al., 2019), herein, the genotype combinations formed by
rs1264323AA-rs2267641AC and rs1264323AA-rs2267641CC (AA-
AC/CC) genotypes are termed risk genotypes, and the remaining are
referred to as nonrisk genotypes. Notably, the genotype combinations
rs1264323GG-rs2267641AC,  rs1264323GG-rs2267641CC  and
rs1264323GA-rs2267641CC were not represented in either the two
samples studied or in 1000 Genomes Project (IBS) samples
(Supplementary Table S1). Hardy-Weinberg equilibrium was
calculated for every SNP using the Michael H. Court calculator
(Court M. H., 2012), and the distribution of genotype frequencies for
both SNPs (rs1264323 and rs2267641) was consistent with Hardy-
Weinberg equilibrium in the patients and controls and in both
samples (data not shown).

2.4 Clinical and psychological assessments

In the two samples, general intellectual function was evaluated
using the VVocabulary subtest of Wechsler Adult Intelligence Scale-
Third Edition (WAIS-111) (Wechsler, 1997). PS was assessed using
Trail Making Test part A (TMT-A) (Nuechterlein et al., 2004), and
the scores (measured as seconds used to perform the task) were used
directly. Higher values of TMT-A indicate more time spent in the
task and hence a lower PS.

Psychotic symptoms were assessed with Positive and Negative
Syndrome Scale (PANSS), Spanish version (Peralta & Cuesta, 1994)
in the Reus sample and Brief Psychiatric Rating Scale (Overall &
Gorham, 1962), the Scale for the Assessment of Negative Symptoms
(SANS) (Andreasen, 1983) and the Scale for the Assessment of
Positive Symptoms (SAPS) (Andreasen, 1984) in the Santander
sample.

Pharmacological antipsychotic treatment information was
collected and converted to chlorpromazine dose -equivalents
according to Gardner et al. (Gardner et al., 2010).

2.5 Statistical analyses

In both samples, categorical variables are reported as frequencies
and percentages and continuous variables as the mean + SD. We
explored the normality of the distribution of continuous variables
using the Kolmogorov-Smirnov test. TMT-A followed a normal
distribution in the Reus sample; however, TMT-A did not meet
normality criteria in the Santander sample, even after log-
transformation.  Nonparametric ~ correlation coefficients were
calculated to assess associations between PS and psychotic
symptoms and other variables (age, years of education and
antipsychotic dose as chlorpromazine equivalent). The association of
PS with sex was evaluated with the Mann-Whitney U test. Univariate
and bivariate analysis results are shown in Supplementary Table S2.
To compare PS among DDR1 genotype groups, we used a general
linear model (univariate analysis of variance) with variables
associated with PS in the previous univariate and bivariate analyses
as covariates. DDR1 genotypes were grouped into two haplotypes
(see Material and methods) to analyze the relationship between
DDR1 variants and PS. We used the same covariates in the two
samples for consistency, though fewer correlating variables were
found in the Reus sample. In addition, a bootstrap method that
resamples by replacing a computed value obtained from the observed

data a large number of times (10.000 iterations) (Dwivedi et al.,
2017) was employed because of the small sample size of carriers of
risk genotypes. These analyses were conducted using SPSS Statistics
Package v22.0 (IBM Corp., New York, NY, USA), and p<0.05
indicated statistical significance.

3. Results

Descriptive statistics for the participants are shown in Table 1. In
both samples, men were more represented than women, but with a
similar proportion in both the patient and control groups and without
statistical significance. Age was similar in the patients and HCs in
both samples. Although the HCs showed a higher education level
than the patients in both samples, it was only statistically significant
in the Santander sample. The risk combined genotype group (AA-
AC/CC) was detected at higher frequencies in patients compared to
HC in both samples, but without reaching statistical significance. In
both samples, patients had higher TMT-A scores (decreased PS) than
HCs (Table 1). Table 2 shows the results of the general linear model
used to test variables associated with PS. In both samples, patients
with EPP and carrying combined risk genotypes (AA-AC/CC) had
lower TMT-A scores (faster PS) than nonrisk genotype carriers, yet
the differences were only statistically significant in the Santander
sample. This difference was not observed in the HC group in either
sample. Interestingly, PS did not differ between EPP patients and
HCs carrying the risk genotype combination in either sample. HCs in
the risk combined genotype group exhibited a trend toward higher
TMT-A scores (decreased PS) than in the nonrisk combined
genotype group (Table 2).

