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INTRODUCCIO

1. El remodelat vascular

El sistema vascular és I'encarregat de mantenir el flux sanguini cap als organs
mantenint-ne la pressid i un flux continu. Esta format principalment per artéries i
venes. Les artéries sdn conductes membranosos, elastics i d’estructura cel-lular
heterogénia principalment formades per cél-lules endotelials, (endothelial cells (EC)),
cél-lules musculars llises (Smooth muscle cells (SMC)), fibroblastes i ceél-lules

progenitores. Cada vas arterial consta de 3 capes (Figura 1A):

- Tunica interna o intima: capa de contacte directe amb la sang. Constituida per
I’endoteli (EC i pericits), una lamina basal i una capa conjuntiva subendotelial.

- Tunica media: formada majoritariament per fibres musculars, fibres elastiques i
fibres de col-lagen. La proporcid és variable segons el tipus de vas i és la
responsable, majoritariament, de la funcié de contraccio i relaxacio del vas.

- Tunica externa o adventicia: formada per teixit conjuntiu laxe, per fibroblastes i

fibres col-lagen principalment.

Cada capa presenta caracteristiques histologiques, bioquimiques i funcionals diferents
i actuen de forma especifica per mantenir la homeostasis vascular, regulant el to

vascular i la resposta al dany vascular.

El remodelat vascular és un terme utilitzat per definir I'adaptacié de I'estructura de la
paret vascular a diferents processos com pot ser la pressid, estrés o dany vascular. Aixo
el fa caracteristic d’un gran nombre de malalties vasculars com aneurisma, hipertensié
pulmonar (HP), arteriosclerosi, etc (Gibbons and Dzau, 1994). El remodelat vascular és
un procés patologic, caracteritzat per un engruiximent de la capa intima, média i/o
adventicia propia de les arteries i arterioles, reduint el diametre del lumen i
augmentant aixi la resistencia al flux sanguini (Galie et al., 2004) (Ross, 1993). Aquest
engruiximent esta majoritariament produit per un increment de la deposicié de
components de matriu extracel-lular com col-lagen, elastina i fibronectina (Jeffery and
Wanstall, 2001) i per una proliferaci6 desmesurada de SMC (Sakao et al., 2010).

Aquestes SMC provenen de diferents origens com els miofibroblasts i SMC provinents
2
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de la capa media, de cel-lules endotelials, progenitores, o fibroblastes de I'adventicia

(Stenmark et al., 2006a) (Arciniegas et al., 2007a) (Sahara et al., 2007).

Segons el tipus de malaltia vascular el remodelat vascular estara produit per diferents
processos i afectara de manera diferent a cada capa del vas arterial (Figura 1B). En el
cas de la restenosis i I'arteriosclerosis, després de dany vascular es produeix una
acumulacié de SMC a la intima (Schober, 2008) (Weber and Noels, 2011). El remodelat
en la HP pot incloure totes les capes de la paret vascular, hiperplasia de la intima,

hipertrofia de la media i proliferacié a I’adventicia (Figura 1B).

Tanica adventicia
Elastica externa
Tdnica media

Elastica interna
Endoteli ]’Tl'mica intima

Hiperplasia de la media Hiperplasia de I'adventicia  Hiperplasia de la intima

Figura 1. A, Tall transversal d’un vas arterial. B, Representacié esquematica de les tres
formes basiques de remodelat: remodelat de la meédia, I'adventicia i la intima.

1.2 El remodelat vascular en la malaltia pulmonar obstructiva

A la malaltia pulmonar obstructiva cronica (MPOC) I'engruiximent de la intima és un
dels trets més destacat. La MPOC és una malaltia que es caracteritza clinicament per

per una obstruccid poc reversible al flux aeri associada a un procés inflamatori cronic

3
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als vasos pulmonars degut a la inhalacié de particules i gasos nocius (Vestbo et al.,
2013). Entre un 30% i un 70% dels pacients de MPOC també pateixen HP (Seimetz et
al., 2011) (Hida et al., 2002). La HP ve definida com I'augment de la pressié mitjana de
I’arteéria pulmonar amb valors superiors a 25 mmHg en repos i a 30 mmHg durant

I’exercici (Humbert and Galie, 2016).

En estudis previs del grup, es va demostrar que I'engruiximent de la intima en la MPOC
era degut a una proliferacié de cel-lules de tipus muscular positives per a—actina de
muscul llis (a-SMA) i desmina negatives, suggerint un fenotip dediferenciat de la
cél-lula muscular llisa vascular o fenotip miofibroblastic (Santos et al., 2002) (Figura 2).
Aquestes cel-lules posseeixen capacitat sintetica i participen en un procés actiu de
remodelat vascular. Es creu que participen disminuint I'expressié de gens contractils i
incrementant la taxa de proliferacid, migracid i produccié de matriu extracel-lular

(Stenmark et al., 2006b) (Huang et al., 2014).

A més, la SMC juga un paper important en el reclutament de cel-lules inflamatories.
Les SMC sintetiques incrementen la produccid de multiples factors de creixement,
qguemoquines i citocines inflamatories que participaran en el reclutament de
macrofags principalment, pero també monaocits i altres cel-lules (Ostriker et al., 2014)
(Schober, 2008). Com s’ha vist, les SMC soén les principals promotores del remodelat
vascular pulmonar i la seva modulacié esdevé critica en la progressié de les malalties

vasculars pulmonars.

Cél-lules a-SMA
positives negatives

Figura 2. Caracteritzacié cel-lular del remodelat vascular pulmonar: cel-lules a-SMA
positives i desmina negatives constitueixen el tipus cel-lular majoritari a la intima de
les artéries remodelades, tal i com es descriu al article Santos et al. ERJ 2002; 19:632
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2.Teoria cel-lular del remodelat vascular

Els mecanismes implicats en el remodelat vascular pulmonar no es coneixen
exactament. Tradicionalment, es creu que aquest procés inclou canvis a la EC, a la SMC
i als fibroblastes. Tots ells promouran un augment de producci6 de matriu
extracel-lular. A part d’aquests canvis a les cel-lules propies del vas, se sap que
s’afavoreix el reclutament de cel-lules provinents de I’adventicia, cél-lules progenitores
i cel-lules inflamatories. Aixi doncs, en el remodelat vascular intervenen diferents tipus

cel-lules que es detallaran a continuacié.

2.1 Activacio dels fibroblastes residents a la adventicia

Els fibroblastes son el tipus cel-lular principal de I'adventicia i constitueixen el tipus
cel-lular estromal amb vida mitjana més llarga. L’heterogeneitat de la poblacié dels
fibroblastes esta ben documentada, cadascun d’ells in vitro pot sintetitzar diferents
tipus de a-SMA, poden tenir diferent morfologia i poden ser claus en el control de la
funcié vascular (Sorrell and Caplan, 2004) (Schmitt-Graff et al., 1994). Especificament,
I'adventicia esta considerada “sensor” del dany vascular, ja que proporciona gran
nombre cél-lules i molécules que intervindran en el remodelat vascular (Stenmark et

al., 2006a).

La primera evidéencia de la migracié de cel-lules de la adventicia cap a I'espai
subendotelial va ser obtinguda en experiments on s’estudiava la incorporacié de
bromoxiuridina, molécula només incorporada per les cel-lules proliferants. En un
model porci, es va demostrar que després de dany vascular, els fibroblastes de
I'adventicia migraven i es transformaven a miofibroblasts proliferants a la intima
arterial (Shi et al., 1996a) (Sartore et al.,, 2001). Més endavant, altres treballs
mostraren que els fibroblastes residents de I'adventicia eren activats en resposta a
I’estrés oxidatiu, hipoxia o la distensié vascular que estimularien una série de canvis
funcionals com un increment en la proliferacio, expressioé de proteines contractils i de

matriu extracel-lular que els permetrien migrar a la intima arterial (Zalewski and Shi,
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1997) (Li et al., 2000). També augmenten la secrecié de factors que afecten al to
cel-lular de la capa meédia, al seu creixement i al reclutament de céel-lules inflamatories.

(Shi et al., 1996a) (Shi et al., 1996b).

2.2 Cél-lula muscular de la capa meédia

La SMC es I"tnic tipus cel-lular present a la media i és la responsable de regular el
diametre del vas arterial, de les funcions sintetiques i del manteniment de la matriu

extracel-lular, les fibres de col-lagen i les fibres elastiques.

La SMC té diferents origens embriologics segons el segment de l'arteria al qual
pertany, i aixo la fa especialment sensible als estimuls segons la zona (Majesky, 2007)
(Trigueros-Motos et al., 2013). Aquest fet sera determinant en el desenvolupament del

remodelat segons el tipus d’artéria i les condicions a les quals esta sotmesa.

Goldberg et al (Goldberg et al., 1979) va demostrar que les SMC de la media era capag
de proliferar després de dany vascular i Clowes et al va estimar que el 46% de les SMC
de la média entraven a cicle cel-lular després de dany endotelial (Clowes et al., 1983)

(Clowes and Schwartz, 1985).

Més recentment, Herring et al (Herring et al., 2014) va demostrar que després del dany
vascular les SMC de la média eren capaces de dediferenciar-se, migrar i formar part de
la neointima. Va concloure, tot i que amb molta heterogeneitat, que el 40-90% de
cél-lules de la intima provenien de la média. Recentment, Owens et al (Shankman et
al., 2015) ha descrit que el 80% de les cel-lules de la intima provenen de la

dediferenciaciéo de SMC de la media.

2.3 Cél-lules progenitores

L'estimulacié de Il'angiogénesi i la neovasculogenesi per part de les cel-lules
progenitores és fonamental per la correcta reparacio dels vasos pulmonars a I'individu

adult.
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2.3.1 Cel-lules progenitores derivades de la medul-la ossia:

Tipus progenitores: La medul-la 0ssia conté diferents tipus de progenitores:

cél-lules mare hematopoietiques (hematopoietic stem cells (HSCs)), cel-lules
progenitores endotelials (endothelial progenitor cells (EPCs)), cél-lules mare
mesenquimals (mesechymal stem cells (MSC)), cel-lules progenitores musculars
(smooth muscle progenitor cells (SMPC)) (Saiura et al., 2001) (Hirschi and Majesky,
2004) i cel-lules mare multipotents. Molts estudis han evidenciat la plasticitat
d’aquestes cel-lules derivades de medul-la ossia per a diferenciar-se a diferents
tipus cel-lulars. Aquesta caracteristica fara que puguin exercir un paper dual. Per
una banda, realitzar una funcid reparativa i de regeneracié de nous vasos sanguinis
participant en I'angiogenesis, i per I'altra, iniciar un procés patologic contribuint a
la hiperplasia de la intima (Yamashita et al., 2000) (Sahara et al., 2007) (Daniel et
al., 2010). Es va demostrar que el 60% de les SMC que formem part de la neointima
post dany vascular provenien de cel-lules progenitores derivades de medul-la 0ssia

(Sata et al., 2002).

- EPC: Ashara et al (Ashara 1997) va aillar per primera vegada les EPC, basant-se en
I'expressié de CD34 i altres marcadors, i va demostrar la incorporacié de les EPC en
llocs actius d’angiogenesis en diferents models d’isquemia. Més endavant, cel-lules
CD34+ flk1+ van ser trobades a vasos i demostrada la seva capacitat de regenerar
I'endoteli i transformar-se a cel-lules amb un fenotip mesenquimal semblant a
cél-lula muscular (SM-like cells) (Tanaka et al., 2003) (Yamashita et al., 2000). Sata
et al va descriure que cél-lules c-Kit+/Scal-/lin- eren capaces a diferenciar-se a SM-
like cells expressant a-SMA (Sata et al., 2002). Més endavant, es va estudiar el seu
paper en la formacié de la intima, demostrat per |'aparicié de cel-lules c-kit+, sca-
1-, CD34+, KDR+ en la neointima i I'adventicia de plaques arteriosclerotiques de
pacients (Torsney et al., 2007). En el nostre grup també es van fer treballs en
aquest sentit. Cel-lules progenitores endotelials CD45+ CD34+ CD133+, es van
detectar augmentades en pacients amb MPOC i arteries remodelades. A més, la
infiltracié d’aquestes cel-lules correlacionava positivament amb I’engruiximent de

la intima (Peinado et al., 2006) (Diez et al., 2007). També eren capaces de
7
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transformar-se a SM-like cells (Diez et al., 2010). Més recentment, cél-lules c-kit+
s’han localitzat a vasos de pacients amb hipertensié arterial pulmonar idiopatica

(Montani et al., 2011) (Figura 3).

- MSC: Gracies a la seva capacitat d’adhesié a plastic s’"han caracteritzat aquest
tipus de progenitores, identificades com CD105+, CD44+, CD90+, CD71+.
Nombrosos treballs han demostrat que les MSC poden diferenciar-se a SMC tant in
vitro com in vivo (Davani et al., 2003) (Gojo et al., 2003) (Yoon et al., 2005).
Diversos estudis han demostrat un increment d’intima arterial provinents de MSC
en ratolins amb dany vascular (Wang et al., 2008). Recentment, s’ha demostrat que
una petita proporcio (<7%) de les cél-lules que formen part del remodelat vascular

provenen de MSC (Shankman et al., 2015) (Figura 3).

- SMPC (smooth muscle progenitors cells): Simper et al (Simper et al., 2002) van
demostrar I'existencia de SMPC provinents de medul-la 0ssia. Va cultivar cel-lules
mononuclears (mononuclear cells (MNCs)) en medi EGM-2 enriquit amb el factor
de creixement derivat de plaquetes B (platelet derived growth factor (PDGFB)) i va
obtenir colonies de cel-lula muscular. Eren colonies amb morfologia progenitora i
eren positives per a-SMA, la proteina de la cadena pesada de la miosina de muscul llis
(Smooth muscle-myosin heavy chain (SM-MHC)) i Calponina. També expressaven
marcadors d’hemangioblasts com CD34+, Fit-1 i FIk-1. Zoll et al (Zoll et al., 2008)
per la seva banda, va obtenir cel-lules progenitores musculars in vitro a partir de
sang periferica després de malaltia coronaria. Aquestes cel-lules van estabilitzar la
lesié i no van tenir efecte en el remodelat vascular. Altres estudis si que van
demostrar que el reclutament de les SMPC van afavorir la hiperplasia de la intima i
la muscularitzacié de les arterioles (Subramanian et al., 2010) (Sheikh et al., 2015)

(Figura 3).

Reclutament: Se sap que després de dany vascular, es dona una alliberacié de
factors com el PDGFB, el factor de estimulador del creixement endotelial (vascular
endothelial growth factor (VEGF)) i factor estromal 1 (stromal cell-derived factor-1

(SDF-1)). VEGF i SDF1 sén importants per la mobilitzacié de les EPC (Asahara et al.,

8
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1999)(Massa et al., 2005). Una vegada mobilitzades aquestes migren via luminal o
per la adventicia. Després actuaran factors com el TGF-B i el PDGFB que induiran la
diferenciacié cap a SM-like cells (Diez et al., 2010) (Sinha et al., 2004). En el
reclutament de les SMPC intervenen molécules com la quemoquina SDF-1/CXCL12

(Subramanian et al., 2010) o la hipoxia (Sheikh et al., 2015) (Figura 3).

2.3.2 Cel-lules progenitores residents:

S’ha descrit I'existéncia de ninxols de cel-lules mare als vasos pulmonars. Un ninxol es
defineix com el microambient que interactua amb les cel-lules mare i regula el desti
d’aquestes. Aquest microambient manté les cel-lules mare en un estat quiescent, pero
després de dany vascular es podrien activar senyals que promouen la proliferacié i la

diferenciacio de les mateixes.

El descobriment de I'existencia de cel-lules progenitores vasculars residents (vascular
resident stem cells (vVRSC)), és a dir, una poblacié resident de cel-lules progenitores al
vasos pulmonars, va relacionar-se amb un engruiximent de la intima (Hu et al., 2002).
Ingram et al 2005 va descriure EPC clonogeniques i amb una alta taxa de replicacio
sota la capa endotelial madura dels vasos (Ingram et al., 2005). Sainz et al va descriure
la presencia de cel-lules progenitores multipotents musculars a la media de les
arteries, que sota I’estimul de TGF-B i PDGFB podien diferenciar se a SMC (Sainz et al.,
2006). Un altre tipus de progenitores multipotents que es van descriure sén les
cel-lules ckit+, strol+ notch+, cel-lules progenitores vasculars que resideixen al limit
entre la media i I'adventicia, també anomenada vasculogenic zone, que tenen la
capacitat de migrar després de dany vascular i substituir cel-lules mortes i
disfuncionants (Ergiin et al., 2007) (Zengin et al., 2006) (Tintut et al., 2003). També
s’han descrit cel-lules progenitores a I'adventicia que poden diferenciar se a SMC (Hu et

al., 2002) (Figura 3).
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Figura 3. Esquema representatiu de la implicacié dels diferents tipus de progenitores

durant el remodelat vascular.

2.4 Transicio de la cél-lula endotelial a cél-lula muscular llisa

Les cel-lules endotelials poden contribuir al remodelat vascular pulmonar a través d’un

procés anomenat transicid de la CE a cel-lula mesenquimal (Endothelial to mesenchymal

transition (EnMT)). LEnMT és un procés caracteritzat per I'adquisicié per part de I'endoteli

d’'un fenotip mesenquimal and propietats progenitores degut a causes externes o

intrinseques a I'endoteli. En aquest procés es produeix una transdiferenciacié de la CE cap

un fenotip miofibroblastic o SM-like cell.

Arciniegas et al (Arciniegas et al., 1992), primer in vitro, van demostrar la capacitat de

la cel-lula endotelial en adquirir propietats mesenquimals amb I'expressié de a-SMA i

més endavant va descriure la seva implicacio en el remodelat vascular i la HP

(Arciniegas et al., 2007b). Diversos factors, que sén alliberats en condicions de dany
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vascular, com el factor de creixement transformant B (Transforming growth factor B
(TGF-B)), el factor de creixement de fibroblasts 2 (fibroblast growth factor 2 (FGF-2)),
factor de creixement de I'epidermis (epidermis growth factor (EGF)), factor de
creixement de hepatocits (hepatocyte growth factor (HGF)), estimulaven Ila
transdiferenciacio de la cel-lula endotelial cap a un fenotip mesenquimal (Arciniegas et

al., 2007b).

Més recentment, les cel-lules de la intima s’ha vist que coexpressen marcadors endotelials
com CD31 i von Willebrand factor (WF) amb a-SMA i la SM-MHC demostrant |'origen
endotelial d’aquestes cel-lules (Qiao et al., 2014) (Frid et al., 2002). Aquest punt ha estat
directament demostrat en els treballs de Ranchoux i Good on en un model animal muri
d’hipertensio pulmonar es trobaven cél-lules VWF+/a-SMA+ en la intima engruixida (Good

et al., 2015) (Ranchoux et al., 2015).

A continuacid, a la figura 4 es detalla un resum dels diferents tipus cel-lulars que

intervenen en I’engruiximent de la intima:
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Figura 4. Esquema de la teoria cel-lular del remodelat vascular.
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3. Principals mecanismes moleculars implicats en el remodelat vascular pulmonar

El remodelat vascular pulmonar és el resultat d’'un procés angiogenic patologic que
provoca un desequilibri de factors a favor de la proliferacié i la migracié de SMC cap a la

intima arterial. Aixo determina que I'estudi de la homeostasi de la SMC sigui essencial.

3.1LaSMC

La principal funcié de la SMC vascular a I'individu adult és la de contraccié i relaxacio
dels vasos sanguinis, pero en moltes malalties vasculars aquestes pateixen canvis
estructurals i de funcid. Durant les fases primerenques de la vasculogenesis, és a dir,
durant la formacio dels vasos en la embriogenesi, la SMC i les seves progenitores, sén
altament proliferatives i migratories. A I'individu adult, la SMC passa a ser quiescent i
expressa un llarg nombre de proteines contractils com la transgelina (Sm22-a), la
Calponina o SM-MHC, proteines implicades en la regulacié del calci i proteines
implicades en la transduccié del senyal necessaries per la contraccié (Owens et al.,
2004) (Owens, 1995). La proteina més restrictiva en el llinatge muscular sembla ser la
SM-MHC, tot i que les SMC arterials també expressen proteina preferencialment
expressada a I'aorta tipus 1 (Aortic preferentially expressed gene 1 (APEG-1)) i proteina
rica en cisteina i glicina tipus 2 (Cystein And Glycine Rich Protein 2 (CGRP2)) (Kumar and
Owens, 2003).