4. Discussion

In this study, we applied two EPP samples to show that DDR1
rs1264323 and rs2267641 combined genotypes are associated with
PS. The rs1264323AA-rs2267641AC/CC (AA-AC/CC) combined
genotypes were associated with decreased TMT-A scores (increased
PS) only in EPP patients, and the difference was only statistically
significant in the larger Santander sample. We previously found that
carriers of rs1264323AA-rs2267641AC/ICC were at risk of
developing SZ and that carriers of the rs2267641CC genotype had
slower PS than other genotype groups (Gas et al., 2019). There may
be different explanations for these apparently contradictory results
between our two studies, i.e., the association of the DDR1 SNPs with
faster PS in EPP samples and slower PS in SZ samples. For example,
the patients in the present study met the inclusion criteria of EPP
which implicates that illness duration is < 5 years (Newton et al.,
2018). Conversely, patients in the study of Gas and colleagues had a
diagnosis of SZ with a mean illness duration of >10 years. In general,
PS decreases with age (Cohen et al., 2019) but also with illness
progression (Fett et al., 2020; Menkes et al., 2019). Moreover, the
findings published earlier (Gas et al., 2019) about the interaction of
the DDR1 rs1264323 variant with a worsening PS over time in SZ
patients were based on two neuropsychological evaluations with a
mean of 6 years apart and agree with the differences observed
between EPP and SZ patients. Indeed, DDR1 SNP variants may have
a positive association with PS in the early illness phases but a
negative association as the disease progresses. Several differential
disease features between EEP and SZ may also explain these results:
(1) the highest prevalence of negative symptoms in SZ (Correll &
Schooler, 2020) is negatively associated with PS (Harvey et al.,
2006; Rodriguez-Sanchez et al., 2008); (2) EPP includes patients
who do not develop SZ and that probably have high cognitive
functioning scores (Ayesa-Arriola et al., 2016; Vaskinn et al., 2020);
(3) cannabis use in EPP is more frequent and may influence PS
(Bogaty et al., 2018); and (4) there are treatment differences, and SZ
patients probably take more anxiolytics and antidepressants. The fact
that the DDR1-PS association was not observed in the HC sample in
the present study suggests that it may be more strongly related to
disease molecular mechanisms than to age-related mechanisms. In
this sense, rs2267641 has been associated with DDR1 mRNA
splicing, intracellular trafficking and expression (Roig et al., 2012).
In addition, DDR1 rs1264323 is classified as an eQTL in nervous
tissue (GTEX portal), and DDR1 is mainly expressed in
oligodendrocytes in the central nervous system (CNS) (Franco-Pons
et al., 2006; Roig et al., 2010; Vilella et al., 2019). Therefore, it is
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plausible that the relative amount of DDR1 and its isoform pattern of
expression play a role in myelination, as the principal function of
myelin is to increase axon signal transmission, which directly
correlates with PS (Tirapu-Ustarroz et al., 2011). In agreement with
this hypothesis, a recent article showed that among 90 relevant
proteins in the CNS, levels of plasma DDR1 correlated negatively
with cognitive ability in three Scottish healthy cohorts of elderly
individuals (mean age 76 years) (Harris et al., 2020), and this
correlation was not observed in a younger cohort (mean age 58
years). Unfortunately, genotype data were not included in Harris et
al.’s article; therefore, the possible effect of DDR1 SNPs was not
assessed. Notably, nilotinib, a potent DDR inhibitor, has been
proposed to prevent neurodegeneration (Fowler et al., 2019; Pagan et
al., 2019), and in a recent study, the drug was able to restore memory
function in a mouse model of Alzheimer’s disease (La Barbera et al.,
2021).

Some limitations of this study need to be mentioned. First, the
two samples are representative of EPP patients of a slightly different
age (18-37 years in the Reus sample versus 15-59 years in the
Santander sample), even though age was used as a covariate in all

analyses. Additionally, affective and nonaffective psychoses were
included in the Reus sample, whereas only the latter was considered
in the Santander sample. We conducted the same analysis in the Reus
sample but excluded patients with affective diagnosis and obtained
similar results (data not shown). Second, the sample size is an
important limitation regarding the low frequency of minor alleles for
both SNPs.

In summary, we report statistically significant associations
between combined genotypes of two DDR1 variants (rs1264323 and
rs2267641) and PS in subjects in the early stages of psychosis but not
in controls.

Future studies with larger samples are needed to obtain more
robust results, and longitudinal studies should be carried out to
identify whether DDR1 SNP variants can predict accelerated
cognitive decline in patients with psychosis. Positive results from
such studies will help to better understand cognitive deficits in
psychosis and to design more specific cognitive therapies to prevent
age- and disease-related cognitive decline.

Table 1. Sociodemographic, clinical and neuropsychological data of the study participants.

Reus sample Santander sample
Patients Controls Patients Controls
N=75 N=57 P N=312 N=160 P
Sex (% male/female) 65/35 60/40 0.503° 56/44 62/38 0.254%
Age (mean * SD) 248+54 237+48 0.284° 29.7+9.7 29.3+78 0.580°
Years of education (mean + SD) 11.3+2.7 13.3+28 <0.001° 10.7+34 11.1+27 0.125°
TMT-A direct scores® (mean + SD) 32.6+9.6 244+6.4 <0.001° 43.6 £15.8 345+104 <0.001°
Antipsychotic dose (CPZ equivalents in mg/day)  371.0 + 288.7 - 240.0 £ 143.7 -
DDR1 combined genotypes® (%)
Risk (AA-AC/CC) 6.7 5.3 . 8.0 6.9 .
. 0.738 0.748
Nonrisk (all other) 93.3 94.7 92.0 93.1

Psychotic disorder diagnosis (%)

Psychotic disorder not otherwise specified 54.7 - 6.7 -

Schizophrenia 10.7 - 44.9 -

Schizophreniform disorder 9.3 - 317 -

Schizoaffective disorder 12.0 - 26 -

Brief psychotic disorder 0 - 13.8 -

Bipolar disorder 8.0 - na -

Depressive disorder with psychotic symptoms 4.0 - na -

Manic episode with psychotic symptoms 13 - na -
Psychotic symptoms®

Positive 10.2+3.6 - 134+44 -

Negative 13.7+5.2 - 6.2+58 -

General 252+6.7 - 60.9+14.1 -

®Pearson Chi-Square test.
°Mann-Whitney U test.
“Trail Making Test A, direct scores expressed as time (sec).

9rs3213644 SNP used as a proxy of rs2267641 in Santander sample, as described in Materials and Methods.
*Measured with PANSS in Reus sample and with SAPS, SANS and BPRS in Santander sample.
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Table 2. Lineal general model analysis to compare mean TMT-A scores between carriers and noncarriers of the risk combined genotype of
DDR1 in patients and controls in the two samples.

Reus sample
Patients Controls Intragroup P° Intergroup P°
Patients Controls Risk Nonrisk
Risk Nonrisk Risk Nonrisk Risk vs Risk vs Patients vs Patients vs
N=5 N=70 N=3 N=54 Nonrisk?® Nonrisk® controls® controls®
TMT-A 29.4+9.7 32.8+9.6 24.7+12.0 243+6.1 0.736 0.766 0.382 0.001
Santander sample
Patients® Controls® Intragroup P° Intergroup P°
Patients Controls Risk Nonrisk
Risk Nonrisk Risk Nonrisk Risk vs Risk vs Patients vs Patients vs
N=24 N=288 N=11 N=149 Nonrisk Nonrisk controls controls
TMT-A 37.1+10.8 441+16.0 39.6 £13.2 34.2+10.1 0.031 0.442 0.864 0.001

2 Covariates included in the analysis (based on the bivariate analysis shown in supplementary material Table 2) were age at testing, sex, years of
education and antipsychotic dose.
P Covariates included in the analysis (based on the bivariate analysis shown in supplementary material Table 2) were age at testing, sex and years of

education.
€ P value calculated using bootstrapping.
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MATERIAL SUPLEMENTARI DE L'ARTICLE 3:

Supplementary Table S1. Genotype combinations of DDR1 variants (rs1264323 and rs2267641) in a 1000 Genomes (IBS) sample

and the two samples of our study.

1000 Genomes (1BS) Reus sample Santander sample
rs1264323-rs2267641 N=107 N=129 N=472
GG-AA 55.1 46.5 479
GG-AC 0.0 0.0 0.0
GG-CC 0.0 0.0 0.0
GA-AA 224 24.0 21.0
GA-AC 15.0 194 21.0
GA-CC 0.0 0.0 0.0
AA-AA 19 39 28
AA-AC 2.8 4.7 4.0
AA-CC 2.8 1.6 3.4
P-value® 4.6x10™ 3.1x10™ 2.4x10°®

Chi-Square test

Supplementary Table S2. Bivariate analysis between TMT-A scores and sociodemographic and clinical variables.

Santander sample

Patients Controls Patients Controls

Sex? 613 364.5 10402* 2904
Age® -0.07 0.09 0.21** 0.18*
Years of education” -0.05 -0.34* -0.21** -0.22*
Antipsychotic dose” -0.11 - -0.17* -
Psychotic symptoms score®®

Positive 0.14 - 0.05 -

Negative 0.18 - 0.01 -

General 0.20 - 0.08 -

#Mann-Whitney U test.
®Spearman’s rho.

¢CPZ equivalents in mg/day.

4 Measured with PANSS in Reus sample and with SAPS, SANS and BPRS in Santander sample.

*P<0.05; **P<0.001.
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L'objectiu principal d'aquesta tesi va ser explorar el paper de les variants del gen DDR1

en la microestructura de la materia blanca cerebral i en la VP dels TEEAP.

Les principals hipotesis van sorgir a partir dels coneixements previs de qué disposavem

sobre el rol del gen DDR1 en la mielinitzacié i I'associaciéo amb |'esquizofrénia.