3.1.1. Regulaciéo molecular de la diferenciacié de la SMC

Existeixen diferents seqliencies o boxes descrites als promotors dels gens contractils

indispensables per la regulacié de la diferenciacié de la SMC:

* La via SRF/CARG boxes: Es la via principal que intervé en la regulacié de
la diferenciacié. L'expressid de tots els marcadors de SMC madura
depenen d’un o més elements responedors de serum (serum response
elements (SER)) que reconeixen CArG boxes (CC(AT)¢GG) als seus
promotors/enhancers. Especificament, el factor responedor de sérum

(serum response factor (SRF)) actua conjuntament amb altres cofactors

13
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especifics de SMC i n’és el principal modulador, sense ell no hi ha
expressié de proteines contractils (Owens et al., 2004). Existeixen
diferents cofactors, alguns dels més importants soén el factor
augmentador de miocits (myocite enhancer factor-2 (MEF2)) o els
pertanyents a la familia de la miocardina (MyoCD) com MRTF-A i MRTF-
B i la propia MyoCD (Han et al., 2004). SRF interacciona amb la MyoCD
i activa promotors com el de la Calponina, SM-MHC, a-SMA o la Sm22-a
(Wang et al., 2001) (Chen et al., 2002). Mutacions selectives en la regio
SRF del promotor de la SM-MHC (Manabe and Owens, 2001), a-SMA
(Mack and Owens, 1999) i Sm22-a (Qiu and Li, 2002) inactiven els

promotors i bloquejant la diferenciacio.

Els TCE (TGF8 control elements): TGFB-1 s’"ha demostrat que és un factor
inductor de la diferenciacio de SMC (Ross, 1993) (Wang et al., 2011).
TGFB-1 augmenta l'expressié de SRF, el seu reclutament a les CARG
boxes, i als TCE, augmentant aixi I'expressid6 de marcadors de
diferenciacié com la a-SMA, SM-MHC, Calponina i Sm22-a (Adam et al.,
2000) (Hautmann et al., 1997) (Hirschi et al., 2002).

Les E-boxes s’han trobat a diversos promotors de gens especifics de
SMC. A les E-boxes (CannTG) s’uneixen en forma de homodimer o
heterodimer membres de la familia de les bHLH (basic-helix-loop-helix).
S’ha vist que aquests membres activen miogenesis de muscul esquelétic
i altres programes de diferenciacio cel-lular a altres tipus cel-lulars
mitjancant MyoD. (Weintraub et al., 1989) (Atchley and Fitch, 1997)
(Soleimani et al.,, 2012). A nivell de la SMC, intervenen en la
diferenciacié regulant gens de SMC, com la SM-MHC (Seward et al.,
2001) o la Sm22-a (Osbourn et al.,, 1995). S’ha demostrat que al
promotor de la a-SMA existeixen dos E-boxes on s’uneixen les bHLH
E12/E47 (Kumar et al., 2003), i que a més, interaccionen amb SRF
promovent |'expressié dels marcadors de diferenciacié de SMC (Kawai-

Kowase et al., 2005). Existeixen també factors reguladors de les bHLH,
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com la proteina estimuladora (protein upstream stimulatory factor
(USF)) que activa transcripcié de gens contractils (Johnson and Owens,
1999).

* Els factors de transcripcid GATA, son del tipus dits de zinc que
interaccionen amb elements reguladors amb seqliencia A/T GATA A/G
(WGATAR) (Durocher and Nemer, 1998). El GATA-4/5/6 son essencials
per al desenvolupament del sistema cardiovascular, perd només GATA6
s’expressa a la SMC de la média i promou I'expressié de SM-MHC, a-

SMA i Calponina (Morrisey et al., 1996) (Mano et al., 1999).

A continuacio, a la figura 5 es detalla un esquema de les caixes o boxes que intervenen

en la regulacié dels gens contractils:

citoplasma ’ - \

/'#6(; | CD Mé

c ‘ we, c gtct )
> > xxTx ST 3 3C 3 3T I ICT I
00000000000

nucli Gens contractils

Figura 5. Esquema representatiu dels factors transcripcionals que intervenen en la
diferenciacié de la SMC. Trobem les CArG boxes que estan ocupades per SRF i els seus
cofactors MRTF/MyoCD. Els TCE estan ocupats per factors com les proteines SMADS
activades mitjancant la unié de cofactors com la MyoCD. A les E-boxes trobem units
activadors de la familia de les bHLH i USF. També trobem GATAG6 unit a la regio GATA.
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3.1.2 Modulacié fenotipica de la SMC

La SMC mostra una plasticitat elevada per canviar d’un fenotip madur/contractil,
caracteristic del vas en I'adult, a un fenotip proliferatiu/dediferenciat, caracteristic del
remodelat vascular pulmonar. Aquesta modulacié es produeix sota I'estimulacié per
diferents factors de creixement o inhibidors com estrés mecanic, contacte cél-lula-
cel-lula o cel-lula—matriu o mediadors inflamatoris. Després de patir un dany vascular
es produeix un increment de mediadors que alteren el fenotip de la SMC, promovent
la transici6 al fenotip proliferatiu i sintetic. Una cel-lula muscular
dediferenciada/sintética es caracteritza per una alta capacitat de migracid, alta taxa de
proliferacid, alta activitat sintetica de components de matriu extracel-lular com col-lagen,
elastina, proteoglicans, cadherines o integrines. Tanmateix, una cél-lula diferenciada
expressa gran quantitat de proteines, receptors i molécules de senyalitzacié implicades en
la contraccid, una baixa taxa de proliferacid i una baixa activitat sintética. (Owens et al.,

2004) (Owens, 1995) (Figura 6).

Inflamacié/ Hipoxia/ Factors de
creixement/ Contacte cel-lular

o~

Qe

Proteines Proteines
contractils contractils
Migracio T Migracio

1 Proliferacié T Proliferacid

Figura 6 . Caracteristiques de cada fenotip durant la modulacid fenotipica de la SMC.
Fenotip diferenciat/contractil a I'esquerra i el fenotip dediferenciat/proliferatiu a la
dreta.
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La majoria de marcadors de SMC madura tenen als seus promotors més d’una CArG,
TCE, E-boxes (explicats en I'apartat 3.1.1) i altres caixes properes als seus promotors
que actuen cooperativament promovent la transcripcio de gens contractils. La
modulacio fenotipica de la SMC, pero, no només es el resultat de la manca d’activacio i
la perdua d’aquests signes positius, sind també una repressié controlada d’altres vies
(Kawai-Kowase and Owens, 2007).

Un dels més estudiats és la familia de repressors Kruppel like zinc finger factors (KLF)
com KLF4 o KLF5. KLF4 és un factor de transcripcid de la familia dels posseidors dels
dits de zinc com a dominis d’unié a 'ADN, que juga un paper important en la
diferenciacié i la proliferacié cel-lular (Bieker, 2001) (Katz et al., 2002) (Aksoy et al.,
2014) (Yoshida et al., 2010). A nivell de la SMC, aquest factor regula negativament la
diferenciacié de SMC, tan in vitro, com in vivo (Yoshida et al., 2008). KLF4 es troba
absent a la SMC diferenciada i després d’un dany vascular és capag d’inhibir I'expressié
de MyoCD, Sm22-a (Yoshida et al., 2008) (Salmon et al., 2012) (Wang et al., 2011) (Liu
et al.,, 2005) o els cofactors MRTFA/B (Yoshida et al., 2007). Especificament, KLF4
inhibeix la interacci6 de MyoCD amb el SRF i s’uneix a les TCE impedint la seva

activacio (Liu et al., 2005) (Shankman et al., 2015).

Prop dels promotors dels gens contractils també existeix la regié repressora rica en
G/C. S’ha demostrat que les mutacions en aquesta zona provoquen una disminucié de
Sm22-a (Yamamura et al., 1997). També KLF4 s’uneix a aquesta regid i pot actuar

reprimint I’expressié de sm22-a (Salmon et al., 2012) o MyoCD (Liu et al., 2005).

Seguidament, a la figura 7 es detalla un esquema de les caixes o boxes que intervenen

en la modulacié fenotipica de la SMC:
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citoplasma
> - \

T

MyoCD

9 MyocCD

KLF4 KLF4 HDACs

RBPJ

CIG rep TCE WGATAr CArG gtct
b & @& & & o ;> - o o & & @& & o .
MIWU @
nucli /

Figura 7. Esquema dels canvis que intervenen en regulacié transcripcional produits
durant la modulacio fenotipica de la SMC. KLF4 interacciona amb regions riques en CG,
els TCE i les CARG boxes bloquejant I'expressid de gens contractils.

3.2LaEC

3.2.1 Transicio de la cél-lula endotelial a mesenquimal (EnMT)

Com s’ha explicat anteriorment, la EC també podria estar implicada en el remodelat
vascular pulmonar mitjancant EnMT. Els mecanismes implicats en I'EnMT no es coneixen
amb tanta exactitud com els mecanismes implicats en la transicio de la cél-lula epitelial a
mesenquimal (epithelial to mesenchymal transition (EMT)), tot i que se sap, que ambdds
processos es troben estretament relacionats i comparteixen vies de senyalitzacié. EMT és
el procés mitjangant el qual una cel-lula epitelial es transforma i adquireix marcadors de
cel-lula mesenquimal adoptant un fenotip proliferatiu i migratori. De la mateixa manera
passa amb I'EnMT pero, en aquest cas, és la cellula endotelial la qui pateix la

transdiferenciacio.

L" EMT es va descriure inicialment en el desenvolupament embrionari durant la gastrulacié
(formacié de les capes germinals) i la generacié de cél-lules migratories de la cresta neural
(Thiery et al., 1982) (Hay, 2005). També es relaciona en la reparacio tissular, fibrosis i la

metastasis en molts cancers (De Craene and Berx, 2013), (Zeisberg and Kalluri, 2004). Es
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un procés reversible, ja que durant el desenvolupament es generen diferents rondes de
EMT/MET (transdiferenciaci6 mesenquimal a epitelial (mesenchymal epithelial
transdiferentiation)) successives per la formacié dels organs. A part de la seva implicacié
durant el desenvolupament, 'EMT té lloc com a resposta fisiologica al dany vascular
(Bartis et al., 2014) (Kovacic et al., 2012). Durant aquest procés, les cél-lules epitelials
adquireixen noves funcions cel-lulars: pateixen canvis a nivell de regulacié transcripcional,
canvis en el citoesquelet, canvis a nivell d’adhesid cel-lular i canvis en la sintesi de
components de matriu extracel-lular (Ikenouchi et al., 2003). Les citoqueratines son els
filaments intermedis caracteristics de les cel-lules epitelials. Durant 'EMT la cel-lula sera
reprogramada a expressar vimentina. Aquest i altres canvis en el citoesquelet estaran
relacionats amb una activacié de la migracié (Boettger et al., 2009) (lkenouchi et al.,

2003).

Diferents factors de transcripcié com Slug, Snail, Zeb1, Zeb2, Twist, B-catenina i Tcf/LEF
s’han vist implicats en aquest procés i s’han descrit com els principals inductors (Kalluri,
2009, p. 20)(Zeisberg and Neilson, 2009)(Cano et al., 2000). Aquests factors regulen la
perdua de contacte cel-lula-cél-lula (tight junctions) entre cél-lules epitelials. Aquest
procés s’explica per una disminucié de proteines com les occludines, claudines i la E-
cadherina i un augment de N-cadherina i marcadors mesenquimals (Kalluri and
Weinberg, 2009) (Zeisberg and Neilson, 2009). S’ha de mencionar pero que, a vegades,
existeix una coexpresid dels marcadors mesenquimals i els epitelials. Per aixo, altres
meétodes que s’utilitzen per identificar EMT, és la activacid de Slug/Snail, juntament amb la

disminucio de la E-cadherina.

De forma similar durant 'EnMT el contacte cel-lular entre les EC es perd i aquestes
pateixen una reestructuracio del citoesquelet. En el cas de la EC es perd I'expressié de VE-
cadherina, Tie-1/2, VEGFR1/2 , CD31 i augmenten marcadors mesenquimals com a-SMA,

col-lagen o vimentina (Figura 8).
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Inflamacié/ Hipoxia/
Factors de creixement/
Contacte cel-lular

eIlelele @ @lelele
Marcadors endotelials

Inducci6 dels principals
factors de transcripcio :
VE-caherina
slug l CD-31
snail citoqueratines
zeb1/zeb2

Marcadors mesenquimals
Vimentina

a-actina

Figura 8. Esquema representatiu de la reestructuracié i modificaciéd genica de la EC
durant 'EnMT. Estimuls com la inflamacid/hipoxia/factors de creixement indueixen
I'expressid dels factors de transcripcido Slug/Snail/Zebl. Aquests dirigiran la
reestructuracié del citoesquelet amb la disminucié de VE-cadherina, queratines i CD-
31, i 'augment de vimentina i a-SMA.

3.2.2 Regulacio transcripcional: Superfamilia d‘Snail

3.2.1.1 Caracteristiques generals:

El primer membre de la familia Snail, Snail, va ser descrit a Drosophila Melanogaster.
Aquesta proteina es va veure que era necessaria per la formacié del mesoderm.
Després, I'expressid de Snail es va detectar en altres espeécies, com els humans. La
familia Snail inclou els factors de transcripcio del tipus dits de zinc, com Slug. Estan
compostos per una regié carboxil-terminal altament conservada, la qual conté quatre
o sis dits de zinc. Aquests dits de zinc sén la regid d’unid a I’ADN i estan formats per 2
cadenes B i una helix a. Aquests factors de transcripcié s'uneixen a E-boxes. Slug i

altres membres de la familia Snail reprimeixen I'expressido mitjangant el reclutament
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d’histones deacetilases (HDACS) a les E-boxes dels promotors dels seus gens diana
(Cobaleda et al., 2007).

Snail i Slug sén transportats al nucli mitjangant importines, les quals s’uneixen al senyal
de transport nuclear. Mentre que els dos es troben al nucli, només Snail s’ha trobat al

citoplasma.

3.2.1.2 Funcions i mecanismes principals:

Estan descrits com a factors de transcripcié claus en la morfogenesis, la formacié del
mesoderm i la cresta neural durant la embriogenesis. També estan descrits com iniciadors
de processos de diferenciacid cel-lular, supervivencia, transicid fenotipica i del EMT

(Kalluri, 2009)(Thiery et al., 2009)(Tsai and Yang, 2013)(Lamouille et al., 2014) .

Les primeres referencies de que Snail i Slug estan involucrats en 'EMT provenen d’estudis
fets amb embrions de pollastre. La inhibicidé de Slug en aquests embrions va provocar una
manca de laminacio de la cresta neural i el mesoderm (Nieto et al., 1994). D’altra banda,
un augment de I'expressio de Slug va provocar un increment en la formacié de cresta
neural en I'embrid de pollastre. Snail i Slug també s’observen en altres cel-lules que
pateixen EMT durant el desenvolupament de I'embrié: com la decondensacio dels
somites, la formacié de I'endoderm o la formacié del cor (del Barrio and Nieto, 2002)

(Sefton et al., 1998).

Slug i Snail tenen moltes altres funcions descrites. La que s’ha estudiat més extensament
és que Slug actua de repressor de la E-caherina (Cano et al., 2000) (Batlle et al., 2000). La
perdua d’expressio de la E-caherina promou I'eliminacié del component més important de
les unions intercel-lulars tight junctions, promovent 'EMT. La E-cadherina no és I'Gnica
diana directa. S’han descrit altres molécules d’adhesié com les claudines (Martinez-

Estrada et al., 2006) o les citoqueratines (Tripathi et al., 2005).

Altres estudis evidencien el paper de Slug com a regulador de la diferenciacio cel-lular. En
un estudi en I'epidermis de ratoli, canvis d’expressié de Slug van ser relacionats amb

canvis en la diferenciacié de les cel-lules de I'epidermis, canvis en la apoptosis, proliferacié
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i motilitat (Newkirk et al., 2008). En un altre treball dut a terme amb fibroblastes
embrionics es va relacionar I'augment de I'expressié Slug amb gens de renovacié cel-lular,

EMT, supervivéncia i cicle cel-lular (Bermejo-Rodriguez et al., 2006).

Soleimani et al van descriure el rol de Slug en la diferenciacié de muscul esquelétic. Van
demostrar que aquest factor de transcripcid reprimia la diferenciacid dels mioblasts
(cél-lules progenitores de muscul esquelétic) i cél-lules mesenquimals. A més, en mantenia
I'estat dediferenciat (Soleimani et al., 2012) (Torreggiani et al., 2012). En un altre model
cel-lular s’ha vist que Slug s’expressa en cel-lules progenitores de I'epidermis i també en
controla el seu estat dediferenciat (Mistry et al., 2014) (Pérez-Losada et al., 2002).
L"altima publicacié en aquest sentit, demostra que Slug regula la proliferacié i migracié de

les cel-lules progenitores del muscul esquelétic (Tang et al., 2016).

4. Factors iniciadors i moduladors del remodelat vascular

Després d’'un dany vascular, hi ha una agregacié de plaquetes i una activacié de les
mateixes que secretaran factors de creixement i citocines. Aquests factors estimularan
I'expressid de selectines, que promouran la infiltracié de cellules inflamatories. El
reclutament de leucodcits (monocits i neutrofils) promoura la degradacio de la lamina basal
de I'endoteli que fara que les SMC entrin en contacte amb les citocines i factors de
creixement secretats. Aquests factors podran actuar sols o convergir activant receptors
tirosina-quinasa a les cél-lules vasculars iniciant i promovent el remodelat vascular (Inoue

et al., 1998) (Newby, 2005).

4.1 Superfamilia dels factors de creixement transformants (TGF)

La via de senyalitzacié de TGFB i la proteina morfogenica de I'és (bone morphogenic
proteins (BMP)) s’ha vist que sén importants en la malaltia cardiovascular, ja que les

afectacions en aquestes vies, son essencials per la homeostasi vascular.

TGFB és una citocina multifuncional, amb tres isoformes les quals modulen processos

de diferenciacio cel-lular, proliferacio, supervivéncia i apoptosis.
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TGFB-1 té un paper clau en la induccié de I'expressiéd de proteines contractils. S’ha
demostrat que és un potent inductor de la via SRF/MyoCD tant en la SMC de I'adult
com en les etapes embrioniques (Sinha et al., 2004)(Wang et al., 2011). Aquest factor
promou I'expressié de SM-MHC, Sm22-a i Calponina gracies a I'activacio de la MyoCD i

la via de les proteines SMADS (Qiu et al., 2005) (Kurpinski et al., 2010).

Una altre procés en el que esta implicat TGFB-1 és 'EnMT, on és un dels principals
inductors (Arciniegas et al., 1992). En aquest sentit, en estudis in vitro del nostre grup
es va demostrar que la via del TGFB-1 juga un paper clau en la migracid i diferenciacié
de les EPC a SM-like contribuint al remodelat vascular. La inhibicié del TGFBR1 en co-
cultius amb SMC aboleix la transdiferenciacié d’aquestes cel-lules afavorint el paper
reparador (Diez et al., 2010). TGFB-1 té una funcié dual: per una banda, activa I'accié de
diferents metal-loproteinases (MMP) com MMP1, MMP2, MMP9 que incrementaran la
migracid i la invasié de la matriu extracel-lular de les cél-lules endotelials (Welch-Reardon
et al., 2014); i per a l'altra, també activa la via de les proteines SMADS, que interaccionen
amb les MRTFs, afavorint la transcripcio de filaments intermedis i promovent la

reorganitzacio del citoesquelet (Arciniegas et al., 1992)(Cooley et al., 2014).

BMP: proteina membre de la superfamilia TGF. Durant el desenvolupament, les BMPs
controlen processos com la miogenesi cardiaca i la vasculogenesi (Moser and Patterson,

2005).

Les mutacions en la linia germinal del receptor de les BMP tipus 2 (bone morphogenic
receptor 2 (BMPR2)), sén la conseqiiencia de la majoria de casos de la hipertensio
arterial pulmonar familiar (HAPf) (Atkinson et al.,, 2002). Especificament, hi ha
nombrosos treballs que la seva disminucié o mutacions en el receptor BMPR2 han estat
relacionades amb la hiperplasia de la intima en la HAP (Hong et al., 2008) (Maruyama et
al., 2015). S’ha demostrat que I’activacié de BMPR2 intervé en la modulacié fenotipica
de la SMC promovent i mantenint el fenotip contractil (Caruso et al., 2012) (Davis et

al., 2008). Especificament, s’ha demostrat que la via de les BMPs activa la transcripcié de
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proteines contractils mitjancant la translocacié a nucli dels cofactors MRTFA i MRTB, els
quals s'uneixen a les CArG (Lagna et al., 2007) (Caruso et al., 2012).

La via del BMPR2 també s’ha vist relacionada amb I'EnMT. Es va demostrar que
mutacions en BMPR2 estaven lligades a la transicid de cel-lula endotelial a muscular

afavorint el remodelat vascular pulmonar (Ranchoux et al., 2015).

4.2 PDGF

PDGF és un factor de creixement secretat per les plaquetes, encara que també pot ser
secretat per les cel-lules endotelials. Existeixen diferents isoformes (PDGFA, PDGFB,
PDGFC, PDGFD), i els heterodimers d’aquestes isoformes (PDGFAA, PDGFBB, PDGFAB

etc).