= Revisio sobre el coneixement del paper de DDR1 en el SNC

El primer article va consistir en una revisié bibliografica sobre el paper del DDR1 en el
SNC (Vilella et al., 2019). No hi havia en la literatura cap document que recollis el
coneixement publicat en revistes indexades i en bases de dades sobre el paper del DDR1
en el SNC. La revisié es va encarregar al nostre grup de recerca i va formar part d’'un
volum monografic de la revista BBA-MCR sobre DDRs. La nostra aportacid va ser
important per diversos motius: 1) com ja hem comentat, és la primera revisid
sistematica sobre DDR1 i SNC; 2) es van aportar de manera ordenada i exhaustiva dades
tant en rosegadors com en humans de |'expressié de DDR1 en els diversos tipus cel-lulars
del SNC i informacié sobre |'associacié entre la variabilitat genéetica de DDR1 i patologies
del SNC i periféric; 3) es va aportar evidéncia per afirmar que el DDR1 té un rol rellevant
en el procés de la mielinitzacié i s'apuntava que podia tenir un paper important en la

fisiopatologia d’algunes malalties neuropsiquiatriques.

Pel que fa a la I'associacié del gen DDR1 amb malalties del SNC, han sorgit evidéncies
(posteriors a la publicacid de l'article) que mutacions de DDR1 es poden associar a
malalties de la mielina com I’'EM (Mo et al., 2019). Pel que fa a l'esquizofrénia, ja s’havia
reportat una associacié genética de variants de DDR1 amb aquest trastorn: les primeres
evidencies pel nostre grup (Roig et al., 2007) i, posteriorment, també per Benkovits et
al. (Benkovits et al., 2016), en ambdos estudis concretament amb la variant rs1049623
del gen DDR1. Com ja hem apuntat, les variants del DDR1 estudiades no causen un canvi
d’aminoacids pero, o bé poden estar implicades en la regulacié de I'expressio del gen, o
en desequilibri de lligament (LD, en anglés) amb altres variants funcionals. Aquests
resultats concorden amb estudis previs, comentats anteriorment, que mostren |'expressid
alterada de gens relacionats amb la mielina en pacients amb TEEAP (Gouvéa-Junqueira
et al., 2020; Prata et al., 2013; Roussos & Haroutunian, 2014; Voineskos, 2015).

»= Associacio entre les variants del gen DDR1 i els TEEAP

Un dels objectius del segon article d’aquesta tesi va ser replicar |'associacié entre les
variants del gen DDR1 amb TEEAP en una mostra de casos i controls sans més gran i
representativa de la poblacié de I’'Estat espanyol. Es va observar una associacié entre el
SNP rs1264323 de DDR1 i els TEEAP en un disseny cas-control i es va identificar una
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interaccié entre els SNPs de DDR1 rs1264323 i rs2267641: es va observar una
combinacié genotipica que es mostrava de risc per presentar un TEEAP (rs1264323AA i 1
o 2 allels C de rs2267641) i una protectora (rs1264323GA i 1 o 2 al-lels C de
rs2267641). Aquests SNPs ja formaven part del llistat de SNPs que mostraven associacio
a l'estudi previ del nostre grup (Roig et al., 2007), tot i que el que més significativament
es va associar era el rs1049623, el mateix SNP de DDR1 que relacionaven amb
I'esquizofrénia Benkovits i col. (Benkovits et al., 2016), com hem comentat. Cal remarcar
que rs1264323 i rs1049623 estan en alt LD (r’=1). Aquests resultats van reforgar la
hipotesi de la implicacié del DDR1 en els TEEAP a la vegada que també van evidenciar

que l'arquitectura geneética d’aquestes associacions és complexa.

Volem apuntar també que un estudi d'associacié de tot el genoma sobre el neuroticisme
va trobar una associacid d'un SNP en el locus del DDR1 amb aquest tret (Kim et al.,
2017). El neuroticisme és un tret de personalitat caracteritzat per la inestabilitat
emocional i la predisposicié a experimentar ansietat, por i tristesa, i s’ha assenyalat com

un possible factor de risc per a la psicosi (Krabbendam et al., 2002).

= Influéncia de DDR1 sobre la VP en pacients amb TEEAP establert,

pacients en primeres fases de la psicosi i controls

El segon objectiu del segon article d’aquesta tesi (Gas et al., 2019) era analitzar també la
influéncia dels SNPs de DDR1 en la VP en una mostra de pacients amb diagnostic de
TEEAP establert.