L’expressid del lligand de PDGFB i el seu receptor s’han trobat augmentats en pacients
amb HAP (Perros et al., 2008). A més, la inhibicid d’aquesta via en un model muri va
tenir un efecte antiremodelat (Ten Freyhaus et al., 2015). Després d’un dany vascular
es produeix una activacié de PDGFB, que provocara la modulacié fenotipica de la SMC,
promovent I'expressid de repressors com el KLF4 (Ali et al., 2013). KLF4 s’uneix
cooperativament a Elk1 (Salmon et al., 2012) i la proteina especifica 1 (Specific protein
1 (Sp1) (Deaton et al., 2009), un factor de transcripcié que actua de repressor de SM-
MHC. Altres repressors activats per aquesta via son les proteines Forkhead Box (FOXO)
que actuen afavorint la dediferenciacié i el remodelat (Abid et al., 2005). A la mateixa
vegada, KLF5 estimula I'expressid del receptor de PDGF, la qual cosa amplificara la

resposta hiperplasica (Nagai et al., 2005).

4.3 Notch

Notch esta compost per diferents proteines transmembrana (Notchl, Notch2, Notch3 i
Notch4) que comparteixen un domini extracel-lular amb multiples repeticions del EGF i
cinc dominis intercel-lular (Jagged 1, Jagged 2 i les proteines delta 1,3 i 4). La

senyalitzacid mitjangant Notch regula processos de diferenciacio cel-lular i canvis de
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fenotip en molts models cel-lulars. Notch 3 és la forma que s’expressa de manera

majoritaria ala SMC.

L’activacié de la via de Notch s’ha vist indispensable pel desenvolupament de la SMC
vascular a la cresta neural (High et al., 2007). Els primers articles que descriuen el paper
de Notch a la cel-lula muscular llisa, relacionen aquesta via com a via promotora de la
diferenciacio de la SMC (Doi et al., 2006). S’ha demostrat que el domini intercel-lular de
Notch (notch intracel-lular domain (NICD)) podria interaccionar amb la proteina d’unid
de recombinacié per la immunoglobulina Kappa J (Recombination signal Binding
protein for immunoglobin kappa J region (RBPJ)). Aleshores s’activaria el programa de
diferenciacié muscular amb un increment d’expressié de a-SMA, tant a la SMC com a
la EC (Noseda et al., 2006), i altres gens de diferenciacié com la SM-MHC (Doi et al.,
2006).

Existeix també una interaccid entre Notch4 i la via de TGFB-1. Ambdds vies actuen
cooperativament modulant la diferenciacié a SMC, ja que Jagged 1 podria estimular les
proteines SMAD que s’uniran als promotors de la a-SMA, Calponina i Sm22-a per

activar-los (Tang et al., 2010).

Altres estudis, pero, relacionen I'expressié de Notch amb la formacié de neointima
després d’un dany vascular (Li et al., 2009) (Redmond et al., 2014). S’ha vist que
estimula un increment de proliferacié i migracié de les SMC (Ozasa et al.,, 2013).
Especificament, es va demostrar que Notch pot inhibir la diferenciacié mitjangant la via
CBPF-1/RBP ja que inhibeix la MyoCD mitjancant I'expressié dels repressors Heyl i
Hey2 (Morrow et al., 2005) (Proweller et al., 2005). Tot i que el mecanisme no esta del
tot clar, es creu que inicialment Notch estimularia el fenotip contractil de la SMC. Una
mica més tard, i amb l'augment dels nivells dels repressors Heys, s’inhibiria la

diferenciacié (Y. Tang et al., 2008).
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Les proteines de Notch també s’activen durant 'EnMT (Noseda et al., 2004) (Iso et al.,
2003). Alla EC promou I'expressidé de a-SMA (Noseda et al., 2006) i la transdiferenciacio

de les cél-lules progenitores circulants a SM- like cells (Doi et al., 2009).

4.4 Inflamacié i quemoquines

La inflamacié vascular juga un paper clau en la patogenesis de diferents malalties
cardiovasculars. Els pulmons poden ser uns dels majors inductors de inflamacid, ja que
constantment estan exposats a particules externes com la pol-lucié i el fum del tabac
(Hansson, 2005). Multiples vies soén activades per processos inflamatoris i
contribueixen al desenvolupament de la HP, MPOC i altres malalties vasculars

(Thunstrom et al., 2015) (Joppa et al., 2006).

En estudis previs del nostre grup es va demostrar que cél-lules inflamatories infiltraven
a l'adventicia de les arteries pulmonars (Peinado et al., 1999). Nivells alts
d’interleucina 6 (IL-6), factor de necrosi tumoral a (TNF-a) i interleucina 1B (IL1-B)
correlacionen amb la HP i amb els pacients amb MPOC (Dominguez-Fandos et al.,

2012)(Chaouat et al., 2009)(Pizarro et al., 2014).

Algunes citocines s’han vist relacionades amb la modulacié fenotipica de la SMC. IL1-B
s’ha vist que bloqueja la diferenciacié de la SMC promovent el fenotip sintétic
d’aquestes cel-lules (Alexander et al., 2012). Aquesta citocina és capag de reprimir la

MyoCD via KLF4 (Yoshida et al., 2013).

TNF-a també s’ha vist molt estretament relacionat amb la patologia vascular i la
hiperplasia de la intima (Barath et al., 1990) (Pizarro et al., 2014). S’"ha demostrat que
és capa¢ d’induir la modulacié fenotipica de la SMC als vasos cerebrals a través de
I’activacié de KLF4 (Ali et al., 2013). Un altre dels factors de transcripcio estimulats per
ambients inflamatoris, com el factor nuclear potenciador de las cadenes lleugeres
kappa de las cel-lules B activades (nuclear factor kappa- beta (NFk-B)), s’ha demostrat

que es capag d’inhibir la MyoCD (R.-H. Tang et al., 2008).
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A la cel-lula endotelial, s’ha demostrat que diferents citocines inflamatories, IL1-p i
TNF-a indueixen transdiferenciacié de la cel-lula endotelial a SM-like cell, promovent
la migracio i expressié de a-SMA d’aquestes cel-lules (Rieder et al., 2011) (Fleenor et

al., 2012) (Romero et al., 1997).

4.5 Hipoxia

La hipoxia ve definida com un deéficit d’aport d’oxigen als teixits. Un nombre important de
malalties pulmonars estan associades amb la presencia d’hipoxéemia cronica, com la MPOC

(Stenmark et al., 2006b).

La hipoxia és una de les principals promotores del desenvolupament de remodelat
vascular pulmonar. S’ha observat que persones que viuen a grans alcades pateixen
HAP. En aquestes persones s’ha observat un increment de cel-lules a-SMA positives a la
paret vascular (Aldashev et al., 2002). Aquest engruiximent, pero, és produit
majoritariament a la media i difereix del produit per lesions vascular, on es produeix

principalment una hiperproliferacié a la intima de les artéries (Stenmark et al., 2006b).

Es coneix que la hipdxia pot estimular la produccié de citocines i juntament amb
I'estrés mecanic estimula una cascada intercel-lular de MAPS, PI3K, SMADS, Rho
quinases que modularan la contractibiltat de la SMC, el seu creixement i la produccié
de matriu extracel-lular (Stenmark et al., 2006b). La hipoxia, a més, pot induir la
modulacid fenotipica de la SMC promovent canvis en la proliferacid i la migracio
d’aquestes cel-lules (Peng et al.,, 2014). D’una banda, s’activen mecanismes
dependents de cGMP (Zhou et al., 2009) (Yi et al., 2012) i per 'altra mecanismes que
regulen I'expressid del factor induit per hipoxia (hypoxia-inducible factor-1 (HIF-1a)).
Aquest factor de transcripcio s’expressa ubiquament només en condicions d’hipoxia i
modula diferents respostes com la proliferacié, la supervivencia, el metabolisme, la
inflamacid, la angiogenesi i la fibrosi. HIF-1a sembla ser un dels principals inductors del
remodelat de la media i s’"ha demostrat que la seva supressio pot exercir un paper anti-

remodelat (Imanishi et al., 2014) (Shan et al., 2014).
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A nivell dels fibroblastes de I'adventicia, s’Tha demostrat que la hipoxia pot induir
expressido de a -SMA, promovent la diferenciacié a miofibroblasts que migraran a la

intima (Misra et al., 2010).

A la céel-lula endotelial, per la seva banda, la hipoxia estimula la formacié d’espais
subendotelails que provoquen un augment de I'extravasacio de cel-lules inflamatories,
a més, de l'augment de produccié de laminines i fibronectines, elastina i menys
proteoglicans que afectaran a la funcid de la SMC, estimulant-ne el creixement
(Rabinovitch, 2001). La hipoxia, a més, pot promoure la transdiferenciacid de les
cel-lules endotelials mitjancant I'expressié de la MyoCD, que estimulara I'expressié de
o-SMA (Zhu et al., 2006) (Good et al., 2015). Les cel-lules progenitores també poden

transdiferenciarse a SMC sota estimuls d’hipoxia (Dong et al., 2011).

Seguidament, a la figura 9, es detallen les vies moleculars que intervenen en la

modulacio fenotipica de la SMC durant en remodelat vascular pulmonar.
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Figura 9. Esquema de les vies que s’activen durant la diferenciacié i la modulacié
fenotipica de la SMC. A dalt, activacié de la via de les BMPs, TGF-B i Notch induint
activant I'expressio dels gens contractils. A la imatge inferior, activacié de PDGFB-KLF4
i NFkB afavorint el canvi fenotipic de la SMC.

/
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5. Epigeneética i malaltia: els microARNs com a reguladors post-transcripcionals

En els ultims anys s’han fet grans avengos en I'analisi del transcriptoma. Un d’ells ha
estat el projecte ENCODE, un programa consorci, que va permetre descriure diferents
tipus de ARNs no codificants de proteines (ncCARNs). Aproximadament, el 98% de tots
els ARNs transcrits sén ncARNs i actuen com a reguladors transcripcionals. Els ncARNs
es divideixen en els petits ncARNs (menys de 200nt) i els llargs ncARNS (més de 200
nucleotids (nt)). La familia més ben caracteritzada dels ncARNs sén els microARNs
(miRNAs) (Jacquier, 2009) (Ghildiyal and Zamore, 2009). Els miRNAs modulen
I'expressié d’aproximadament del 30% de tots els gens codificants per proteines

(Berezikov, 2011)(Lewis et al., 2005).

Els miRNA sén un tipus de petits ARNs no codificants endogens conservats en el procés
evolutiu i, en general, d’'uns 21 nucleotids de longitud. Aquests ARNs regulen la seva
propia expressio i la de gens codificants: promouen la degradacié de ’ARNm diana o
bé la supressié de traduccié (Ambros, 2004) (He and Hannon, 2004). En la majoria dels
mamifers, els miRNAs s’uneixen de forma imperfecta i no totalment complementaria
als extrems 3’UTR dels seus gens diana. Existeix, perd, una seqiliencia anomenada seed
sequence (2-8 nucleotids) que és essencial pel reconeixement del gen diana, tenint en
compte que la unié d’aquests nucleotids ha de ser totalment complementaria (Lewis
et al., 2005). Bartel et al van descriure que la unié de la seed sequence ha de seguir les
lleis d’aparellament Watson i Crick, és a dir, unions canoniques. D’altra banda, s’han
descrit unions imperfectes i formant petits loops que segueixen interaccions no

canoniques i no basades en llei de Watson i Crick (Lal et al., 2009).

Els primers miRNA que es van descriure van ser lin4 i let7, com a components del
control de I'expressié genica en el desenvolupament de la larva de C.elegans (Lee et
al.,, 1993) (Wightman et al., 1993) (Moss et al., 1997). Les principals funcions dels
miRNAs son regular I'expressié genica en processos de diferenciacid, I'apoptosis, la
proliferacié i el metabolisme (Albinsson et al., 2010) (Alvarez-Garcia and Miska, 2005).
Per aix0, els miRNA s’han pogut relacionar com a moduladors i/o inductors de

diferents patologies humanes (Guil and Esteller, 2009).
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La majoria de miRNAs son codificats de manera policistronica o bicistronica, és a dir, es
poden generar diversos miRNAs a partir d’un Unic gen (Bartel, 2004). Segons el seu lloc
de transcripcid, es classifiquen en miRNAs intergénics (en regions externes a gens
codificadors) o intragénics (regions ubicades dins de gens codificadors de proteines).
Aquests ultims inclouen els miRNAs intronics i exonics (Baskerville and Bartel, 2005)
(Rodriguez et al., 2004). Estudis recents mostren que la majoria de miRNAs exonics i
intronics expressats es regulen de la mateixa manera que el gen al que ells mateixos

regulen.

5.1 Biogeénesi i funcié dels miRNA

Tal i com passa amb els gens codificadors de proteines, |'expressid, el processament i
la funcié de cada miRNA, és regulada per factors de transcripcid, modificacions
epigenetiques i per proteines especifiques de la via dels miRNAs, estres cel-lular i

determinats factors de creixement (Lee et al., 2004).

L’ARN polimerasa Il transcriu un ARN primari (pri-miRNA), el qual pot incloure un o
més miRNAs. El pri-miRNA és processat per 'endonucleasa Drosha, una ribonucleasa
de tipus Il i el seu cofactor DiGorge (DGCRS8), a un intermediari pre-miRNA (stem-loop
amb un aparellament de bases imperfectes). Aquest pre-miRNA és transportat cap al
citoplasma a través de la exportina 5/Ran. Al citoplasma, el loop o superenrotllament
de I’ARN és fragmentat pel Dicer | (una ribonucleasa tipus Ill) associada a la proteina
TAR (Immunodeficiency virus transactivacio response element) i la proteina d’unié al
ARN tipus 2 que formaran un miRNA de doble cadena. Hi ha alguns miRNAs que son
independents de Dicer. Aquest processament de I’ARN de doble cadena esta format
per la cadena guia o guide-strand (miRNA-5p) i la cadena acompanyadora o passenger
strand (miRNA-3p). Posteriorment, el complex proteic Argonauta (Ago2) interacciona
amb el miRNA i es formara el miRISC (miRNA induced silencing complex) el qual és
I’encarregat d’orientar el miRNA madur a I’'extrem 3’UTR dI’ARNm diana (Bartel, 2004)
(Figura 10). Els miRISC es concentren en granuls citoplasmatics (GW/p-bodies) des d’on

exerciran la seva funcid inhibitoria.
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Figura 10. Esquema de la bidogenesi dels miRNAs. Nature Reviews Genetics 5, 522-
531 (July 2004)

Els miRNAs poden exercir la seva funcid repressora de diferents maneres:

1. Fragmentacié dI’ARNm diana

Després d’un aparellament perfecte entre RISC i ARNm es produira un tall de I’ARNm

entre la posicié 10 i 11. Després de la fragmentacid, el complex romandra intacte i
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procedira a la destruccié d’altres ARNm diana (Elbashir et al., 2001) (Hutvagner and

Zamore, 2002) .

Fragmentacio de ’ARNm diana per

1 complementarietat total del miRNA
— bty amb 'ARNm
N

2. Repressio de la traduccid

S s

1 Repressio de la traduccié per
“\/ W' M un MmiRNA per aparellament de
\-/ bases imperfecte.

2.1 Repressio del estat inicial de la traduccié

Existeixen factors que s’uneixen al extrem 3’UTR, especificament al m7cap, i
exerceixen la inhibicié de la traduccio reclutant proteines que interfereixen en
la unié de elF4E i elF4G (factors implicats en el reclutament de ribosomes per
iniciar la traduccid). Ago2 té una seqliéncia homologa a la seqliencia on
s’uneixen el factors elF4E. Aixd provoca una competicid entre aquests factors.
La unié amb I’Ago2 provocara la inhibicié de la traduccidé (Kiriakidou et al.,

2007).

També s’ha vist que el miRNAs promouen deadenilacid de la cua poliA

(adenines situades de forma sequencial al extrem dels ARNms) o interfereixen
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en la interaccio del m7cap amb la cua poliA, la qual cosa promoura una
inhibicié de la traduccié (Wakiyama et al., 2007). Per la deanilacié i la posterior
degradacié dels ARNms intervé una altra proteina Tnrc6 (Trinucleotide repeat
containing 6) que s’uneix directament a una proteina d’unié de poliAs (PoliA
binding protein), que reclutara un complex deadelinasa al extrem 3’UTR

promovent la degradacié de la cua poliA (Bartel, 2004).

Aquest mecanismes només son valids per ARNms que es tradueixen de forma
dependent cua poliA i no dependents de IRES (internal ribosomes entry site). Els
IRES son seqiiencies en forma de loop on el ribosoma s’adhereix per iniciar la

traduccio.

2.2 Repressio després de la iniciacio de la traduccid (drop off model)

Especific de gens amb traduccié mitjangada per IRES. Durant la traduccié es
formen uns complexos formats per ARNm i més d’un ribosoma anomenats
poliribosomes o polisomes. S’ha demostrat que els miRNAs i les proteines Agos
poden interaccionar amb els polisomes i cosedimentar causant una finalitzacio

prematura de la traduccié (Kim et al., 2004).

5.2 Estrategies per I’analisi funcional dels miRNAs i els seus gens diana

Estudis funcionals indiquen que els miRNAs participen en la regulacié de gairebé tots
els processos cel-lulars i en la majoria de patologies humanes sén descrits canvis en la
seva expressio (Bushati and Cohen, 2007)(Kloosterman and Plasterk, 2006)(Guil and
Esteller, 2009). Coneixer especificament els processos i els gens diana que regulen

esdevé de gran importancia en I'estudi de la fisiopatogenia de qualsevol malaltia.

Prediccio de dianes

El treball de Stark et al 2003 (Stark et al., 2003) és el primer dedicat a I'estudi dels

animals on es va predir una llista de gens candidats per un determinat miRNA seguint
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una combinacié de criteris biologics, incloent les relacions funcionals entre les
diferents dianes d’un mateix miRNA. Es van validar sis dianes de 2 miRNAs diferents a

Drosophila.

Més endavant, es van descriure un centenar de dianes d’aquests miRNAs i I'analisi
computacional i experimental van evidenciar que molts d’ells eren autentics. Sembla
ser, que el fet important és aparellar els 2-8 nucleotids de la seed sequence amb
’ARNm del gen diana. Aixi doncs aquestes aproximacions només seran capaces de
mostrar-nos dianes canoniques. Seguint aquest principi s’han desenvolupat algoritmes
com el TargetScan (http:/genes.mit) que combina caracteristiques termodinamiques
de I’ARN basades en les interaccions de diferents ARNs de doble cadena i puntuacions

segons nivell de conservacio en multiples genomes de diferents espeécies.

Es va desenvolupar també la base de dades miRBase Targets
(http://microrna.sanger.ac.uk). Aquesta base de dades és el principal repositori de
sequencies de miRNAs, d’anotacié i de prediccid dels seus gens diana. A més, assigna
els noms dels nous miRNAs descoberts abans que siguin publicats. Totes les
sequencies son enfrontades amb els extrems 3’UTR dels gens existents al Ensembl des
de Caenorhabditis briggsae i Drosophila pseudoobscura (Hubbard et al., 2005).
L’algoritme dissenyat donara uns valors segons la unié del miRNA a la regié d’unid a
I'extrem 3’UTR i la conservacié de la seqliencia al llarg de I'evolucié (Rehmsmeier et

al., 2004).

Aquestes bases de dades i repositoris poden donar-nos falsos negatius i positius degut
a que no té en compte I'accessibilitat de la seed sequence, estructures secundaries de
ARN o la proximitat d’unid d’altres miRNAs. Aixd0 fa indispensable I'aproximacio
mitjangant luciferasa reporter assay. Aquesta tecnica es basa en la unié del miRNA
d’estudi, a un vector amb I’extrem 3’UTR del gen diana d’interés unit a un gen reporter
com la luciferasa. La unié de miRNA al seu gen diana es tradueixen en canvis en la
senyal del reporter. Tot que aquesta teécnica aporta nova informacié sobre noves

dianes no sempre es confirmen in vivo.
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Estudis Funcionals

Estudis de pérdua de funcié o Knockouts (KO): estudis de mutacions i KO en

proteines implicades en la biogenesis dels miRNAs, com pot ser Dicer o Drosha,
ens donen idea dels efectes d’'una delecid global dels miRNAs. Aquesta
estrategia pot ser utilitzada per estudis en el desenvolupament o bé ja en
I'adult mitjancant el sistema cre-loxP. Aquest sistema es basa en I'accié d’una
recombinasa que genera la delecid d’un al-lel en I'adult, fet interessant pel
control temporal en I'adult i de teixit especific (Sun and Lai, 2013), ja que evita
mortalitats primerenques. La generacid de KO per determinar la funcionalitat

dels miRNAs és dificil.

Estudis de guany de funcié o Mimics: seqliéncies de doble cadena dissenyades

per estimular miRNAs endogens. La introduccid de mimics a les cel-lules
incrementa la proporcié de miRNAs units a RISC i per tant amplifica la funcio

del miRNA.

Inhibidors: s’han desenvolupat, quimicament, els antisense oligonucleotids 2’0O-
metil ARN complementaris als 8 nucleodtids de la seed sequence que podran
unir-se per complementarietat al miRNA madur (Hutvagner et al., 2004)
(Meister et al., 2004). Tipicament, aquests inhibidors sén transfectats a les
cel-lules promovent una disminucié transitoria del miRNA i produint un

augment dels seus gens diana.