Com hem comentat, I'afectacié cognitiva és una alteracid nuclear en els TEEAP. Els
estudis mostren un cert grau de deteriorament cognitiu abans de |'aparicié de la psicosi
(Mollon & Reichenberg, 2018). Entre els diveros dominis, la VP és un dels déficits
cognitius més replicats en pacients amb esquizofrénia (Fatouros-Bergman et al., 2014;
Schaefer et al., 2013; Sheffield et al., 2018) i és predictora del grau de funcionalitat dels
pacients (Bolt et al., 2019; Lahera et al., 2017). Pel que fa a les estructures subjacents
de la VP, s’ha observat una relacié entre la reduccié de la integritat de la matéria blanca
cerebral i els déficits cognitius en pacients amb esquizofrénia, i s’ha assenyalat una

associacié més forta per la VP (Karbasforoushan et al., 2015; Kochunov et al., 2017).

Segons els resultats del segon article, es va suggerir un efecte recessiu de l'al-lel C de
rs2267641, ja que, en estudiar les variants per separat, vam evidenciar que els pacients
amb el genotip rs2267641CC presentaven puntuacions directes més grans de TMT-A,
cosa que es pot llegir com una disminucié de la VP. En la mateixa linia, quan vam
analitzar la influéncia de la combinacié genotipica de rs1264323 i rs2267641, només els

pacients amb el genotip AA-CC van presentar una disminucié de la VP. En el tercer treball
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d’aquesta tesi (Gas et al., en preparacid) es va aplicar el mateix plantejament, perd en
dues mostres independents de pacients amb psicosi en les primeres fases i els respectius
controls sans. L'objectiu era analitzar si el que s’havia observat en l'esquizofrénia també
es detectava en les primeres fases del trastorn, ja que en aquestes primeres fases és
clau saber quins deficits hi ha per poder actuar de forma precog, i en els controls voliem
saber si les variants de risc conformaven també un empitjorament en la VP. El que varem
observar, en les dues mostres analitzades, va ser una tendencia d’associacié de la
combinacié genotipica de risc dels 2 SNPs de DDR1 (rs1264323 i rs2267641) amb la VP, i
es va aconseguir la significacié estadistica en la mostra més gran. No obstant aix0, al
contrari del que esperavem obtenir segons el segon article que conforma aquesta tesi
(Gas et al., 2019), els pacients amb una combinacié genotipica de risc presentaven una
VP augmentada respecte dels que eren portadors de la combinacié genotipica de no risc.
Aquests resultats inicialment ens van semblar contradictoris, per la qual cosa en vam
analitzar les possibles raons i vam assenyalar primerament les diferéncies que hi podien
haver entre els subjectes analitzats en els dos estudis, tenint en compte que en |'Gltim
estudi els pacients es trobaven en les primeres fases de la psicosi. Els pacients amb
psicosi incipient presenten diverses caracteristiques que poden implicar un rendiment
millor en la VP respecte a la mostra amb diagnostic de TEEAP del segon article (Gas et
al., 2019): 1) mitjana d’edat menor (Cohen et al., 2019); 2) menys anys d’evolucio del
trastorn (Fett et al., 2020; Harvey & Rosenthal, 2018); 3) grup de diagnostic heterogeni
(Peralta et al., 2013) amb inclusié6 de pacients que no desenvoluparan esquizofrénia
(Ayesa-Arriola et al., 2016; Vaskinn et al., 2020); 4) augment del consum de cannabis
(Bogaty et al., 2018; Mandelbaum & de la Monte, 2017); 5) diferéncies en el tractament
(ansiolitics i antidepressius) (Picton et al., 2018; Prado et al., 2018; Saczynski et al.,
2015); 6) menys prevalenca de simptomatologia negativa que els pacients amb

esquizofrénia (Correll & Schooler, 2020).

Hem de ressaltar que en els dos estudis s’han utilitzat les mateixes covariables per a les
analisis (anys d’educacid, edat, génere, dosi d’antipsicotics en equivalents de
clorpromazina) menys les variables “anys d’evolucié de la malaltia” (que no es va
incloure en la mostra de psicosi incipient) i la "PANSS negativa” que es va incloure en
I'estudi previ perd no en I'Ultim, ja que en les mostres de psicosi incipient no va
correlacionar amb el TMT-A cap variable en relacié amb la simptomatologia. Per tant, tot
indica que, a part de les variables incloses, hi ha d’haver altres variables que expliquin
per qué en primers episodis la combinacié genotipica s’associa amb més VP i, en canvi,

en fases més consolidades de la malaltia, ho fa de manera inversa.

Un altre punt que cal tenir en consideracio és I’'observacio, en el segon article (Gas et al.,

2019), d'un empitjorament de la VP resultant de la interaccié de la variant rs1264323
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amb el temps en pacients amb TEEAP. Aquest efecte pot concordar amb els resultats
diferents observats en les mostres d’individus amb psicosi en fases inicials i en la mostra

dels pacients amb TEEAP amb més anys d’evolucié de la malaltia.

Resumint: pot ser que les variants de DDR1 s’associin de forma positiva amb la VP en les

primeres fases i de forma negativa a mesura que avancga el trastorn.