Antagomirs: s’utilitzen per silenciar un miRNA especific in vivo. Aquests sén
modificacions dels anteriors afegint un grup colesterol per augmentar la
solubilitat (2'O-colesterol metil-fosfotioat) i sén complementaris al miRNA
d’interes. L'efecte a I'animal s’aconsegueix gracies a altes dosis d’aquest

inhibidor (Krutzfeldt et al., 2005).

Sponges de miRNAs: Aquests consisteixen en un gen reporter unit a seqliencies

complementaries a multiples dianes per un miRNA en un plasmid amb un
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promotor fort, provinent de virus normalment. Aquesta tecnologia de les
sponges de miRNA ha estat desenvolupada per una expressié intracel-lular i per
inhibir la funcid del miRNA per saturacié. Es produeix una alta expressid
d’aquestes sequéncies que inhibiran ARNm diana per complementarietat i
competencia al miRNA endogen. Es pot fer transfeccid estable o transitoria i és
extremadament util per inhibir families de miRNAs que tenen dianes comuns i

relacionades en una sola transfeccié (Ebert et al., 2007).

6. miRNAs i remodelat vascular

El tabac (Ezzie et al., 2012), la inflamacid (Perry et al., 2008) i altres factors (Davis et al.,
2009) se sap que indueixen perfils d’expressié especifics de miRNAs que intervenen en
la homeostasis a nivell cardiovascular i pulmonar. Aquests poden controlar processos
de diferenciacio cel-lular de la EC i la SMC afectant a la homeostasi del vas arterial i
exercint un paper clau durant el remodelat vascular pulmonar (Sessa and Hata,

2013)(McDonald et al., 2012)(Ji et al., 2007).

Al sistema respiratori, la primera evidéncia de la importancia dels miRNA, es va
demostrar durant el desenvolupament embrionari i formacié del pulmé. Un KO de
Dicer a ratoli, és a dir, on el processament dels miRNAs estava abolit, va provocar una
mort prematura del embrié durant la gastrulacié. EIl KO condicional (utilitzant el
sistema Cre-loxP) va esdevenir en una formacié del pulmé deficient provocant
malformacions de les ramificacions dels vasos i un epiteli disfuncionants (Harris et al.,

2006).

Albinson et al (Albinsson et al., 2010) van publicar un treball on en un model muri de
KO de Dicer en un sistema Cre-LoxP del promotor de Sm22-a, és a dir, durant
I'activacié del promotor de Sm22-a el processament de miRNAs estava abolit, va
resultar en una disminucié de la pressio vascular. Aquesta disminucié la va demostrar
el mateix autor posteriorment, on en els KO de Dicer presentaven una disminucié de la
pressié arterial, que I'explicava per una disminucié de les proteines contractils

(Albinsson et al., 2011). Problemes en la diferenciacié de la SMC, una formacid
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anormal dels vasos sanguinis i una hemorragia interna letal van corroborar el paper
indispensable dels miRNAs en la maduracié del sistema vascular (Albinsson et al.,
2010). Altres treballs s’han fet per identificar miRNAs implicats en el manteniment de

la homeostasis vascular.

6.1 miR-204

Aquest miRNA constitueix un dels primers miRNAs descrits associats amb el remodelat

vascular pulmonar.

Courboulin et al. (Courboulin et al., 2011) va demostrar que els nivells de miR-204 es
trobaven disminuits, tant en pacients amb HAP com en un model de rates amb HP
induit amb monocrotalina. L'augment d’aquest miRNA reduia la severitat de la
malaltia. Concretament, es va localitzar la seva expressié a la SMC i que directament
s’unia al extrem 3’UTR de SHP2 (una tirosina fosfatasa), que regulava I'activacié de la
proteina transductora de senyal i activadora de la transcripcid 3 (Signal transducter
and activator of transcription 3 (STAT3)). STAT3 es un factor de transcripcié que
controla I'expressid de gens proliferatius a la SMC i a la vegada disminueix els nivells

de miR-204 augmentant aixi la severitat dels seus efectes (Courboulin et al., 2011).

L'expressié de miR-204 també s’ha vist vinculada amb la hipdxia. S’"ha demostrat que
les SMC de pacients amb HAP tenien una expressid elevada de HIF-1la. Aquest
augment vindria donat per I'augment d’expressié RUNX2. MiR-204 controla I'expressid
de RUNX2 i un augment de RUNX2 produit per la disminucié del miR-204 provocaria

I’'augment de la proliferacio i una resiténcia a la apoptosis (Cui et al., 2012).

6.2 Cluster miR-145/miR-143

Nombroses publicacions han demostrat la seva implicacié en diferents patologies
vasculars com la HAP i la arteriosclerosis (Caruso et al., 2012) (Elia et al., 2009). El miR-
145 es troba disminuit en les lesions vasculars i en la neointima d’arteries pulmonars

remodelades i s’ha vist que la seva sobreexpressiéd disminueix la formacié de
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neointima suggerint un paper protector i antiremodelat d’aquest miRNA (Cheng et al.,

2009)(Elia et al., 2009)(Cordes et al., 2009).

El KO del cluster miR-145/miR-143 a ratoli va provocar deficiéncies en el sistema
vascular indicant el seu paper regulador de la homeostasi de la SMC (Elia et al.,
2009)(Boettger et al., 2009) (Xin et al., 2009). Ambdds miRNAs sdn caracteristics de la
SMC i s’expressen a partir d’un promotor bicistronic i altament conservat. La seva
expressid ve regulada per CArG boxes, elements responedors d’'SMADS i RBPJ on la
MyoCD i SRF en son els seus principals reguladors tan in vitro com in vivo. Aquests
miRNAs intervenen inhibint I'expressid de factors de transcripcié responsables del canvi
fenotipic de la SMC com el KLF4 i el KLF5. La inhibicid d’aquests factors induiran
I'expressié de MyoCD i altres factors necessaris per I'activacié del set de proteines
contractils, i secundariament reforgar I'expressid d’aquests miRNAs promovent la

diferenciacié de la SMC (Cordes et al., 2009).

En el mateix sentit, Quintavalle et a/ (Quintavalle et al., 2010) va demostrar que PDGF
reduia I'expressi6 de miR143/145 i estimulava migracié promovent el remodelat

vascular.

6.3 miR-21

miRNA intronic altament conservat i un dels primers que es va descobrir en els
mamifers com a oncomir, és a dir, com a potent estimulador de la proliferacié. Durant
el remodelat vascular, miR-21 s’ha descrit com un dels miRNAs determinants en els
canvis fenotipics de la SMC després de dany vascular.

En un model de dany vascular a rata, miR-21 s’ha trobat augmentat i la seva inhibicid
disminuia el creixement de la intima (Ji et al., 2007). A més, la sobreexpressié de miR-
21 a la SMC va provocar una modulacié fenotipica cap a un fenotip proliferatiu (Sarkar
et al., 2010) (Green et al., 2015). Especificament, miR-21 pot estimular la proliferacio i
suprimir I'apoptosis a la SMC ja que indueix I'activacié de la via AKT suprimint la seva

diana PTEN (enzim homoleg a la fosfatasa-tensina) i augmentant BCL-2, un potent gen
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antiapoptotic (Ji et al., 2007) (Horita et al., 2011). Més recentment, s’ha demostrat que
la regulacié de la oncoproteina activadora 1 (activator protein 1 (AP-1)), per miR-21

resulta en un augment de la proliferacié (Li et al., 2014).

D’altra banda, hi ha alguns estudis que van descriure un augment de la diferenciacio
mitjangant el miR-21. miR-21 augmentava gracies a I'activacio de la via BMP4 i TGFB-1
i el seu augment, inhibia a la proteina de mort cel-lular programada (programmed cell
death 4 (PDCDA4)), la qual es I'encarregada de regular I'expressié de gens contractils

(Davis et al., 2008).

Els nivells de miR-21 s’han trobat tant augmentats (Parikh et al., 2012) (Bockmeyer et
al., 2012) com disminuits en la hipertensié pulmonar (Caruso et al., 2010). Tot i que és
un dels miRNAs més estudiats, es produeix una paradoxa rellevant en |'expressio
d’aquest miRNA i en la seva implicacio com a regulador de la homeostasi de la SMC

durant el remodelat vascular pulmonar.

6.4 Cluster miR-17-92

Aquest cluster, també anomenat oncomiR-1 va ser identificat com a cluster inductor
de tumors. Inclou miR-17, miR-18, miR19a, 20a, miR19b-1 and miR 92-1 i s’ha vist que
juga un paper important en el desenvolupament del pulmd, ja que la seva delecié va

ser letal en els ratolins (Ventura et al., 2008).

Diversos estudis relacionen aquest cluster amb la patogenesis de la HAP. Es va
demostrar que aquests miRNAs regulen gens com HIF-la o BMPR2 (Brock et al.,
2009)(Taguchi et al., 2008). A la cél-lula endotelial, es va demostrar estar relacionat
amb la inhibicié de BMPR2, provocant un increment de la proliferacié i resistencia en
I'apoptosis (Yan et al., 2009). A la SMC, es va veure transitoriament elevat en les
primeres fases degut a I'hipoxia i promovent proliferacid cel-lular, mentre que
posteriorment, s’ha vist la seva expressié disminuida promovent I'expressié de p21
factor que limitara la proliferacié. A més, la seva disminucié esta associada a una

disminucié dels marcadors contractils com Sm22-a , Calponina i a-SMA suggerint que
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la seva expressid és necessaria pel manteniment del fenotip diferenciat. (Chen et al.,

2015).

6.5 Altres miRNAs

La familia de miR-1 i miR-133 és un grup activador de la diferenciacié de la SMC. Els
dos miRNAs son regulats per SRF/CArG boxes. miR-1 promou la diferenciacié de
cél-lules embrioniques a SMC inhibint I'expressié de KLF4 (Xie et al., 2011). EI KO de

miR-1 a ratoli mostra una diferenciacié deficient de la SMC (Heidersbach et al., 2013).

Per la seva banda, la supressié del miR-133 va provocar una disminucié dels marcadors
contractils (Liu et al., 2008). miR-133a s’ha demostrat que té com a gen diana SP1
(Madsen et al., 1997). Altres estudis han demostrat que una sobreexpressié d’aquest
miRNA afavoreix I'engruiximent de la neointima, mentre que la seva inhibicié té un
efecte antiremodelat (Torella et al., 2011). Un altre miRNA estimulat per MyoCD és
miR-24 i miR 29a, regulant proliferacio i migracié mitjangant la inhibicié del PDGFR. A
continuacio a la figura 11 es descriu una taula resum dels principals miRNAs implicats

en ’lhomeostasi de la SMC i el remodelat vascular.

Proteines Proteines
contractils contractils
l Migracio t Migracio
1 Proliferacio t Proliferacié
TGFp1 PDGF

BMP \ /

= Y
Q@

miR-143/145 KLF4 miR-21 PDCD4
miR-204 SPH2, STAT3, RUNX2 miR-17,18,19a,20a,92 BMPR2
miR-21 PTEN miR-133 SP1
miR-1 KLF4, Pim 1 miR-23b Foxo4

miR-24, 29° PDGFR
miR-146a/146b KLF4

Figurall. Esquema dels principals miRNAs que intervenen en la diferenciacio de la
SMC.
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A la Taula 1 es mostra un resum dels principals miRNAs implicats en la homeostasi de

la SMC.

miRNA Diana Funcié Referéncies

1 Pim] (~) SMC proliferation Chen et al. [29]

1 Unknown (=) SMC contractility Jiung et al. [84]

1 KIfit (+) SMC differentiation in ES cells Xie et al. [193]

102 Hdacd (+) SMC differentiation in ES cells Huang et al. [76]
15016 Yap (+) SMC differentiation Xuetal [195]

21 Pdcdd (+) SMC differentintion Davis et al, [39]

21 Pten (~) SMC differentiation{+) neontima Lin etal. [108]; Ji et al, [83]
21 Pren (+) SMC proliferation Green et al, [36]; Liwetal, [113]
21 Dock (+) SMC proliferation Kang et al. [87)

22 Mecp2 (+) SMC differentiation Zhao et al. [206]

21n Foxod (<) SMC proliferstion/{-) migration Tacoretti et al, [78]

24 Chadll (<) SMC inflammation/(~) SMC ifferentiation Maegdefessel et al. [122]
4 Teb3 (=) SMC proliferation Chan et al. [26]

24 Pdgfrd (<) SMC migration Talasila et al. [166]
2fa Smad] (+) SMC proliferation/(-) SMC differentiation Leeper etal. [100]

26a Smadé (=) SMC apoptosis Leeper etal, [100]

2fa Pdgfrd (<) SMC migration Talasila et al. [166)
262/2%¢ Cavl (+) imsuline resistance/alterations in lipid metabolism Chen et al. [31]

250 Unknown (+) SMC proliferation/{+) SMC migration{-) Bretschneider et al, [20]

2POPIDSis NECTOsIs Tatio

30 Ca(v)l.2 () Vascular tore Rheeetal, [154]

300/ e Runx2 (<) SMC calcification Balderman et al, [7]

3l Lats2 (+) SMC proliferation Liu etal [110]

3l Creg (~) SMC differentiation Wang et al, [183]

3da Smtl (+) SMC differentiation Yu et al, [203]

3da Notchl (~) SMC proliferation Chenetal. [111]

96 Trb3 (<) SMC differentiation Kim et al. [92]

124 Nl (<) SMC proliferstion/{+) SMC differentiation Kang et al. [88]

125b Suv3dhl (+) SMC inflammation Villeneuve et al. [177]
126 FoxO3Bcl s (+) SMC proliferation/(+) neointima Zhou et al. [210]

1302 Meox] (+) SMC proliferation Wa etal. [192]

132 Lrfipl (<) SMC proliferstion/{-) neointima Choe et al. [33]

133a Spl (=) SMC proliferation/(~) SMC migration Torells et al, [171]

138 Mstl (=) SMC apoptosis Lietal [105]

138 Sl (+) SMC proliferstion/{(+) SMC migration Xuetal [196]

143145 KA4EI] Camk2d (=) SMC proliferation/{+) SMC differentiation Cordes et al. [87]
143145 Kis (+) SMC differentiation/{~) neomtima Cheng etal [32]
143145 KH&KS/Addd Cytoskeletal dynamics Xin etal, [194]
143145 KH2 (+) SMC dfferentintion Hergenreider et al. [70]
146a K (+) SMC proliferation/{+) neointima Sun et al. [164]

1d6b Unknown (+) SMC proliferation/(+) SMC migration Wang etal, [182]

195 Cdod2/Cendl (=) SMC proliferation/(~) SMC migration Wang et al, [186]

200 Zehl (+) SMC inflammation in Diabetes Reddy etal [153]

203 c-Abl (=) SMC proliferation Liao et al. [107]

0 Shp2 (<) SMC proliferation/(+) SMC apoptosis Courboulin et al. [37]
205 Rumx2 (=) SMC calcification Quiao and Zhang [150]
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Fonament de la tesi
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Les alteracions en la circulacido pulmonar i especificament en el vascular pulmonar
remodelat, representen un component important en la MPOC i en el
desenvolupament de la HP. La SMC dediferenciada és un dels principals elements del
engruiximent intimal caracteristic d’aquesta patologia. Els mecanismes que
condicionen aquesta dediferenciacid no sén coneguts, aixi com I|'origen d’aquestes

SMC, que en condicions normals no es troben a la intima.

En aquesta tesi doctoral hem volgut profunditzar en els processos de dediferenciacio
de la SMC a les arteries pulmonars. Ens hem focalitzat en els membres de la familia
Snail i els miRNAs. Aquests factors poden ser nous candidats, ja que intervenen en la
regulacié de processos de diferenciacid i en la proliferacio cel-lular en moltes altres
patologies i models cel-lulars. Creiem que la modulacié d’aquestes vies sén molt
importants, i el seu paper en la patologia vascular i especificament en el vascular
remodelat i la MPOC, no s’han estudiat mai. Seguint aquests conceptes es van generar

les seglients hipotesis:

1. L'origen de la SMC caracteristica del remodelat (SMC dediferenciada), podria
ser iniciada o estimulada per I'efecte de determinades citocines inflamatories i
factors de creixement. Aquests estimuls poden actuar alterant I'expressié de
factors de transcripcid, especifics de la familia Snail, que podrien estar
implicats en la regulacio de la diferenciacié de la SMC durant el remodelat

vascular pulmonar.

2. Existeix un perfil d’expressié de miRNAs especific a les arteries pulmonars dels

pacients amb MPOC i podrien estar associats tant a la dediferenciaciéo com a la

proliferacié desmesurada de les SMC propies del remodelat vascular pulmonar.
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Objectius generals

1. Estudi de I'expressid de factors relacionats amb EnMT i la seva contribucio en la
modulacio fenotipica de la SMC i la patogenia del remodelat vascular pulmonar

a la MPOC.

2. Estudi del perfil d’expressié de miRNAs a les arteries pulmonars de pacients amb
MPOC i estudiar la seva implicacié en la proliferacid i el canvi de fenotip de la

SMC.

Objectius especifics

1. Estudi de factors iniciadors de EnMT, especificament, els de la superfamilia

Snail en un model in vitro de diferenciaciéo de SMC:

1.1 Establir un model de diferenciacio de SMC in vitro basat en el contacte

céel-lula-cel-lula.

1.2. Estudiar I'expressié dels gens candidats durant el remodelat i en el
canvi fenotipic de SMC en un model in vitro de diferenciaciéo de SMC induit per

contacte cel-lula-cel-lula i mitjangant induccié amb TGFB-1.

1.3. Avaluar els efectes de citocines inflamatories en I'expressio dels
gens candidats. Estudiar si s6n capagos d’induir la modulacié fenotipica de la

SMC.
1.4. Estudis funcionals dels gens candidats per identificar vies moleculars
implicades en el procés de remodelat vascular i durant la diferenciacio de la

SMC.

1.5. Analitzar I'expressio dels gens candidats en arteries aillades remodelades i

en un model d’hipertensio pulmonar a ratoli.
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2. Estudi del perfil de miRNAs en el remodelat vascular en arteries pulmonars aillades

de pacients amb MPOC:

2.1 Identificar el perfil de miRNA en arteries aillades de pacients amb

MPOC, fumadors i no fumadors.

2.2. Correlacionar el perfil de miRNA amb el grau de remodelat vascular i segons el

nivell d’obstruccio al flux aeri.

2.3. Estudiar el perfil de miRNA en el procés de diferenciacio de la SMC i correlacionar-

lo amb la plasticitat i capacitat proliferativa d’aquestes cel-lules.

2.4. Determinar el gen diana especific del miRNA candidat i determinar la seva

implicacio amb la proliferacié durant el remodelat vascular.
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canvi fenotipic de la SMC
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ESTUDI 1. MATERIAL | METODES

Cultius de ceél-lules primaries

Es van utilitzar cél-lules musculars d’artéeria pulmonar (SMC) i cel-lules endotelial
d’artéria pulmonar (EC) proveides per Lonza (Colonia, Alemania). Les cél-lules van ser
cultivades amb medi especific SmBm i medi EGM2 proveits per la mateixa companyia i
suplementats per factors de creixement (BulletKit)(Lonza) i 10% de sérum fetal bovi
(FBS) (Lonza). Les cél-lules es van utilitzar dels passatges 3 a 8 i van ser mantingudes en

una atmosfera humida, a 372Ci 5% CO2.

Models de diferenciacio cel-lular in vitro

La diferenciacio de la SMC va ser induida per contacte cel-lular en base a un altre
treball on degut al contacte cel-lular es produeixen canvis tridimensionals amb
formacié de filaments (Song et al., 1998). Les cél-lules que van ser cultivades a un 70%
de confluencia (DO0), van esdevenir cel-lules amb un fenotip dediferenciat-proliferatiu,
les cel-lules cultivades a un 100% confluéncia (D2), van correspondre a cél-lules que es
troben en un estat intermig de diferenciacié. Finalment, les cel-lules totalment
diferenciades es van obtenir després de quatre dies de creixement després que

arribessin a la confluéncia (D6).

Per determinar I'estat de diferenciacié de les SMC es va estudiar I'expressié de
proteines contractils com la MyoCD, GATA-6, Sm22-a, Calponina, Caldesmon i la
disminucié de KLF4 mitjangcant real time PCR (qPCR). També es va estudiar la
presencia de filaments contractils de a-SMA, Calponina i SM-MHC mitjangant

immunofluorescencia.

Model d’hipoxia i tabac

La diferenciacié de la SMC sota condicions d’hipoxia es va realitzar en incubadors
d’hipoxia a 1% 02 (New Brunswick Galaxy 170R R, Eppendorf, Germany). Es van
sembrar les SMC a DO i es van deixar diferenciar les cel-lules durant 6 dies al
incubador.

Pels estudis in vitro amb extracte de tabac (CSE), 50 ml de medi basal van ser barrejats

amb extracte de fum de tabac utilitzant I'aparell Protowerx (Vancouver, Canada).
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L’extracte va ser obtingut a partir de quatre cigarretes (3RF) (Universitat de Kentucky,
Lexington, KY). Cadascuna conté 0,7 mg de nicotina i 9 mg d’alquitra segons el
fabricant. El CSE es va filtrar a través de filtres de 0,22 um (Milipore, Bredfore) i
immediatament va ser congelat a -802C fins al seu Us. Es van sembrar cél-lules a D6, es
van rentar amb medi deprivat (medi sense les citocines del BulletKit i al 1% FBS
inactivat) i es van estimular les cél-lules amb CSE (1/10) diluit en medi deprivat durant

24h.

Diferenciacié amb TGFf-1

Es van sembrar cel-lules a DO, es van rentar amb medi deprivat i es van deixar tota la
nit (ON) amb aquest medi. Posteriorment, es va avaluar la diferenciacié de la SMC
després de I'estimulaciéo amb TGFB-1 (10ng/ml; Acris, Herdford, Alemania) durant 24h i
48h amb medi deprivat. La diferenciaci6 amb TGFB-1 es produeix abans de la
confluéncia ja que aquest factor de creixement és un conegut inductor de la

diferenciacié (Wang et al., 2011).

Dediferenciaciéo amb TNF-a

Per altra banda, la dediferenciacio de la SMC es va aconseguir després de I'estimulacio
de SMC diferenciades (D6) amb TNF-a (10 ng/ml, Bender Medsystems, Vienna, Austria)

durant 48h amb medi deprivat.

Estudi de la proliferacié cel-lular

L'estat proliferatiu de la SMC va ser avaluat segons I'expressié de Ki67 (per ARN i
proteina) i analitzat segons el percentatge (%) de cél-lules que iniciaven la fase S del

cicle cel-lular per citometria de flux.

Analisis del cicle cel-lular: Per I'analisi del cicle cel-lular es va utilitzar iodur de propidi

(IP)(Sigma-Aldrich; St Louis, MO). El IP s’uneix especificament a ’ADN cosa que permet
analitzar la fluorescéncia emesa per aquesta substancia, i sera proporcional a la
quantitat d’ADN. Breument, el protocol d’avaluacié del cicle cel-lular, s’inicia amb una
permeabilitzacié de les cel-lules amb etanol al 100%, i seguit d’una incubacid de les
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cel-lules a -209C durant 30 min. Posteriorment, es va efectuar la tinci6 amb RNAsa A
(10 mg/ml) i IP (1 mg/ml) en la foscor i a 372C durant 30 min més. L’analisi es va fer
mitjangant citometria de flux amb el citometre BD Fortessa 4L (Becton Dickinson,
Franklin Lakes, NJ). A continuacio, a la Figura 12 hi ha un plot representatiu de la fase S

del cicle cel-lular, la fase que es va quantificar per la valoracié de la proliferacié:
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Figura 12. Plot on es pot identificar la fase S del cicle cel-lular.

Experiments de senescéncia

Per tal d’excloure que els canvis observats a les SMC D6 eren deguts a I'arribada a la
senescencia cel-lular es van comparar SMC a DO i SMC D6 a passatge 2 amb SMC a
passatge 12, les quals van ser utilitzades com a control positiu de senescéencia. Per fer-
ho, es va utilitzar el Senescence Histochemical Staining Kit (Sigma-Aldrich) basat en
I'analisi de I'activitat de I’enzim B-galactosidasa, un conegut marcador de senescencia
cel-lular. Les cel-lules senescents sén les Uniques que poden catalitzar la hidrolisi dels
B-galactosids a monosacarids gracies a la presencia d’aquest enzim. Aixi cél-lules en
creixement tenen una baixa activitat B-galactosidasa, mentre que les senescents tenen
una alta activitat enzimatica promovent la formacié d’un precipitat blau visible. El
protocol consisteix en una fixacié de les cel-lules amb formaldehid i posteriorment una
incubacié amb el substrat X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranosid) a
ph6 ON. Els resultats es van expressar com a cel-lules blaves senescents respecte el

nombre total de cél-lules tenyides amb DAPI (colorant especific que tenyeix nuclis).
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Analisi de I’expressio genica: Extraccié ARN i Real Time-PCR (qPCR)

ARN total cel-lular va ser aillat utilitzant TriZol© (Invitrogen, Life Technologies; Thermo
Fisher Scientifiic, Waltham, MS) seguint les instruccions del producte. Breument, es
resuspen el pellet de cél-lules amb 1 ml de Trizol, es deixa incubar 5 min i s’afegeix
cloroform (Sigma-Aldrich). Posteriorment, es centrifuguen les mostres a 12.000g
durant 15 minuts i es separa la fase aquosa superior, evitant aspirar part de la
interfase on trobem I’ADN. S’afegeix 500 pul de isopropanol (Sigma-Aldrich) i 1 pl de
glicogen (Invitrogen, Life Technologies; Thermo Fisher Scientifiic) i es deixa precipitar
I’ARN durant 30 minuts a -202C. Després es centrifuguen les mostres a 12.000g durant
30 minuts. Es fa un rentat amb etanol al 70% i es deixen assecar els tubs on hi ha
I’ARN. Finalment, van ser resuspesos en 15 pl d’aigua RNAsa free. Seguidament, es va
mesurar la concentracié de I'ARN mitjangant densitat oOptica a 260i280 nm amb un

espectrofotometre Nanodrop 2000 (Thermo Fisher Scientific).

La sintesi d'ADNc es va realitzar a partir de 1 ug de ARNm total amb el kit High capacity
cDNA RT (Applied Biosystems, Life Technologies, Thermo Fisher Scientific) en el
termociclador Chromo 4 real time PCR (Bio-rad, Hercules, CA). La reaccié de

retrotranscipcid es va realitzar seguint els seglients passos:

10 minuts a 259C,
2 hores a 372C

i 5 minuts a 85°C.

L’expressid genica es va mesurar mitjangant gPCR amb el Chromo 4 real time PCR (Bio-
rad) i el ABI Fast 7900 HT (Applied Biosystems, Life Technologies, Thermo Fisher
Scientific) utilitzant el SensiMix™ SYBR® Hi-ROX Kit (Quantace, San Mateo, CA) o
sondes Tagman®© (Applied Biosystems, Life Technologies, Thermo Fisher Scientific),

respectivament.

SensiMix SYBR® Hi-ROX 2x mastermix (Quantace) conté tots els components necessaris

per efectuar la qPCR: SYBR® Green | dye, dNTPs i estabilitzadors. El SYBR® Green és
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una molecula que s’uneix a 'ADN de doble cadena que s’anira sintetitzant durant la
PCR, per tant la quantitat de fluorescéncia emesa sera proporcional a la quantitat
d’ADNc diana present a la mostra. A aquesta mastermix s’hi afegeixen els iniciadors o
primers d’interes a una concentracio de 10 nM juntament amb 100 ng d’ADNc
aproximadament. El protocol seguit al termociclador Chromo 4 real time PCR (Bio-rad)

es detalla a continuacio:

10 min 95°C

40 cicles |15s 95°C
15s 55-60°C
15s 72°C

5 min 72°C

Corba de Melting- Desnaturalitzacié desde 952C baixant 0,52C fins 30 cicles

Es van utilitzar sondes Tagman especifiques per gens Unics (Tagman Gene Expression
Assays: Slug (Hs00161904_m1), Snail (Hs00195591 m1) i B-actina (Hs01060665 g1)
(Applied Biosystems, Life Technologies, Thermo Fisher Scientific) i el TagMan Universal
PCR Master Mix with AmpErase UNG (Applied Biosystems, Life Technologies, Thermo
Fisher Scientific). La sonda TagMan® conté una seqliéncia especifica per un gen i
esta dissenyada per unir-se a la sequéncia d'interes just a la regio flanquejada entre
els dos iniciadors o primers. A I'extrem 5' de la sonda s'hi troba unit un fluorocrom
emissor o reporter i al extrem 3’ un fluorocrom receptor o quencher, que anul-la
I'emissid de fluorescencia del reporter. Durant la fase d'extensid de la PCR, la sonda
és hidrolitzada per I'activitat exonucleasa 5' de la Taq polimerasa, alliberant el
reporter del quencher i permetent I'emissié de fluorescencia. Aixi doncs, la
fluorescéncia quantificada és proporcional al nimero de copies del gen diana present

a la mostra.

En tots dos casos I'expressié relativa de cada gen, el percentatge de canvi o Fold

change va ser analitzada segons el métode de 2-AACT.
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Expressio gen diana = 2-AACT

Aquest metode es basa en dos principis. Per una banda, la utilitzacié d’'un gen
normalitzador o housekeeping que s’expressa igual en totes les condicions i per I'altra,
que l'eficiencia d’anellament dels primers és la mateixa per tots els gens d’estudi. En
els nostres experiments, els resultats obtinguts Cts (quantitat de fluorescéncia) van ser
normalitzats respecte els housekeepings GAPDH o B-actina. Tenint en compte aquests

trets es realitzen els seglients calculs:
ACt: CT gen interés - CT housekeeping

AACt: ACT Grup Control = ACT Grup de Comparacié
Fold change: 2"-AACT
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Gen
Calponin F
Calponin R
Sm22v2 F
Sm22v2 R
MyoCD F
MyoCD R

Slug F
Slug R
Snail F
Snail R
VE- caherina F
VE- cadherina R
CD31F
CD31R
GAPDH F
GAPDHR
Bactin F
Bactin R
Ki67 F
Ki67 R
KLF4 F
KLF4 R
Caldesmon F
Caldesmon R
Mouse Bactin F
Mouse Bactin R
Mouse Slug F
Mouse Slug R
Mouse Snail F
Mouse Snail R
TIG3 F
TIG3 R
CLDNI F
CLDNIR
GATA 6F
GATA6R
CCNA2 F
CCNA2R
HBEGF F
HBEGF R

Els primers utilitzats es descriuen a la Taula 2:

Seqiiéncia
CACGACATTTTTGAGGCCAA
TTTCCTTTCGTCTTCGCCAT
GGAAGCCTTCTTTCCCCAGA
TCCAGCTCCTCGTCATACTTCTT
GCACCAAGCTCAGCTTAAGGA
TGGGAGTGGGCCTGGTTT
GCAAGATCTGCGGCAAGG
GCTCTGTTGCAGTGAGGGC
CCCAGTGCCTCGACCACTAT
CCAGATGAGCATTGGCAGC
GATGCAGACGACCCCACTGT
CCACGATCTCATACCTGGCC
AAAGTCGGACAGTGGGACGT
GGCTGGGAGAGCATTTCACA
CATCACCATCTTCCAGGAGC
TGGACTCCACGACGTACTCA
CGGAACGCCTCATTGCC
ACCCACACTGTGCCCATCTA

GCAGCCTTAACTGTGACACTTGC

GCCACCGTGCCCTGG
GGGAGAAGACACTGCGTCA
GGAAGCACTGGGGGAAGT
GGAGGTGAATGCCCAGAACA
AGGAATGCGGCCTCATCATC
GGAGGGGGTTGAGGTGTT
GTGTGCACTTTTATTGGTCTCAA
TGTATGGACATCGTCGGCAG
ACTTACACGCCCCAAGGATG
TGGAAAGGCCTTCTCTAGGC
AAAGCACGGTTGCAGTGG
TCTGGCTCCTCCAAGTGAGT
TTTCACCTCTGCACTGTTGC
CGATGAGGTGCAGAAGATGA
AGCCAGACCTGCAAGAAGAA
TTCCCATGACTCCAACTTCC
TGGGGGAAGTATTTTTGCTG
CCATACCTCAAGTATTTGCCATC

TCCAGTCTTTCGTATTAATGATTCAG

GGACCAGCTGCTACCCCTA
GTGGCTTGGAGGATAAAGTGA

Taula 2. Cebadors o primers utilitzats en el primer estudi (5’-3").
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Western Blotting

Una vegada obtingudes les cél-lules, aquestes es van rentar amb PBS i es van lisar amb
el buffer RIPA i inhibidors de proteases (50 mM Tris-CL, 150 mM NaCL, 1mM EDTA,
10% NP-40, 0,10% deoxicolat de sodi 1mM). El lisat obtingut es va centrifugar a
14.000g durant 15 min a 42C. El sobrenedant ric en proteines es va guardar a -802C. La
concentracié total de proteina es va quantificar amb el metode de Pierce BCA protein
Assay method (Life Technologies, Thermo Fisher Scientific). Aquest métode consisteix
en un assaig colorimetric basat en la reaccié de Biuret, on els enllagos peptidics
reaccionen amb els ions de coure Il en solucid alcalina, amb la presencia de
I'estabilitzant tartrat, per formar un complex blau-violeta. El kit utilitzat combina
aquesta reaccié amb l'acid bicinconinic (BCA), el qual reacciona amb el complex
anterior generant un nou producte de color violeta intens que té una sensibilitat molt
superior. El color obtingut és proporcional a la concentracié de proteina i es pot
mesurar a una longitud d'ona de 562 nm mitjangant espectrofotometria. Les
concentracions de proteina es van obtenir amb el lector de plaques Multi Modal
Synergy 2 (Biotek, Instruments Inc,VT), relatives a una corba estandard d'Albumina

Serica Bovina (BSA) a diferents concentracions.

Es van fer tres experiments, que corresponen a un carril del gel desnaturalitzant de
poliacrilamida o SDS-PAGE. El percentatge de poliacrilamida dels gels determina el
diametre del porus, i es selecciona en funcid del pes molecular de la proteina d'interes.
En el nostre cas, per la deteccié de Slug es van fer gels al 12%, proteina d’interes de
pes molecular de 30kDa, mentre que per la deteccié de E2F1 es van fer de 7,5% ja que
el seu pes molecular es de 50 KDa. La quantitat de proteina (uns 60 ug) que s’havien de
carregar es van diluir en tampd de carrega 4X (200mM Tris 0,5M ph=6.8, 40% glicerol,
8% SDS i 0,4% blau de bromofenol). Just abans d’efectuar la carrega del gel s’afegeix

1/20 de B-mercaptoetanol i s’escalfen les mostres 5 min a 952C.

Paral-lelament a les mostres analitzades, es va fer cérrer el marcador de pes
molecular Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standards (Bio-

Rad), format per diferents proteines de pes molecular conegudes que ens serveix per
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indicar-nos el grau de separacid de les proteines i per estimar el pes de les proteines
d'interés. Després de l'electroforesi a 150V durant 1,5h, es va realitzar una
transferéncia a membranes de fluor de polivinil de (PVDF) (GE-Healthcare; Little
Chalfont, Buckinghamshire, United Kingdom) , és a dir, membranes de 0.22 0 0.45 um
de porus on les proteines son transferides mitjangant la generacié d’un camp eléctric.
La transferencia es va fer a 100V durant 2 hores amb buffer de transferéncia (25 mM
Tris, 190 mM glicina, 10% metanol). Per veure la correcta transferéncia de les
proteines a la membrana, les membranes es van tenyir amb Ponceau (0.2% (w/v)
Ponceau S 5% acid acetic glacial). Posteriorment, les membranes es van bloquejar amb
5% BSA (Sigma-Aldrich) i la incubacié amb els anticossos primaris es va fer ON en TBS
(200mM Tris ph 7,5 i 1'5M NaCl) en agitacié. Es van utilitzar els anticossos primaris
contra Slug (1/1000) (Cell signalling, Boston, MA), B-actina (1/1000) (Cell signalling) i
E2F1 (1/1000) (Abcam, Cambridge, UK). Després, es va efectuar la incubacié amb
I'anticos secundari apropiat segons l'espécie (anti-rabbit (1/2000) i anti-mouse
(1/2000), i conjugat a HRP (Horse-redox-peroxidasa) (Life Technologies, Thermo
Fischer Scientific). Les membranes es van revelar mitjangant quimioluminescéncia amb
el kit ECL Supersignal West Pico Chemioluminescent Substrate (Life Technologies,
Thermo Fisher Scientific). La captura de les imatges es va fer amb l'equip LAS4000
imaging system (GE Healthcare). La deteccié de quimioluminescéncia és possible
gracies a la reaccid de la peroxidasa de HRP, un enzim que es troba unit a I'anticos
secundari i que en presencia del seu substrat (proporcionat pel kit ECL Supersignal
West Pico Chemioluminescent Substrate), reacciona i emet una senyal que pot ser
detectada amb un sistema d'imatge digital. Es van quantificar les bandes mitjangant
densitometria utilitzant el Imagel) software (domini public, National Institutes of

Health).

Per a la segona deteccid, es van rentar les membranes amb TBS (5 min), i es van
incubar 30 minuts amb una solucié d'stripping (50nM Tris, 20% SDS i 0,7% de B-
mercaptoetanol) en agitacid. Aquest procediment permet eliminar els anticossos
primaris i secundaris sense alterar les proteines de la membrana o amb una petita
pérdua. Posteriorment, es va tornar a rentar (5 minuts) amb TBS. A continuacid, es

van reincubar les membranes amb I'anticos primari contra les proteines d’interes.
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L'endema es van rentar les membranes i es van incubar durant 1 hora en TBS a amb els

anticossos secundaris apropiats a temperatura ambient i en agitacid suau.

Immunodeteccio

Immunofluorescencia: La diferenciacio de SMC va ser analitzada mitjangant

immunofluorescéncia utilitzant els anticossos contra a-SMA (1/750), Calponina (1/75)
(DAKO Cytomation, Carpinteria, CA), SM-MHC (1/250) (Abcam) i CD31 (1/500) (DAKO).
Per mesurar la proliferacid, es va fer servir un anticos contra I'antigen ki67 (1/50)
(Novocastra, Newcastle, UK). El protocol consta d’una fixaci6 amb 4% formaldehid
durant 30 min. Després d’una permeabilitzacid amb PBS-0,1%- Tritd, es va realitzar una
incubacié amb els anticossos apropiats ON i a 42C. Després, es va fer una incubacio
amb els anticossos secundaris conjugats amb FITC o Alexa fluor 466 (Jackson
immunoresearch, Philadelphia) durant 90 minuts i a temperatura ambient.
Posteriorment, els nuclis van ser tenyits amb DAPI. El muntatge es va fer amb ProLong
(Thermo Fisher Scientific). Totes les imatges es va obtenir amb un microscopi Optic

Leica DM5000B i una camera Leica DFC 500 8 (Leica microsystems, Wetzlar,Alemanya).

Immunohistoquimica: L'expressié de Slug a les arteries pulmonars es va

mesurar mitjangant immunohistoquimica de les seccions d’artéria congelades
d’artéries remodelades (n=3) i no remodelades (n=5). Inicialment i després de deixar
assecar les bé les mostres, es van hidratar amb PBS, i es va procedir a una
permeabilitzaci6 amb PBS-Trité 0,1%. Posteriorment, es va realitzar un primer
bloqueig amb peroxidases i després amb DAKO (un diluent de soroll de fons comercial
(DAKO). La incubacié amb I'anticos de Slug es va fer a 4°C ON amb I'anticos a una
dilucié (1/75) (Cell signalling). Després de dos rentats, es va fer la incubacié de 45 min
amb I'anticos secundari apropiat (1/150) conjugat a biotina. Per efectuar el revelat es
va utilitzar el kit Dako envision (DAKO) basat en afegir Streptavidina conjugada a HRP
durant 8 min fins veure canviar el color de la preparacié a marré. El contrast es va
realitzar amb hematoxilina-eosina a temperatura ambient. Per la deshidratacié de les
mostres es van realitzar rentats amb alcohol a concentracions creixents: alcohol 70%,

alcohol 95% i alcohol absolut i finalment, xilol. El muntatge es va fer amb Pertex
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(Perseverance Mills; Manchester, UK). Totes les imatges es va obtenir amb un

microscopi optic Leica DM5000B i una camera Leica DFC 500 8 (Leica microsystems).

L’area positiva per Slug va ser quantificada mitjangant el programa ImagePro (Media

Cybernetics, Inc) i normalitzada respecte I'area total de la paret arterial.

Assajos funcionals: inhibicions i sobreexpressions

Per la sobreexpressid de Slug es va utilitzar el kit de transfeccié transitoria AmaxaTM
NucleofectorTM©O (Lonza). Aquest metode esta basat en una nucleofeccid, és a dir, la
incorporacid d’ADN o ARN exogen al interior del nucli gracies a la creacid d’un voltatge
i la utilitzacid d’una solucid especifica. Seguint les instruccions del fabricant, es van
transfectar 1 milié de cel-lules amb 1 ug del plasmid XL6-control o XL6-Slug (Origene
Technologies, Inc). Posteriorment, es van sembrar a un 90% de confluéncia en plaques
de 6 0 24 pous. Després de la incubacié de les cel-lules en medi complet durant 24h,
aquestes van ser estimulades amb medi deprivat i TGFB-1 (10 ng/ml) (Acris) durant

24h més.

Per la inhibicié de Slug es van utilitzar uns ARNs d’interferéncia (siRNAs) anomenats
siPools. Els siRNAs sén ARNs de doble cadena de 21-23 nucleodtids y extrems 3’
protuberants homolegs a la seqiiencia del gen que volem silenciar i al qual s’uniran i
n’estimularan la degradacio, aixi inhibirant I'expressié genica. A diferencia dels siRNAs
convencionals, on un siRNA pot inhibir més d’'un gen diana, la utilitzacié de la
tecnologia dels siPools evita en gran mesura aquest fet. Aquest sistema es basa en la
utilitzacié de diversos siRNAs, que cobreixen tot ’ARNm a molt baixa concentracio, i
especifics del teu gen diana, fet que et permet inhibir I'expressiéo génica amb molt
baixes concentracions de siRNA i minimitzant altres inhibicions no especifiques (off-

targets) (Hannus et al., 2014).