Pel que fa a la influéncia de les variants de DDR1 en la VP en controls sans, no hi vam
trobar diferéncies significatives. No disposem d’estudis previs del paper de DDR1 en el
perfil cognitiu de controls sans pero pot indicar que els efectes de les variants de risc del
gen son diferents en individus sans que en pacients, ja que en aquests Ultims sembla que

actuen de forma conjunta amb factors de risc.

Com ja sabem, amb l'edat hi ha un declivi de la VP (Cohen et al., 2019; Harvey &
Rosenthal, 2018). En aquesta direccid, un estudi recent de Harris i col-laboradors (Harris
et al., 2020) mostra que els nivells de DDR1 plasmatics es correlacionen negativament
amb la capacitat cognitiva en tres cohorts de persones sanes ancianes (edat mitjana de
76,4 anys), i en canvi no es va observar aquesta correlacié en una cohort més jove (edat
mitjana de 58 anys). El DDR1 en plasma s’expressa en leucocits i I'expressidé s'associa a
inflamacio (Vilella et al., 2019). Segons aquest estudi, els nivells més alts de DDR1 en
casos amb menys capacitat cognitiva es poden explicar per un estat “inflamatori”. També
pot ser que els nivells de DDR1 en plasma siguin un mirall dels nivells de DDR1 al cervell
i que els casos amb menys capacitat cognitiva també tinguin nivells més alts de DDR1 al
cervell. En aquest sentit, el nostre grup va trobar augmentat el nivell del ARNm de
DDR1c en el cervell de pacients amb esquizofrénia comparat amb controls sans (Roig,
Abasolo et al., 2012).

= Associacio entre el genotip DDR1, la matéria blanca cerebral i la VP en
TEEAP

El tercer objectiu del segon article d’aquesta tesi (Gas et al., 2019) era explorar la relacio
entre la microestructura de la matéria blanca cerebral, la VP i el genotip DDR1 en una
mostra amb pacients amb diagnodstic de TEEAP. Es va trobar una relacié entre el genotip
rs1264323AA i un descens de la FA (que implica una alteracio de la integritat dels tractes
de mielina) en regions de mateéria blanca en associaci6 amb un descens de la VP. També
es va observar un empitjorament de la VP en el temps (amb una diferéncia de 6 anys
aproximadament) en els portadors de l'al:lel A de rs1264323. Aquests resultats
concordaven amb els previs, en qué se suggeria una funcid protectora de lal-lel G

d’aquesta variant de DDR1, i mostraven que el rs1264323 estava associat a canvis de FA
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en regions cerebrals implicades en la VP en pacients amb TEEAP com el cos del cos

callds.

La teoria del neurodesenvolupament (Feinberg, 1982; Weinberger, 1987), com hem
comentat en la introduccid, postulava que alteracions en el desenvolupament prenatal i
postnatal del cervell sembla que conferien certa susceptibilitat per desenvolupar la
malaltia a l'adolescéncia juntament amb factors ambientals estressants i genetics. El
nostre grup de recerca va descriure la importancia de DDR1 en la mielinitzacié durant el
neurodesenvolupament i del model muri (Franco-Pons et al., 2006b). Per tant, podem
pensar que les persones portadores de variants del gen DDRI1 poden presentar
alteracions a la mielina que els facin més susceptibles a desenvolupar déficits cognitius
com la VP. I que aix0 a la vegada fos un factor de risc que, juntament amb altres,
facilités el desenvolupament de la psicosi. D’altra banda, el paper del DDR1 en la
mielinitzacié pot encaixar en el model de la desconnectivitat neuronal, en qué els errors
en la integracié funcional séon mediats per alteracions en les connexions anatomiques
(Friston, 2002) que sén principalment assolides per axons mielinitzats. Alteracions en els
oligodendrocits i la mielina poden portar a canvis en la formacié sinaptica i la funcié, que
a la vegada, pot conduir a una disfuncié cognitiva (Takahashi et al., 2011). La VP es
mesura mitjancant tasques simples i basiques i és un domini estretament relacionat amb
la integritat de la mielina (Penke et al., 2010; Rios-Lago & Periafiez, 2010); aquest fet
pot explicar per qué esta més associada amb la variabilitat genética de DDR1 que altres
dominis cognitius, processos que impliquen tasques més complexes i amb els quals no

trobem associacié (dades no mostrades en aquesta tesi).

Fins ara no disposem d‘altres estudis sobre la relacid entre DDR1, matéria blanca i
neurocognicio, per la qual cosa aquesta publicacié aporta informacio rellevant que
permet integrar els coneixements previs que teniem sobre DDR1. D’altra banda, es

necessiten més estudis per confirmar-ho.

= Fortaleses i limitacions

Per poder interpretar correctament els resultats dels estudis que conformen aquesta tesi

doctoral, cal tenir en compte una seérie de limitacions.