Les SMC no diferenciades i diferenciades i les EC van ser transfectades utilitzant
Lipofectamina RNAimax© (Invitrogen, Thermo Fisher Scientific) i seguint les

instruccions del fabricant. Breument, la transfeccié es va realitzar utilitzant 10 nM de
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siPool contra Slug (SiToll Biotech GMBH, Martinsried) o bé una seqliéncia aleatoria
que va ser utilitzada com a control. La transfeccid es va realitzar en proporcio 1:1
(Lipofectamina: ARN) diluida en Optimem (Invitrogen, Thermo Fisher Scientific). Una
vegada transfectades les cel-lules es van sembrar en plaques de 24 pous durant un

minim de 24h amb medi complet.

Assaig de tancament de ferida (Wound healing assay)

Es van transfectar 40.000 cel-lules i seguidament es van sembrar en plaques de cultiu
de 24 pous. Després de 48h d’incubacié amb medi complet es va fer la ferida amb una
punta esteril. Les fotos es van fer cada 12h i I'analisi del tancament de la ferida es va
fer mitjangant el programa ImagePro Plus (Media Cybernetics, Inc). Es va mesurar

I’area en creixement i es va representar respecte I’area total de la ferida.

Analisi d’expressio Transcriptome-wide

Es van transfectar SMC amb 10 nM siPool de Slug i control. Després de 48 hores es va
aillar ARN i processat pel seu analisi mitjangant Human Gene 2.1 St array (Affymetrix,
Santa Clara, CA). L'analisi es va dur a terme mitjangant I'algoritme multi-xip (RMA)
(Irizarry et al., 2003). L'expressié per cada gen es va analitzar en base al model lineal
de normalitzacié en base al log2 utilitzant el paquet R lineal per Microarray (Smyth,

2004).

Canvis entre cel-lules on s’ha fet la inhibicid i les cel-lules control, mitjancant el métode
de Benjamini-Hochberg en log2, es van ajustar segons la taxa FDR. En el nostre array

355 de 1200 gens van mostrar una expressio diferencial amb p-valors inferiors a 0.05.

Experiments in vivo

Tots els procediments amb animals van ser aprovats pel Comité d’Etica de la

Universitat de Barcelona que esta en concordanga amb la normativa estipulada per la
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Generalitat de Catalunya (Decret 214/1997, DOGC 2450) i la normativa internacional

(National Institutes of Healt, 85-23, 1985).

Protocol experimental

Es van utilitzar ratolins femelles de la soca C57/bl6 (Envigo, UK) amb un pes de 22-25 g
a l'inici de I'experiment. Tots els animals van ser estabulats en condicions controlades
de temperatura 22-24°C i d'humitat relativa 60-65% amb cicles alternats de

llum/foscor de 12 hores, i van tenir accés ad libitum a menjar i aigua.

Els ratolins es van dividir en tres grups: control (CTL ; n=6), ratolins exposats a hipoxia
cronica (10% 02, 5% CO2) durant 3 setmanes (CH, n=5) i el tercer grup va ser exposat a
CH i se’ls hi va administrar setmanalment un inhibidor de VEGFR, Sugen5416 (Tocris,
R&D Systems, Minneapolis, MN) durant 3 setmanes a una dosi de 20 mg/Kg
(CH+SU5416; n=5).

Eutanasia i recollida de mostres

Al finalitzar I’exposicio i les administracions es va mesurar la pressidé ventricular dreta
(RVP) utilitzant un cateter (Millar, Houstan, TX) amb un transductor de pressio al
ventricle dret passant per la vena jugular després d’anestesiar 'animal amb una dosi

de 50mg/kg ketamina i 3mg/kg xilacina.

Els animals després van ser sacrificats per exsanguinacio i el teixit pulmonar va ser
processat per analisi histologic i d’expressid genica. Les mostres de pulmé per I'analisi
d’expressid van ser congelades amb RNAlater® (Ambion, Thermo Fisher Scientific) i la
resta es van fixar en formaldehid (Sigma-Aldrich) al 4% durant 24 hores per a I'estudi

histologic.
Per a I'estudi histologic, ambdds lobuls pulmonars es va tallar sobre I'eix transversal a

nivell mig abans de ser inclos en parafina. Tots els blocs de parafina es van tallar en

seccions de 4 um amb un microtom Leica RM2125RT (Leica microsystems).
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Muscularitzacio de vasos

Per I'analisi de la muscularitzacio dels vasos es van fer tincions amb a-SMA a partir dels
talls de parafina. Primer, es van desparafinar i rehidratar els talls amb rentats
successius amb xilol, alcohols a concentracions decreixents (etanol absolut, 96%, 70% i
aigua destil-lada). Posteriorment, es van posar a bullir les mostres amb tampd citrat
ph6 durant 1 minut per realitzar I'exposicio dels epitops. Seguidament, es va realitzar
el primer bloqueig amb peroxidasa endogena i la permeabilitzacio de les mostres amb
PBS-Tritd 0,1%. A continuacio, es va realitzar el bloqueig amb DAKO durant 30 minuts i,
posteriorment, un bloqueig amb la fraccié constant de I'anticos (Fab) de ratoli (DAKO)
(1/10) durant 2 hores. Tot seguit, ja la incubacié amb I'anticos primari a-SMA (DAKO)
(1/75). Després de dos rentats, es va fer la incubacié de 45 minuts amb I'anticos
secundari apropiat (1/150) conjugat a biotina (DAKO). Per efectuar el revelat es va
utilitzar el kit Dako envision (Dako Cytomation) basat en afegir Streptavidina conjugada
a HRP durant 8 min fins veure canviar el color de la preparacié a marré. El contrast es
va realitzar amb hematoxilina-eosina a temperatura ambient. Per a la deshidratacié de
les mostres es van realitzar rentats amb alcohol a concentracions creixents: alcohol
70%, alcohol 95% i alcohol absolut i finalment xilol. El muntatge es va fer amb Pertex
(Perseverance Mills). Totes les imatges es va obtenir amb un microscopi optic Leica

DM5000B i una camera Leica DFC 500 8 (Leica microsystems).

Es van comptar el nombre de vasos intrapulmonars amb diametre inferior a 50 um que
mostraven marcatge positiu per a-SMA respecte el nombre total de vasos petits. Les
imatges es van analitzar amb el programa ImagePro (Media Cybernetics). A
continuacié a la figura 13 tenim un esquema del que corresponen a vasos

muscularitzats:

a- SMA + a- SMA -
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Figura 13. Foto representativa d’un vas muscularitzat respecte un no muscularitzat. Els
vasos muscularitzats son positius per a-SMA.

Mesura de la hipertrofia cardiaca

Es va avaluar I'index de Fulton (index que mesura el pes del ventricle dret, respecte el
pes del ventricle esquerre més el septum cardiac) com a mesura de la hipertrofia de

ventricle dret.

Aillament de I’ARN

A partir de 50 mg de teixit pulmonar dels ratolins es va homogeneitzar amb un politré
Omni Tissue Homogenizer TH (Omni International) i es va realitzar I'extracciéo d’ARN
mitjangant el kit RNeasy Mini (Qiagen, Hilden, Germany) seguint les instruccions del
fabricant. La sintesi d'ADNc es va realitzar a partir de 1 ug de ARNm total amb el kit
High capacity cDNA RT (Applied Biosystems, Life Technologies) en el termociclador
Chromo 4 real time PCR (Bio-rad, Hercules, CA) i la qPCR seguint els passos de I'apartat

RT-gPCR.

Aillament d’artéries pulmonars humanes

L’estudi va ser aprovat pel comité d’Etica de I'Hospital Clinic, de Barcelona. Es van
obtenir segments d’artéria pulmonar (2 cm de llargada amb un diametre de 1-2 mm)
procedents de 18 pulmons de pacients que havien anat a reseccid pulmonar degut a
carcinoma pulmonar. Les arteries van ser aillades sota la lupa binocular i netejades del
parénquima que l'envolta. D’aquestes artéeries, uns segments es van utilitzat per

analitzar la morfometria mitjangant la tincié amb orceina.
Altres segments es van preservar en RNAlater® (Ambion, Fisher Scientific) i

posteriorment congelats a -80°C. Per |'extracci6 d’ARN es van seguir els passos

descrits en I'apartat RT-PCR (pag 56).
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Morfometria

Talls de parafina de les seccions d’artéria pulmonar van ser contrastades amb orceina,
un colorant especific que tenyeix les lamines elastiques. Artéries amb un diametre
exterior de 100-500 um i amb lamines elastiques completes van ser analitzades. Es va
analitzar el gruix de la intima, i es va calcular el perimetre de I'elastica externa i la
interna tenint en compte el diametre de I'artéria. Els resultats es van expressar com a

percentatge (%) del gruix de la intima respecte de |’area total de I'arteria.
Els valors van ser dividits en tres grups establint els percentils 33 i 66 com a valors de
tall. Aixi doncs van sortir tres grups diferenciats: arteries poc remodelades (R1),

mitjanament remodelades (R2) i molt remodelades (R3).

A continuaci¢, a la figura 14, es mostra un esquema del procediment seguit:

Segment 2 mm
d’artéria #
N
Extraccio
ARN
Conversio
ADNc
Grups d’analisi PCR
% Intimal/total area
Grups: R1 <33%
R2 -33-66% -

R3 -> 66%
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Figura 14. Esquema del procediment seguit en |'analisi d'expressio a partir d'arteries
pulmonars de pacients am MPOC.

Analisi de la qualitat de ’'ARN

De totes les mostres procedents dels experiments in vivo i dels pacients, es va analitzar
la qualitat de I’ARN, revisada mitjangant I'observacié de bandes corresponents a I'ARN
ribosomal (18S i 28S) utilitzant el LabChip Test d’Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Seguidament, es va mesurar la concentracié de I'ARN
mitjangant densitat optica a 260 i 280 nm amb un espectrofotometre Nanodrop 2000

(Thermo Fisher Scientific).

Analisi estadistic

Els valors sén presentats com a mitjana + error estandard (ES). Les determinacions es
van realitzar en duplicats i de tres experiments independents per cada condicid. Els
dos grups de comparacions van ser analitzades utilitzant T-test d’aparellaments i el
Mann-Whitney Rank Sum test per les dades que no segueixen una distribucié normal.
Les comparacions en grup es van fer mitjangant ANOVA d’una via o ANOVA de dues
vies. Les comparacions Post-hoc aparellades es van fer seguin Student-Newman-Keuls
test per les distribucions que segueixen la normalitat, mentre que el Kruskal-Wallis and
Dunn test per les que no segueixen la normalitat. Per tots els processos, p-valor menor

de 0.05 van ser considerats estadisticament significatius.
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Obtencio dels models in vitro de canvis fenotipics de la SMC

Primerament, es va obtenir un model de diferenciacié de la SMC basat en el contacte
cél-lula-cel-lula (Song et al., 1998). L’estat de diferenciacié es va avaluar a DO, D2 i als
sis dies de cultiu en confluencia (D6) mitjangant I'augment de I'expressio, per gPCR,
dels gens que codifiquen per proteines contractils especifics de SMC com la MyoCD,
GATA6, Sm22-a, Calponina i Caldesmon. També es va evaluar la disminucié de KLF4,
un factor que bloqueja I'adquisicié d’un fenotip contractil (Kawai-Kowase and Owens,
2007) (Figura 15A). Per tal d’estudiar els nivells de proteina es van realitzar
immunofluorescencies que permetien I'avaluacié de la formacié de fibres contractils
de a-SMA, Calponina i SM-MHC a les cél-lules diferenciades. La disminucié de I'estat
proliferatiu caracteristic de la SMC al llarg de la diferenciacié va ser avaluat mitjangant
I'expressid de ki67 i el nombre de cel-lules en fase S. Els resultats mostren que al llarg
de la diferenciacioé de la SMC, I'expressid dels marcadors contractils augmenta, mentre
que I'expressiod de ki67 disminueix, al mateix temps que ho fan les cel-lules que inicien
la fase S (Figura 15B). Resultats que concorden amb I|'obtencié d’'un model de

diferenciacio de la SMC.

aSMA calponina SM-MHC
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Figura 15. Models in vitro dels canvis de fenotip de la SMC. A, Analisi d’expressid dels
principals marcadors de diferenciacio i el factor de transcripcio KLF4 per gPCR a DO, D2 and D6
(MyoCD, Sm22-a, calponin, Caldesmon, GATA6) i per, immunofluorescéncia (a-SMA,
Calponina i SM-MHC)a DO y D6. Els resultats mostren I'adquisicié d’un fenotip diferenciat amb
I"augment d’aquests marcadors, excepte pel factor KLF4 que disminueix la seva expressio. B, La
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proliferacié cel-lular disminueix a cél-lules diferenciades tal i com es mostra per I'expressié de
ki67 i per I'analisi de cicle cel-lular. Les dades estan expressades amb la mitjana + ES de 3
experiments independents per duplicat. *p < 0.05 per ANOVA d’una via.

Es va avaluar si la confluéncia induia senescéencia, i es va demostrar que I'estat de
confluencia no indueix senescencia. Tal i com s’observa a la figura 16 no existeixen
diferencies significatives entre DO i D6 de les cel-lules en passatges 2-8. Les cel-lules en
passatge 12 tenen una elevada activitat $-galactosidasa, tal i com mostra I'augment de

precipitat blau, i per tant si son senescents (Figura 16).

10{ pas 2-8 pas 12
8 : 3
6]

pas 2-8  pas 12 -

% gal, céllules positives

Figura 16. Analisis de la senescéncia cel-lular en un model de contacte cel-lular. Grafic que
mostra el percentatge de cél-lules senescents que expressen [3-galactosidasa (cel-lules
positives per (3-galactosidasa/cél-lules totals). No es van observar diferéncies entre les cel-lules
a DO i D6 a pase 2-8. Es van utilitzar cél-lules a pase 12 com a control positiu de senescéncia.
Les dades estan expressades amb la mitjana  ES de 3 experiments independents per duplicat
*p < 0.05 per ANOVA d'una via.

Com a model de dediferenciaci6 es van utilitzar SMC totalment diferenciades (D6), les
quals van ser estimulades amb TNF-a durant 48h. Es va demostrar que TNF-a
disminueix I'expressioé dels gens contractils i estimula un increment de I'expressio de
KLF4 (Figura 17A). La formacié de fibres de a-SMA, Calponina i SM-MHC també
disminueix. En el mateix sentit, 'augment de nombre de cel-lules en fase S i
I'increment d’expressid de ki67 van confirmar I'adquisicio del fenotip proliferatiu de la

SMC (Figura 17B).
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Figura 17. Models de dediferenciacié amb TNF-a. A, Analisi dels marcadors de diferenciacio
de la SMC i KLF4 mitjancant qPCR i immunofluorescéncia de a-SMA, Calponina i SM-MHC. La
disminucié dels marcadors de diferenciacié de la SMC mostra la dediferenciacié de les SMC
després del tractament amb TNF-a durant 48h. B, Nivells d’expressid génica de Ki67 i cicle
cel-lular que mostren un increment de la proliferacio en les cel-lules tractades amb TNF-a. Les
dades estan expressades amb la mitjana + ES de 3 experiments independents per duplicat.*p <
0.05 per un t-test de dades aparellades.

Slug disminueix amb la diferenciacié de la SMC

Es va avaluar I'expressid dels factors de transcripcid Slug i Snail en els models de canvi
fenotipic de SMC basats en el contacte cel-lular, induit per TGFB-1 i després de
I’estimulacié amb TNF-a. Slug i Snail disminueixen en els dos models de diferenciacid
de les SMC (Figura 19 i Figura 18A). L’avaluacié de I'expressié de Slug i Snail a SMC
estimulades amb TNF-a va resultar en un augment de Slug, perd no Snail (Figura 18B).
Aquests resultats estan en concordanca amb que el fenotip proliferatiu de SMC es

correlaciona amb un augment de I'expressié de Slug.
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Figura 18. Slug augmenta a les SMC dediferenciades. A, Slug, i el seu factor de transcripcié
relacionat, Snail, disminueixen en SMC contractils analitzat per RT-qPCR i western blot. B, RT-
gPCR i western blot que mostren un increment de Slug després de I'estimulacié amb TNF-a en
SMC diferenciades. Les dades estan expressades amb la mitjana + ES de 3 experiments
independents per duplicat. *p < 0.05 per ANOVA d’una via i dades aparellades,
respectivament.

TGFB-1 esta descrit com un inductor potent de la diferenciacio de la SMC.
L’estimulacié de SMC a DO amb TGFB-1 durant 48h va induir un augment dels gens

contractils (Figura 19).
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Figura 19. Model de diferenciacié estimulat amb TGFB-1. RT-gPCR i immunofluorescencia dels
marcadors contractils de SMC després de 48h de tractament. L'expressio de Slug i Snail van
disminuir amb la diferenciacié de la SMC mesurada per RT-gPCR. Les dades estan expressades
amb la mitjana * ES de 3 experiments independents per duplicat *p < 0.05 per un t-test de
dades aparellades.

L’expressio de Slug regula la proliferacio i la migracié de la SMC

Es va estudiar si I'expressio de Slug estava associada amb canvis de fenotip de la SMC
regulant el fenotip proliferatiu. Per fer-ho, es van realitzar experiments de guany i
perdua de funcid. Per la inhibicié de Slug, es van utilitzar un siPool de Slug, un conjunt
de siRNAs especifics que cobreixen tot ’ARNm de Slug, els quals minimitzen els efectes
secundaris de la inhibici6 d’altres gens (off-targets effects). L'eficiencia de la

transfeccid va ser del 90% i es detalla a un grafic a continuacid (Figura 20).

siCt sislug

Figura 20. Eficiencia de la inhibici6 de Slug amb siRNA. Imatge representativa
d’'immunofluorescéncia de Slug que demostra la disminucié de Slug, al voltant del 90%

respecte les cel-lules control.

La disminucio de Slug a cel-lules dediferenciades (DO0), és a dir, on la seva expressio és
maxima, va provocar una disminucio de I'expressié de ki67 i de les cel-lules en fase S
(Figura 21A) mostrant que Slug pot modular la proliferacié de la SMC. D’altra banda,
I'augment de I'expressid de Slug a la SMC mitjangant la transfeccié d’un vector
d’expressié a l'inici de la diferenciacié va incrementar el nombre de cel-lules
proliferants (Figura 21B). En I'analisi de la migracié: la inhibicié de Slug va provocar una

disminucié de la migracid, mentre que la sobreexpressié va produir-ne un augment
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(Figura 21C i 21D), respectivament. Aquests resultats confirmen que el factor de

transcripcié Slug pot regular la migracid i la proliferacio de la SMC.
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Figura 21. Slug regula la proliferaci6 i la migraci6 de la SMC. A, RT-gPCR i
immunofluorescéncia que mostra que la inhibicié de Slug promou la disminucié de ki67, i una
disminucié en la fase S en I'analisi del cicle cel-lular. B, La sobreexpressié de Slug incrementa
I'expressid de ki67. C i D, La migracio cel-lular es va mesurar com a % de SMC migrades/temps.
La inhibicié de Slug va provocar una disminucié de la taxa de migracid mentre que la
sobreexpressio va provocar-ne un augment. Les dades estan expressades amb la mitjana + ES
de 3 experiments independents per duplicat.*p < 0.05 per ANOVA d’una via.
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L’expressio de Slug regula el canvi de fenotip de la SMC

Després de demostrar que Slug modulava la proliferacié i la migracid es van realitzar
experiments per investigar si Slug regulava la diferenciacié de la SMC. Primer, es va
estudiar en el model de dediferenciacié amb TNF-a. A SMC diferenciades a les quals
s’induia el canvi de fenotip amb TNF-q, la inhibicié de Slug va restaurar I'expressié de
gens contractils com la MyoCD, GATAG6, Calponina i KLF4, demostrant que Slug té un
paper regulador clau d’aquest procés (Figura 22A). A les SMC estimulades mitjancant
TGFB-1, on es va sobrexpressar Slug, hi va haver un bloqueig de I'expressid dels
marcadors contractils (Figura 22B i Figura 22C). Aquests resultats mostren que Slug es
capag¢ d’incrementar la proliferacié al mateix temps que també pot bloquejar la

diferenciacio.
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Figura 22. Slug regula ambdods fenotips: la dediferenciacié induida per TNF-a i la
diferenciaciéo per TGFB-1. A, L'increment de KLF4 i la disminucié de marcadors contractils de
SMC analitzats per RT-qPCR mostren que la disminucié de Slug inhibeix la dediferenciacio de la
SMC. B-C, La induccié dels marcadors contractils per TGFB-1 és abolida en les cél-lules on s’ha
sobreexpressat Slug, analitzat per RT-qPCR (B) i immunofluorescéncia (C). Les dades estan
expressades amb la mitjana + ES de 3 experiments independents per duplicat.*p < 0.05 per un
t-test de dades aparellades.