Primerament, s’ha de considerar la mida mostral dels diversos estudis que podria haver
limitat el nostre poder estadistic. Concretament amb relacié a la mida de la mostra dels
grups homozigots de l'al-lel rar dels 2 SNPs de DDR1 analitzats. Els SNPs s6n comuns en
la poblacid, perd en general han de suportar una pressio selectiva; en conseqléncia,
associacions entre un SNP i una condicio perjudicial com un trastorn generalment tindran

un efecte de mida petita. Aquests efectes petits requereixen grans estudis per
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proporcionar el poder necessari per declarar una associacié estadisticament significativa
(Michaelson, 2017). Per intentar reduir aquesta limitacié, vam utilitzar I’'analisi no
parameétrica de bootstrap (Dwivedi et al., 2017) que fa un remostreig reemplacant un
valor calculat obtingut a partir de les dades observades un gran nombre de vegades
(10.000 iteracions). Aquest méetode és util en casos com en una mostra petita o quan la

distribucié teodrica de I'estadistica és complicada.

Pel que fa a l'analisi de la mateéria blanca, a part d’apuntar que les imatges de qué
disposavem de RM eren d’'1,5T i actualment ja s’utilitzen de 3T o més, hem de tenir en
compte que la FA és molt sensible a diversos parametres de la microestructura (com el
diametre axonal, el grau de mielinitzacid, la permeabilitat de la membrana,

I’'hneterogeneitat de la orientacid) pero no és especifica per a cap d’aquests parametres.

Una fortalesa que ja hem comentat en |'‘apartat 3 d’aquesta discussid6 és que vam
controlar per les variables de confusié (edat, génere, dosi d’antipsicotics, anys
d’educacié, anys d’evoluci6 del trastorn i simptomatologia negativa), i que la

dependéncia de toxics va ser un criteri exclusio.

Cal assenyalar també, pel que fa a les fortaleses, que hi ha molt poca literatura sobre
DDR1 i esquizofrénia. Amb el nostre treball: 1) vam recollir la informacié disponible de
DDR1; 2) vam replicar |'associacié entre esquizofrenia i DDR1, i vam mostrar la relacié
entre DDR1 i VP tant en pacients amb TEEAP com en primeres fases de la psicosi (cal
apuntar la dificultat que comporta aconseguir aquest Ultim tipus de mostra, donada la
baixa prevalenca i les dificultats en la participacié i seguiment); 3) també vam assenyalar
el paper de DDR1 per conferir un risc d’esquizofrénia a través d‘alteracions

microestructurals de la matéria blanca que poden conduir a la disfuncidé cognitiva.

Mitjancant aquesta tesi aportem més dades a la literatura cientifica per valorar el paper
del gen DDR1 en els TEEAP.

= Perspectives futures

Donada la complexitat en I'etiologia dels TEEAP, coneixer possibles variants de
susceptibilitat per a la psicosi o aprofundir en I'etiopatogénia identificant gens implicats
en la microestructura del tracte de la mielina, pot ajudar a comprendre millor la fisiologia
de la psicosi i trobar noves dianes terapéutiques. Per exemple, un dels desafiaments
clinics en TEEAP és la resisténcia als tractaments antipsicotics. No coneixem les causes
de la ineficacia del tractament pero es pot associar a algunes caracteristiques cliniques,
com l'inici primerenc del trastorn o els déficits cognitius més severs (Nucifora et al.,
2019), especialment en la VP (Frydecka et al., 2015). Kochunov i altres col-laboradors

van testar la hipotesi que les alteracions de la matéria blanca implicades en el
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desenvolupament i la severitat dels déficits cognitius en I'esquizofrénia s’associen a un
risc més gran de resisténcia al tractament (Kochunov et al., 2019). I van suggerir que
s’ha de considerar el desenvolupament d’intervencions orientades a preservar o millorar
la integritat de la matéria blanca, ja que és una part dels origens etiopatoldgics de la
resisténcia al tractament de l'esquizofrenia (Crocker & Tibbo, 2018; Kochunov et al.,
2019). La generacié de nous tractaments i terapies en aquesta direccié poden millorar el

processament de la informacio i el resultat funcional de la psicosi.

Actualment, l'estratégia terapeutica principal per tractar els TEEAP es basa en |'Us
d’antipsicotics. Tot i I'Us generalitzat, els efectes dels antipsicotics en les cel-lules glials,
especialment els oligodendrocits, continuen sent poc clars (Gouvéa-Junqueira et al.,
2020). Per la qual cosa, és interessant estudiar quins farmacs sén promielinitzants i en
quins pacients s6n més necessaris. Entre els possibles tractaments nous, encara de
forma molt preliminar, s’ha proposat el Nilotinib, un inhibidor potent de DDR, per
prevenir la neurodegeneracido (Fowler et al., 2019; Pagan et al., 2019). Barbera i altres
col-laboradors van reportar que el farmac va ser capag de restaurar la funcid de la
memoria en un model de ratoli de la malaltia d’Alzheimer (La Barbera et al., 2021). Un
altre tractament que cal destacar és el de la rehabilitacié cognitiva, amb efectivitat
consolidada en pacients amb psicosi establerta (Gomez-Gastiasoro et al., 2019; Wykes et
al., 2011) que també amb un paper important per prevenir la transicié a la psicosi dels

individus amb un estat mental d’alt risc (Glenthgj et al., 2017).