Slug regula gens implicats en migracid i prolieracid celular

Es va analitzar més en detall possibles gens diana de Slug. Per fer-ho, es va estudiar
I’expressié genica en cel-lules control i cel-lules transfectades amb siPool-Slug després
de 48 hores mitjangant Affimetrix Human Gene 2.1 ST arrays. L’analisi GO de processos
biologics va demostrar que una de les vies més alterades va ser la relacionada amb la

proliferacié cel-lular (Taula 3).

Term Size OddsRatio Pvalue GOBPID
cellular response to stimulus 4889 2,274211678 0,008233 GO:0051716
cell communication 4616 2,240660138 0,009362 GO0:0007154
response to stress 2883 3,50146648 0,000142 G0:0006950
regulation of response to stimulus 2413 2,872706422 0,002001 G0:0048583
response to organic substance 1942 3,727620654 0,000189 GO0:0010033
% cell proliferation 1498 2,765109381 0,008739 G0O:0008283
regulation of programmed cell death 1048 3,071960298 0,009225 GO:0043067
positive regulation of signal transduction 819 3,396551724  0,00838 G0:0009967
immune response 730 7,299385774  2,55E-05 G0:0006955
interspecies interaction between organisms 640 4,418888231 0,002165 GO:0044419
multi-organism cellular process 587 4,842672414 0,001319 GO0:0044764
inflammatory response 478 4987673344 0,002343 GO0:0006954
regulation of defense response 438 5,466329966 0,001505 GO:0031347
regulation of cell motility 415 4,666427547 0,006607 GO:2000145
modification of morphology 350 5,673316283 0,003218 G0O:0051817

Taula 3. Resum dels 15 top GO vies afectades després de la inhibicié de Slug.

A més, I'analisi d’enriquiment de gens (gene set enrichment analysis (GSEA)), és a dir,
estudi de les vies més modificades després de la inhicid de Slug, va mostrar un
enriquiment de vies proliferatives (Figura 23B). De tots els gens modificats (Taula S1
de I'apartat Resultats addicionals) (Figura 23A) es va validar I'increment de la proteina
supressora de tumors acid retinoic responedor 3 (RARRES3 o TIG3) després de la
inhibicié de Slug. També es va validar la disminucio dels gens pro-proliferatius com la
ciclina A2 (CCNA2) i la proteina heparina d’unid al factor de creixement de I'epidermis

(heparin-binding epidermal growth factor (HBEGF)) (Figura 23C). Curiosament,
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RARRES3 té dos E-boxes totalment conservades al seu promotor, cosa que podria

indicar que és diana directa de Slug.

L'increment de dues dianes ja descrites préviament en altres treballs també van ser

validades, la Claudina | (CCNI) i la queratina 19 (KRT19). Aquestes dues proteines son

claus en 'adhesié cel-lular. La disminucié d’ambdues, paral-lelament a I'augment de

Slug, es pot relacionar amb I'augment de la migracid. Snail per la banda, no es va veure

modificat (Figura 23C).
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Figura 23. Slug regula gens relacionats amb vies de proliferacié i migracié A, Diagrama de
punts que mostra el percentatge de canvi expressat en log2 després de la inhibicié de Slug (eix
resultats de l'estudi GSEA amb un enriquiment de gens proliferatius. La puntuacié del
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enriquiment va ser de -1,621 amb una FDR de 0.0. Existeix una alteracié en gens relacionats
amb cicle celular després de la disminucié de Slug. C, Validacidé de I'expressié de Slug i Snail i
altres gens significatius de I'array analitzats per RT-gPCR: es mostra una disminucié de HBEGF,
CCNA2 i unincrement de CLDNI, RARRES3 i KRT9. *p < 0.05 per test de dades aparellades

L’expressio de Slug incrementa en un model muri d’hipertensié pulmonar

Es va utilitzar un model muri d’hipertensié pulmonar ja descrit previament (Ciuclan et
al.,, 2011) on el tractament amb hipoxia cronica (CH) i hipoxia en combinacié amb
I'inhibidor del receptor de VEGF (VEGFR), SU5416 (CU+SU5416), reprodueix la
hipertensiéd pulmonar observada en humans. La muscularitzacié dels vasos (vasos
totalment muscularitzats 75-100) va augmentar tant en el grup CH com el CH+SU5416
(Figura 24A). La hipertrofia del ventricle dret es va demostrar amb I'augment del index
de Fulton en els grups CH i CH+SU5416 (Figura 24B) i la pressié del ventricle dret (RVP)
va incrementar també en els animals del grup CH i CH+SU5416 (Figura 24C). Aquests
resultats mostren la obtencié d’un model animal d’hipertensié pulmonar. L’analisi
d’expressié de Slug i Snail dels homogenats de pulmd d’aquests ratolins mitjangant
gPCR va demostrar un augment de I'expressid de Slug al grup exposat a CH i
CH+SU5416, mentre que Snail no va mostrar canvis significatius (Figura 24D). També
es va observar una correlacié positiva entre I'expressié de Slug tant amb la
muscularitzacié dels vasos com amb l'index de Fulton (Figura 24E i Figura 24F),

respectivament.
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Figura 24. Analisis de I’expressié d’Slug als pulmons d’un model muri d’hipertensié pulmonar
severa. A, Vasos intrapulmonars amb un diametre <50 um parcialment muscularitzats (entre
25-75%) i totalment muscularitzats (entre 75-100%) al grup CTL (n=6), CH: animals exposats a
hipoxia crénica (n = 5), CH+SU5416: els animals exposats a hipoxia crénica i SU5416 (n= 5)
mostren més vasos positius per a-SMA en els grups CH i CH+SU5416. *p<0.05 per ANOVA
d’una via. B-C, index de Fulton (B) i pressié ventricular dreta (Right Right venticular pressure
(RVP)) estan incrementades en els grups CH i CHSU5416. D, RT-qPCR dels homogenats de
pulmd mostren un increment de Slug, i no d’Snail en els grups expostas a CH i CHSU5416
analitzats per ANOVA d’una via. E, Correlacions entre I'expressié de Slug (1/dCt) amb el
nombre de vasos positius per a-SMA i (F), I'index de Fulton (feu notar que el baix 1/dCt, més
elevada és I'expressié de Slug). *p < 0.05 per analisi Spearman.
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Seguint amb aquests resultats, el tractament in vitro de SMC amb CH o mitjangant
extracte de tabac (CSE) durant 24h va estimular I'expressié de Slug i el canvi de fenotip
de la SMC (Figura 25A i 25B). Tanmateix, Snail no va augmentar després de

I’estimulaciéo amb CSE.
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Figura 25. Expressié de Slug i Snail després de I’exposicié a hipoxia o CSE. A, L’expressié de
Slug i de Snail incrementa en SMC exposades a hipoxia correlacionant amb la dediferencicid tal
i com mostra la disminucié dels marcadors de SMC. B, L’estimulaci6 amb CSE promou
I'increment de Slug pero no de Snail i la disminucié dels marcadors contractils. Les dades estan
expressades amb la mitjana + ES de 3 experiments independents per duplicat *p < 0.05 per un
t-test de dades aparellades.

L’expressio de Slug augmenta en artéries humanes molt remodelades

Es va analitzar I'expressio de Slug a artéries pulmonars remodelades. Es van analitzar
set pacients amb MPOC i onze pacients amb funcié pulmonar normal (cinc no
fumadors (NF) i set fumadors (F)). Els pacients amb MPOC presentaven un baix volum
expiratori al primer segon (FEV;), una relacié FEV;/FVC baixa i una capacitat de difusio
del O, (Dlco) també disminuida. Presentaven, també, una hipoxémia mitjana (Pa02)

(Taula 4).
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NF F MPOC
(n=5) (n=7) (n=7)
IMC (kg/m?) 25+ 5 27+ 4 26+ 3
FEV1 (%predictiu) 102 + 15 90+ 13 67+ 11* "
FVC (%predictiu) 110+ 26 119+ 13 99+ 19
FEV.:/FVC (%predictiu) 73+ 5 74+ 4 57+ 9*"
Dico (%predictiu) 92+9 83+ 8 71+ 10*
Pa02 (mmHg) 90+ 19 87+ 11 75+ 9*
Distribucié R1\R2\R3 1\1\3 2\3\2 1\3\3

Taula 4 - Resum de les caracteristiques de la poblacié. *p< 0.05 NF vs MPOC, ' p< 0.05 F vs
MPOC

Els pacients es van dividir segons el grau de remodelat equitativament. Mitjangant
I'analisi de RT-qPCR es va demostrar que I'expressido de Slug estava augmentada,
mentre que la de Snail no mostrava canvis significatius amb el remodelat (Figura 26A).
A més, I'expressio de Slug correlacionava positivament amb el grau de remodelat:
arteries remodelades, analitzades segons el gruix de la intima tenien una expressid
més alta de Slug, és a dir, (ddCt) més baixa (Figura 26B). Seguidament, es va voler
estudiar la localitzaci6 de [I'expressi6 de Slug a les artéries, tant per
immunohistoquimica com per immunofluorescéncia. Aquest analisi va mostrar que
Slug no s’expressa a les artéries poc remodelades, mentre que a les artéries molt
remodelades la localitzacié de Slug era principalment a la intima i la capa media de les

arteries (Figura 26Ci Figura 26D).
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Figura 26. Analisis de I’expressié d’SLUG a SMC a artéeries pulmonars humanes. A, Les
mostres van ser classificades segons el grau de remodelat vascular: poc remodelades (R1),
mitjanament remodelades (R2) i molt remodelades (R3). L'expressié de Slug i no Snail va
resultar incrementada en el grup R3 respecte R1. *p<0.05 amb ANOVA d’una via. B, Existeix
una correlacié positiva de I'expressié de Slug (1/dCt) amb el gruix de la intima arterial
mesurada com a % de gruix intima (r=0.44, p<0.05 per Pearson test). Baixos valors de 1/dCt
significa més expressio. C, Imatges representatives de la tincié de Slug: L'expressio de Slug esta
localitzada a les cel-lules de la intima i media arterial de les artéries pulmonars més
remodelades (imatge dreta) comparat amb les poc remodelades (imatge del mig). El control
negatiu es mostra a la imatge de la esquerra. Les arees positives per Slug van ser quantificades
a les arteries més remodelades (n=3) i poc remodelades (n=4) i normalitzades segons |'area de
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la paret vascular. Les artéries altament remodelades mostren més cél-lules positives per Slug
comparat amb les arteries poc remodelades. *p<0.05 per t-test. D, Localitzacio de I'expressié
de Slug per immunofluorescencia de Slug (vermell), a- SMA (verd) i merged (groc). Slug
predomina a la intima i la media de les artéries remodelades.

Slug es troba augmentat a les CE dels pacients amb artéries remodelades

Es va voler estudiar també I'expressié de Slug a la CE de les arteries remodelades. A la
Figura 27 es mostra la colocalitzacié de I'expressié de Slug (vermell) amb la cél-lula
endotelial positiva per CD31 (verd) en els pacients amb artéries remodelades. Els
resultats mostren un marcatge positiu de Slug a la CE (groc) a les artéries remodelades

indicant que aquestes cel-lules poden estar patint una transdiferenciacio a SM-like cell.

CD31 slug

Endothelium Endothalivm
Intims

» ”
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Figura 27. Analisi de I’expressié d’SLUG a EC a artéries pulmonars humanes. Marcatge de Slug
(vermell), CD31 (verd) i merged (groc) analitzat per immunofluorescéncia. L'expressié de Slug
predomina a les EC de les arteries més remodelades

Slug és un factor clau en el canvi de fenotip de la CE cap a SMC-like cells

Per tal d’esbrinar si efectivament s’estava produint un EnM T es va estimular la CE amb
TNF-a. Els resultats mostren un increment de I'expressiod de Slug i Snail i un canvi de
morfologia de la CE fent-la més allargada (Figura 28A i Figura 28B). Aquests canvis
anaven acompanyats d’una disminucié dels marcadors endotelials, CD31 i VE-
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Cadherina i un augment de marcadors mesenquimals com la a-SMA. Aquestes
resultats van mostrar que la CE tractada amb TNF-a canviava el seu fenotip a
mesenquimal (EnMT). Posteriorment, es va estudiar si la inhibicié de Slug era capag
d’inhibir aquest procés i els resultats mostren que després de la transfeccid, Slug, Snail
i a-SMA disminueixen mentre que els marcadors endotelials augmenten, analitzats

tant per gPCR com per immunofluorescencia (Figura 28C i Figura 28D).
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Figura 28. Slug és un factor clau en 'EnMT induida per TNF-a. A, TNF-a indueix un augment
de Slug , Snail i el marcador mesenquimal a-SMA mentre que CD31 i VE-cadherina
disminueixen analitzat per gPCR i immunofluorescéncia. C-D, La inhibicié de Slug bloqueja
'EnMT tal i com mostra la qPCR (C) i la immunofluorescéncia (D) amb I'augment dels
marcadors endotelials i la disminucié a-SMA. Les dades estan expressades amb la mitjana
+ ES de 3 experiments independents per duplicat. *p<0.05 amb un t-test de dades
aparellades.

85



ESTUDI 1. RESULTATS

RESUM DE RESULTATS PRIMER TREBALL

- Primerament, es va obtenir un model de diferenciacié de la SMC basat en el
contacte cel-lula, confirmat per I'augment dels marcadors contractils i una
disminucié de la proliferacid. En aquest model, Slug i Snail disminueixen durant
la diferenciacié de la SMC, de la mateixa manera que també ho fan en un
model d’induccié mitjangant TGFB-1. Aixi doncs, aquests gens, sén especifics

del fenotip proliferatiu i dediferenciat de la SMC.

- TNF-a és capag d’induir el canvi de fenotip de la SMC amb una disminucié dels
gens contractils, mitjancant I'expressié de Slug i no d’Snail. En el mateix sentit,
la inhibicid de Slug després de l'estimulaci6 amb TNF-o. va provocar un
augment dels gens contractils demostrant el paper clau d’aquest factor de

transcripcié en la modulacié fenotipica.

- La sobreexpressio de Slug en un model de diferenciacié induit amb TGFB-1, va
bloquejar la diferenciacié de la SMC. D’altra banda, la disminucié de Slug en
SMC en estat proliferatiu no va ser capag¢ d’induir I'expressié dels marcadors
contractils. Slug podria estar actuant com a repressor més que com a inductor

de la diferenciacié de la SMC.

- S’han desmostrat canvis en la proliferacio després de la inhibicié i la
sobreexpressio de Slug. La inhibicié provoca una disminucié de la proliferacid i

a migracié, mentre que la sobreexpressié un augment d’ambdds parametres.
I t I b t d’ambd t

- Slug té com a gens diana, majoritariament, gens reguladors de la proliferacid i
I’adhesio cel-lular. Entre ells tobem la Claudina 1, la Queratina 19 o la proteina

supressora de tumors RARRES.

- En un model muri d’hipertensié pulmonar (CH+SU5416), I'expressié de Slug la
trobem incrementada en el teixit pulmonar. Existeix, a més, una correlacid

positiva amb la muscularitzacié dels vasos i la hipertrofia del ventricle dret,
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Slug augmenta durant el remodelat vascular i indueix el canvi fenotipic de la SMC

utilitzada com a signe d’hipertensié pulmonar. Més expressid de Slug, més

muscularitzacio de vasos i més hipertrofia del ventricle dret.

- Slug també esta augmentat en les arteries remodelades dels pacients amb
MPOC. A més, l'expressi6 de Slug correlaciona positivament amb
I'engruiximent de la intima. La localitzacié de la seva expressid la trobem
principalment, a la intima de les arteries hiperplasiques, les SMC de la media i
les CE dels pacients amb les arteries més remodelades, suggerint un rol

important en el desenvolupament del remodelat vascular.

- Els pacients amb arteries remodelades tenen augmentats els nivells de Slug a la
CE. TNF-a es capag d’induir un EnMT tal i com indica I'augment de I'expressio
de Slug i Snail i marcadors mesenquimals com la a-SMA, i la disminucié de
marcadors endotelials com la VE-Cadheria i el CD31. A més, la inhibicié de Slug

va bloquejar la transdiferenciacié de la CE.

A continuacié a la figura 29 es detalla un esquema del mecanisme descrit en aquest

primer treball.
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Figura 29. Resum del mecanisme dirigit per Slug en la diferenciaicé de la SMC i el
remodelat vascular. Estimuls com la hipoxia, el tabac o la inflamacié provoquen a la CE
de la arteria pulmonar, un augment de Slug i Snail que conduiran a la transcicié de la
CE a SM-like cell. A la SMC arterial aquests estimuls (hipoxia, tabac i inflamacio)
provoquen un augment de Slug que induira la modulacié fenotipica de la SMC, és a dir,
cap a una SMC proliferativa. Especificament, en condicions normals, Slug esta
disminuit. Si Slug esta inhibit, les E-boxes dels promotors dels gens contractils es
troben ocupades per activadors de la familia de bHLH, com USF, que estimula la
transcripcié de gens contractils. D’altra banda,en els promotors de les proteines
d’adhesié com la claudina, KRT19 i supressors de tumors com RARRES estdn lliures
indicant que existeix expressido d’aquestes proteines. En condicions d’hipoxia, CSE o
inflamacié on s’indueix I'expressié d’Slug i KLF4, Slug desplacara els activadors bHLH i
ambdods ocuparan les E-boxes dels gens contractils reprimint la seva expressid. Slug
ocupara també les E-boxes dels promotors de les proteines d’adhesié reprimint la seva
expressid i promoven, secundariament, I'expressio de gens proliferatius com CCNA2 i
HBGEF.
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ESTUDI 2. MATERIAL i METODES

Expressio de miRNAs a I’artéria pulmonar

Es va seguir el mateix esquema del procediment anterior (pag 56). Breument, el teixit
d’artéeria pulmonar (50 mg) congelat amb RNAlater® (Ambion, Thermo Fischer
Scientific), es va homogeneitzar amb un politré Omni Tissue Homogenizer TH (Omni
International) amb el reactiu Trizol® (Invitrogen, LifeTechnologies, Thermo Fischer
Scientific). Després de purificar 'ARN per separacié de la fase aquosa mitjangant
centrifugacié amb cloroform (Sigma-Aldrich), I'ARN es va precipitar amb 2-propanolol
100% (Sigma-Aldrich) ON. El precipitat es va a rentar amb etanol 70% y posteriorment

es va a resuspendre amb H20 lliure de RNAses.

Després de I'extraccié de ARN, es va realitzar la retrotranscripcié utilitzant 10 ng de
ARN total utilitzant el Tagman miRNA reverse transcription Kit amb els primers
Megaplex® (Applied Biosystems, Thermo Fischer Scientific) seguint les instruccions del
fabricant. Posteriorment, es van utilitzar les plaques Tagman array human miRNA card
A (miRNAs previament descrits) i B (miRNAs no coneguts) set v3.0 (TLDAs) (Applied

Biosystems, Thermo Fischer Scientific) per fer I’analisi d’expressié de miRNAs.

Analisis de xarxes

Mitjangant un software de tipus Bioconductor, és a dir, un software creat amb
llenguatge R que s’encarrega del analisi estadistic de dades d’origen genomic, es va
realitzar un analisi de xarxes o d’interaccions geniques. En el nostre cas es va utilitzar

el biocoductor limma (Huber et al., 2015) (Ritchie et al., 2015).

Es van estudiar els miRNAs amb p< 0.05 i un percentatge de canvi (fold change) major
de 1,5. Després amb la utilitzacié de la base de dades TargetScanHuman 7.0 es van

obtenir els gens diana d’aquests miRNAs.

Pels miRNAs que tenien dianes amb llocs conservats es van considerar totes les dianes,
per la resta es van incloure només les dianes amb una puntuacié < 0,3. Els gens diana
van ser analitzats seguidament amb la base dades Gene Ontology (GO) www.
geneontology.org/). Aquest analisi es basa en la deteccid de grups de gens relacionats
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amb el mateixos processos cel-lulars i ens vam centrar en els que presentaven una
anotacié positiva per la proliferacid cel-lular. Aixi es va obtenir un mapa d’interaccions,
amb els miRNAs diferencialment expressats a la MPOC i les seves possibles dianes

relacionades amb processos proliferatius (Wang and Loscalzo, 2016) .