Futures linies d’investigacidé inclouen analitzar grans cohorts independents, I'analisi en
pacients antipsicotic naif, analisis segons el diagnostic (ja que els TEEAP sén un grup
amb diagnostic heterogeni) o segons el génere (ja que pot implicar un ritme de
neurodesenvolupament diferent). Un altre punt que tenir en compte és analitzar la

relacié6 de DDR1 amb altres dominis cognitius i amb la simptomatologia.

També seria interessant fer estudis de seguiment per veure si en un mateix pacient les
variants genetiques tenen una influéncia en la VP diferent en les primeres etapes
respecte a I'avancament de la malaltia. Aixd podria permetre estratificar els pacients ja
des de les fases inicials del trastorn per millorar-ne el diagnostic i aplicar tractaments

preventius.

Altres estudis futurs poden consistir a analitzar el paper de DDR1 en altres patologies
mentals greus, com el trastorn bipolar o altres trastorns del neurodesenvolupament, com

els trastorns de |'espectre autista o la discapacitat intel-lectual.

Un dels reptes principals de la psiquiatria és identificar biomarcadors que siguin Utils per

al diagnostic i per al monitoratge dels pacients. Donat que els TEEAP formen part del que
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anomenem malalties complexes amb la implicacié de factors geneétics i factors ambientals
i la interaccié entre ambdods tipus de factors, pensar en els estudis epigenétics en sang i
en cervell sembla ineludible. En aquest sentit el nostre grup de recerca va fer un estudi
de metilaci6 de DDR1 en sang i cervell en TEEAP i va trobar hipermetilacié de DDR1, tant
en sang com en cervell, i associaci6 de la hipermetiliacié amb variables d’estrés i

marcadors d’inflamaci6 (Garcia-Ruiz et al., 2020).

Aquesta tesi doctoral és una petita aportacio del paper del DDR1 amb relacioé a la matéria

blanca i la VP en els TEEAP. Calen estudis futurs per aprofundir en aquesta relacio.
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1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

Al cervell de ratoli el Ddrl1 augmenta la seva expressio en la transicié des d'OPCs
cap a oligodendrocits madurs, i la maxima expressido es troba just abans de
convertir-se en oligodendrocits mielinitzants, la qual cosa suggereix que pot tenir

un paper important en la diferenciacio dels oligodendrocits.

Mutacions de DDR1 en gliomes i schwannomes suggereixen que el DDR1 esta

implicat en la proliferacié d’aquests tumors.

Variants de tipus SNP de DDR1 (rs1049623, rs2267641 i rs2239518) s’han trobat

associades a l'esquizofrénia.

La combinacié dels SNPs de DDR1 (rs1264323AA-rs2267641AC/CC) s’ha trobat
associada als TEEAP establerts en una mostra cas-control recollida a |'Estat

espanyol amb 1.193 casos i 1.839 controls.

La variant funcional rs2267641 en la forma genotipica CC s’ha trobat associada a
una VP més petita en una mostra de pacients amb diagnostic de TEEAP establert
(n=194).

En el subgrup de 54 pacients amb un TEEAP establert que es van avaluar
inicialment i reavaluar 6 anys més tard, l'al-lel A del rs1264323 s’ha trobat

associat a una disminucid de la VP.

La combinaciéd genotipica rs1264323AA-rs2267641AC/CC s’ha associat a un
augment de la VP en una mostra de pacients en les primeres fases de la psicosi de
dues mostres independents (n=75 i n=312, respectivament), tot i que només ha

aconseguit la significacié estadistica en la mostra de mida més gran.

No s’observa cap associacid entre la combinacid genotipica rs1264323AA-
rs2267641AC/CC i la VP en la mostra de controls sans en les dues mostres

independents (n=57 i n=160, respectivament).

En el subgrup de 54 pacients amb un TEEAP establert, la variant rs1264323 en la
forma genotipica AA s’associa a una disminucié del parametre de FA, que es pot
interpretar com l'alteracié de la integritat de la mielina, en regions que, al seu

torn, s’associen a una disminucié de la VP.

La interaccié entre variants del tipus SNP del gen DDR1 s’associa al risc de
presentar un TEEAP, a una alteracié de la integritat de la mielina i a un augment
de la VP en primeres fases de la psicosi i, per contra, a una disminucié en les
formes establertes de TEEAP.
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