Models cel-lulars

S’ha utilitzat el mateix model de diferenciacié de SMC descrit en el primer treball (pag
54-55). L’avaluacid dels diferents fenotips de la SMC es va dur a terme mitjangant la
avaluacio de I'expressié de marcadors contractils, la proliferacio i la migracié de la SMC

tal i com es va fer en el primer treball (pag 55).
Analisi d’expressio genica

A partir de ARN i mitjangant qPCR i western blots ja descrits en el primer estudi (pag 56

i pag 60) . A continuacio a la Taula 6 es detallen els primers utilitzats en aquest segon

estudi.
Gen Seqléncia
Calponin F CACGACATTTTTGAGGCCAA
Calponin R TTTCCTTTCGTCTTCGCCAT
Sm22-a-av2 F GGAAGCCTTCTTTCCCCAGA
Sm22-a-av2 R TCCAGCTCCTCGTCATACTTCTT
MyoCD F GCACCAAGCTCAGCTTAAGGA
MyoCD R TGGGAGTGGGCCTGGTTT
GAPDH F CATCACCATCTTCCAGGAGC
GAPDHR TGGACTCCACGACGTACTCA
Bactin F CGGAACGCCTCATTGCC
Bactin R ACCCACACTGTGCCCATCTA
Ki67 F GCAGCCTTAACTGTGACACTTGC
Ki67 R GCCACCGTGCCCTGG
E2F1F GAGAACAGGGCCACTGACTC
E2F1R GTTCTTGCTCCAGGCTGAGT
IGF1F GTGGAGACAGGGGCTTTTATT
IGF1R CTCCAGCCTCCTTAGATCACA
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Taula 5 - Cebadors o Primers utilitzats en el segon estudi 5’-3’

Northern Blotting

L’analisi d’expressido de miRNAs es va realitzar mitjangant Northern Blot. Aquest assaig
es basa en la separacié de I'ARN de diferent tamanys mitjangant electroforesi i una
posterior transferencia a una membrana on s’hibridara una sonda que marcara el
nostre miRNA d’interés. Breument, 10-15 ug de ARN total es van separar en gels
desnaturalitzant d’Urea al 12% (UreaGel System, National diagnostics, Atlanta, GA).
Com a marcador de pes molecular es va marcar ribonucleotids amb longitud de 19, 21 i
24 nt amb fosfor radioactiu P32. Després de |'electroforesi d’'una hora de durada i a
350-450V I’ARN i en TBE buffer (90 mM Tris-Borat i 2 mM EDTA a ph 8) es va transferir
en semisec a membranes de nitrocel-lulosa (GE Healthcare) a 20V durant 30 minuts.
La membrana va ser fixada amb EDC (0,16M 1-etil-3(-dimetilamina propil)carbodimida
a 0,13M 1-metilimidazol ph8) i incubada durant una hora a 502C. La membrana es va
rentar amb aigua abans de la prehibridacié. La hibridacié es va dur a terme a 50°C,
amb una sonda préviament marcada radioactivament, ON en solucié d’hibridacié (20x
SSC (3M NaCl i 0,3M CitratNa), 1M Na2HPO4 ph 7,2 10% SDS i 50X Denhardt’s
solution). La sonda va ser marcada a una concentracié de 20 pmolar d’ADN amb 20 iCi
de P32 mitjancant I'’enzim T4 PNK (Fermentas, Thermo Fischer Scientific) i purificada
mitjangant columnes de purificacié G-25 (GE Healthcare). La membrana es va rentar
amb NB buffer de rentat | (5x SSC i 1%SDS, NB buffer de rentat Il (1X SSC i 1% SDS) i

forrada amb paper transparent pel seu revelat mitjangant I'escaner de PMI (Bio-rad).

Inhibicio d’expressié miRNAs

Per I'analisi funcional del miRNA-197 es va utilitzar 2’ O-metil antisens oligonucleotids
(2’0Ome-miRs) sintetitzats quimicament (Pierce Chemical, Thermo Fisher Scientific).
Aquesta addicid del grup metil a la ribosa 2’ de la cadena de ARN li déna estabilitat i el
protegeix de la degradacid. 50. 000 SMC es van transfectar amb 40 nM d’inhibidor a
una proporcié 1:1 amb Lipofectamina 2000 (Invitrogen) i diluit en optimem. Es van
sembrar les cel-lules en plaques de 24 pous incubades en medi complet fins la seva

recollida.
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Assaig de Luciferasa: Luciferase reporter assay

Es va utilitzar el vector pMiR-RL miRNA reporter amb l'insert de la regié 3’UTR del gen
E2F1 i el renilla luciferasa com a control de transfeccié. Per generar el pMIR-REPORT
(Ambion, Thermo Fisher Scientific): el gen renilla-luciferasa amb un promotor SV40 i
una cua poliA va ser amplificat del plasmid pRL-SV40 (Promega, Madison, WI) i clonat
al Sspil del pMIR-REPORT. També el promotor HSV-TK va ser amplificat i clonat
procedent del vector pRL-TK i insertat al pMIR-REPORTER per substituir el promotor
del CMV del gen luciferasa. La construccié del vector luciferasa es va fer a partir de la
clonacié de la regid 3’UTR del gen E2F1 al pMIR-RL descrit anteriorment. L'extrem
3’UTR va ser amplificat i insertat al llocs flanquejats per sacl i Nael del pMIR-RL. Els
primers utilitzats van ser: E2F1-Sac-for: 5 CGCTACGCGTCAGGGTTGGAGGGACCAGGGT-
3’ i E2F1-Nael-rev: 5'-CGCTGCCGGCAACGTCATCAAAATATTTATTA-3'. La transfeccié dels
plasmids pels assajos de luciferasa es van realitzar amb 50 ng pMIR-RL-E2F1 3’UTR i 40
pmol de 2’0Ome-miR-197 inhibidor per 20000 cel-lules en una placa de 48 pous
utilitzant lipofectamina 2000 (Invitrogen, Thermo Fisher Scientific), tal i com es descriu

anteriorment.

Analisi estadistic

Els valors sén presentats com a mitjana + error estandard (ES). Les determinacions es
van realitzar en duplicats i de tres experiments independents per cada condicid. Els
dos grups de comparacions van ser analitzades utilitzant T-test d’aparellaments i el
Mann-Whitney Rank Sum test per les dades que no segueixen una distribucié normal.
Comparacions en grup es van fer mitjangant ANOVA d’una via. Les comparacions Post-
hoc aparellades es van fer seguin Student-Newman-Keuls test per les distribucions que
segueixen la normalitat, mentre que el Kruskal-Wallis and Dunn test per les que no
segueixen la normalitat. Per tots els processos, p-valor menor de 0.05 van ser

considerats estadisticament significatius.
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Existeix un perfil especific d’expressié de miRNAs a les artéries pulmonars de
pacients amb MPOC

Es va analitzar I'expressio de 381 miRNAs en homogenats d’arteria pulmonar obtinguts

de pacients amni MPOC, F i NF. Les caracteristiques dels pacients es mostren a la taula

seguent:

No Fumadors | Fumadors MPOC

(n=7) (n=9) (n=12)

Edat 63+ 11 6410 679
Sexe masculi, n (%) 4 (50) 8 (88)¢ 13 (100) *
Pes (kg) 64 +7 73+8 70+8
Algada (cm) 161 +8 164 £ 8 1695
IMC 253 284 252
FEV 1 (% predictiu) 100+ 6 90 + 22 64 £ 13 *f
FVC (% predictiu) 96 + 7 93 + 12 84 +13*
FEV ,/FVC (% predictiu) 777 70 £ 15 55+ 8 *t
Dosi tabaquica (paquets/any) 5+8 59 + 27 % 77+29*
DLco (% predictiu) 89 + 20 75 + 31 66+ 11*
Pa0, (mmHg) 88+ 15 81+ 14 79+ 16

Taula 6. Caracteristiques de la poblacié. *p< 0.05 NF vs MPOC, ' p< 0.05 F vs MPOC i ¢ p< 0.05
NF vs F.

Una vegada realitzades les TLDAs i per obtenir els valors d’expressié dels miRNAs, es va
utilitzar el bioconductor d’analisi estadistic Limma. Es va demostrar que comparant els
pacients MPOC respecte els NF hi havia un augment d’expressio del miR-98, miR-139-
5p, miR-146b-5p i miR-451, mentre existia una disminucié de miR-197, miR-204,
miR485-3p i miR-627 (Figura 30A i Figura 30B). L'expressio dels miRNAs de les arteries
pulmonars dels pacients F respecte dels NF, seguien el mateix patrdé que els MPOC

perd sense arribar a obtenir diferéncies significatives. Només s’obtenien diferencies
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significatives per I'expressid de miR- 139-5p i miR-146b-5p quan s’analitzava F vs
MPOC (Figura 30A). A la Taula S2 de I'apartat Resultats addicionals estan descrits tots

els miRNAs estudiats.

MPOC vs NF MPOCvs F Fvs NF
A FC p-valor | FC p-valor FC p-valor
hsa-miR-485-3p -3,383  0,0064| -1,35087 0,26714] -2,50436 0,069685
hsa-miR-197 -3,178 0,01169| -1,90088 0,109541| -1,67211 0,327062
hsa-miR-139-5p 1,95 0,0173] 1,688282 0,035335( 2,058604 0,063591
hsa-miR-146b-5p 2,843 0,01781| 2,72735 0,001543| 1,510473 0,199998
hsa-miR-451 5,265 0,02631) 1,627949 0,480197| 3,236522 0,196659
hsa-miR-627 -2,272 0,03822| -1,26844 0,391032| -1,79143 0,194577
hsa-miR-204 -1,703 0,03846| 1,047697 0,866785| -1,78454 0,137633
hsa-miR-98 2,366 0,04128| 1,810501 0,085113| 1,306866 0,260027
Perfil d'expressié de miRNA
B
[
2
2 4

I NF vs MPOC
[0 NFvsF

Figura 30. Perfil d’expressié de miRNAs en els pacients amb MPOC, F i NF. A, Taula que
mostra els 8 miNAs diferencialment expressats a les artéries pulmonars humanes dels pacients
amb MPOC. S’expressa en fold change o percentatge de canvi dels MPOC respecte als NFiels F
respecte als NF. B, Grafic que mostra el fold change dels 8 miRNAs principals diferencialment
expressats a les artéries humanes. *p< 0.05
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Analisi de xarxes i interaccions

Per tal de determinar quines eren les dianes d’aquests miRNAs i quines eren les
principals vies de senyalitzacid que regulaven, es va fer un analisi de xarxes o
interaccions. Seguint la base de dades TargetScan, on apareixen totes les dianes
possibles per cada miRNA, nosaltres ens vam focalitzar en I'analisi d’aquelles dianes
relacionades amb vies de proliferacié cel-lular. Especificament, i tal i com es pot
observar a la Figura 31, existeix un patré de miRNAs diferencialment expressats als
MPOC (cercles grocs) que regulen un conjunt de gens diana relacionats amb vies

proliferatives (cercles blaus) (Figura 31).

/
4 C
‘ hsa-miR-451 CC’BP
X / \
/ N\

d

INSIGT - ‘

hsa-miR-627

Figura 31. Xarxa dinteraccions entre miRNA a la MPOC. Els cercles grocs representen els
miRNAs diferencialment expressats, mentre que els blaus representen les seves dianes. Totes
les dianes estan seleccionades per la seva implicacio en la proliferacio cel-lular.
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Correlacio de I'expressié de miRNAs amb el remodelat vascular i el FEV,

Es va analitzar si aquests miRNAs diferencialment expressats guardaven relacié amb
parametres de la malaltia i el remodelat vascular. De tots ells, els miR-139 i miR-485,
van correlacionar amb FEV; (R=0.403, p<0.034 i R=-0.464, p<0.016 respectiva) (Figura
32A). L'expressié de miR-197 correlaciona amb la FEV; (R=-0,541, p<0,003), menys
expresio del miRNA (Cts altes) es relaciona amb menys FEV; i mostra una correlacié
inversa amb el grau de remodelat vascular mesurat com a percentatge d’intima
(R=0,41 p<0,023), menys expressid del miRNA es relaciona amb una intima més
engruixida (Figura 32B). L'expressié del miR-98 i miR-451 també correlacionaven amb
FEV1 (R=0.453, p<0.017 i R=0.380, p< 0.040), respectivament i amb I'engruiximent de
la intima (R=-0.601, p< 0.003 i R=-0.52, p< 0.012), respectivament (Figura 32C i Figura
32D). Aquests miRNAs doncs son els que mostren un significat etiopatologic de la seva

expressié amb la MPOC.
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Figura 32. Analisi de correlacions de I’expressiéo de miRNAs amb la FEV; i I'engruiximent de la
intima. A, Correlacié positiva i negativa del miR-139 i el miR-485 (ddCt) amb la FEV,
respectivament amb analisi Spearman. B, Correlacid positiva entre el miRNA 197 (ddCt) i FEV,
(panell esquerre). *p< 0.05 per analisi Spearman . Correlacié negativa entre I'expressié de miR-
197 (ddCt) i el % intima respecte |'area total *p< 0.05 per analisi (panell de la dreta). C,
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Correlacié negativa entre I'expressié miR-451 (ddCt) i FEV,*p< 0.05 per analisi Spearman
(grafic superior esquerre) i positiva entre I'expressié de miR-451 expression (ddCt) i % intima
respecte I'area total. *p< 0.05 per analisi Spearman (grafic inferior esquerre). Correlacié
negativa entre el miR-98 (ddCt) i FEV; *p< 0.05 per analisi Spearman (grafic superior dret) i
positiva entre I'expressié de miR-98 (ddCt) i el % intima respecte I'area total *p< 0.05 per
analisi Spearman (grafic inferior dret).

L’expressio del miR-197 augmenta al llarg de la diferenciacié de la SMC

De tots miRNAs diferencialment expressats en els pacients amb MPOC, ens vam
centrar en I'estudi del miR-197. Els altres miRNAs ja hi ha alguna publicacié que els
relacionen amb homeostasi de la SMC, hipetertensié pulmonar o MPOC (Dmitriev et
al., 2013, p. 98) (Hairong Wang et al., 2015) (Formosa et al., 2014). El miR-197 I'havien
descrit disminuit i com a regulador de la proliferacid en el leioma uteri, cosa que ens va
semblar interessant en el nostre context (Ling et al., 2015). Seguint amb el nostre
model de diferenciacio de la SMC induit per contacte cel-lular, es va analitzar
I'expressié d’aquest miRNA per Northern Blot durant la diferenciaci6 DO (SMC
proliferatives), D2 i D6 (SMC diferenciades/contractils). Aquest experiment va mostrar
un increment del miR-197 a les SMC diferenciades amb fenotip contractil (Figure 33A).
A més, a les SMC aillades de arteries pulmonars van mostrar una disminucié de
I’expressid d’aquest miRNA a les SMC provinents de pacients amb MPOC i F, comparat
amb I'expressid en els NF (Figura 33B). També es va estudiar I'expressié del miR-204,
un dels miRNAs més ampliament estudiats en el remodelat vascular pulmonar.
L'expressié de miR-204 augmenta al llarg de la diferenciacié i disminueix a les SMC
derivades de pacients amb MPOC (Figura S1). Aquests resultats concorden amb

I’adquisicié del fenotip proliferatiu de la SMC a la MPOC.
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Figura 33. Analisis de I’expressio del miR-197 durant el canvi fenotipic de la SMC i en SMC
derivades de pacients. A, Northern Blot representatiu que mostra un increment de |'expressio
del miR-197 a les SMC completament diferenciades (D6) respecte les SMC amb fenotip
proliferatiu (D0). B, Northern Blot representatiu que mostra una disminucié de I'expressio del
miR-197 a les SMC derivades de pacients mb MPOC respecte els NF i F.

La inhibicio del miR-197 promou I’adquisicid del fenotip proliferatiu de la SMC

Es van transfectar SMC diferenciades amb ARN antisentit 2’O-metilat (AS-miR-197) i
control (AS-miR CTL) a DO, i es van deixar arribar a D6. L'eficiencia del AS-miR-197 en
la transfeccié es mostra en la Figura 34A i es demostra que es produeix una inhibicié
casi total. La transfeccio del AS-miR-197 en cel-lules diferenciades va resultar en un
bloqueig de la diferenciacié de la SMC analitzada amb expressié dels marcadors
contractils per gqPCR (Figura 34B). Els resultats mostren també una disminucio
d’aquests marcadors segons la valoracio de la formacié de fibres contractils de a-SMA i
Calponina per immunofluorescencia (Figura 34B). De la mateixa manera, la transfeccio
del AS-miR-197 va resultar en un augment de la migracid i la proliferacid respecte les
cél-lules AS-miR CTL (Figura 34B i Figura 34C). Aquests resultats demostren que el miR-

197 pot modular el fenotip proliferatiu de la SMC.
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Figura 34. La inhibicié del miR-197 bloqueja la diferenciacié de SMC. A, Expressié del miR-197
analitzat per Northern blot després de 48 hores de transfeccio amb AS miR-197 i el control (AS
miR-CTL) a SMC. AS miR-197 inhibeix completament I'expressié de miR-197. B, La transfeccié
de AS miR-197 indueix el canvi fenotipic de la SMC com mostra la disminucié dels marcadors
de diferenciacié MyoCD, Sm22-a , i Calponina analitzats per RT-qPCR i per la disminucio de la
formacié de fibres a SMA i Calponina analitzades mitjangant immunofluorescencia. C, La
inhibicid de miR-197 indueix I'expressié del marcador de proliferacié cel-lular ki67, a nivell de
ARN (panell esquerre) i proteina (panell dret). D, L’analisi d’Scratch va mostrar un increment
de la taxa de migracié en SMC transfectades amb AS miR-197 respecte les AS-miR CTL, en
concordanca amb la dediferenciacié de la SMC. Les dades estan expressades amb la mitjana
ES de 3 experiments independents per duplicat *p< 0.05 per analisi t-test de dades
aparellades.

El gen E2F1 és diana directa del miR-197

Des de la descripcié de I'existencia de dianes no canoniques, és a dir, dianes que no
segueixent 'aparellament de bases seguint la llei de Watson i Crick (Helwak et al.,
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2013), es va estudiar si el factor de transcripcié E2F1 podia ser diana de miR-197. E2F1,
un factor de transcripcid que regula processos de proliferaci6 en molts models
cel-lulars (Amrani et al., 2003). La cotransfeccié de la regié 3’UTR del promotor del gen
E2F1 lligat al gen de la luciferasa juntament amb el AS-miR-197, va confirmar que E2F1
és una diana directa de miR-197. El senyal luminescent augmentava després de la
inhibicié del miR-197 (Figura 35A). La qPCR i western bot van mostrar un augment de
I'expressid de E2F1 després de la inhibicié del miR-197 (Figura 35B). En concordanga,
I'avaluacié de I'expressié de E2F1 en el nostre model de diferenciacié va demostrar
que E2F1 disminueix al llarg de la diferenciacié de la SMC. Aquests resultats mostren
que I"'augment de I'expressié del miR-197 és paral-lela a la disminucié del gen E2F1

(Figura 35C).

De les dianes canoniques descrites en I'analisi d’interaccions vam estudiar I'expressio
del factor de creixement de la insulina (insulin growth factor (IGF1)). IGF1 apareix
incrementat en cel-lules proliferants d’altres models cel-lulars. La inhibicié del miR-197
va provocar un augment d’aquest factor, relacionant-se amb un increment de Ia

proliferacié (Figura 36).
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Figura 35. El factor de transcripcié E2F1 és diana directa del miR-197. A, L’ Assaig de
Luciferasa mostra un increment d’ unitats de luciferasa després de la inhibicié del miR-197
corroborant que E2F1 és diana del miR-197. B, La inhibicié del miR-197 promou l'increment de
E2F1 analitzada mitjangant RT-qPCR (grafic esquerre) i Western blot (grafic dret) C, L'expressié
de E2F1 disminueix al llarg de la diferenciacié de la SMC analitzada per RT-qPCR (grafic
esquerre) i western blot (grafic dret). Les dades estan expressades amb la mitjana + ES de 3
experiments independents per duplicat *p< 0.05 per t-test de dades aparellades.
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Figura 36. IGF-1 augmenta a les celulues on s’ha inhibit I'expressiéo de miR-197. *p< 0.05

L’expressio de E2F1 esta augmentada a les artéries dels pacients amb MPOC

Seguidament, vam raonar; si E2F1 es diana de miR-197, aquest gen s’hauria de trobar
disminuit en les artéries pulmonars dels pacients amb MPOC. A la Figura 37 es mostra
que I'expressié de E2F1 a les artéries pulmonars dels pacients amb MPOC, mesurada
per western blot, estava incrementada respecte els F i els NF. Aquests resultats
concorden amb la disminucié del miR-197 trobat a les arteries pulmonars dels pacients
amb MPOC. En els pacients F, si bé es mostrava una tendéncia que I'expressié de E2F1

augmentava, aquest canvi no va ser significatiu.
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Figura 37. El factor de transcripcio E2F1 esta augmentat a les artéries pulmonars dels
pacients amb MPOC. La immunodeteccid mitjancant Western blot va demostrar que E2F1
estava augmentat en les arteries pulmonars dels pacients amb MPOC respecte dels NF i F. p<

0.05 per ANOVA d'una via.
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RESUM DE RESULTATS SEGON TREBALL

- Existeix un perfil de miRNAs diferencialment expressats a les artéeries
pulmonars dels pacients amb MPOC, comparat amb les arteries dels no
fumadors. Una analisi bioinformatic seguint el bioconductor Limma va
identificar els seglients miRNAs desregulats: hsa-miR-485-3p, hsa-miR-197, hsa-
miR-139-5p, hsa-miR-146b-5p, hsa-miR-451, hsa-miR-204, hsa-miR-627, hsa-
miR-98. Les arteries dels fumadors seguien el mateix patré de miRNAs

diferencialment expresats sense arribar a la significancia.

- Aquests miRNAs regulen majoritariament gens relacionats amb vies de

proliferacié cel-lular.

- Existeix una correlacié negativa del miR-197 amb el remodelat vascular i
positiva amb FEV;, és a dir, a més remodelat, menys FEV; i menys expressio

d’aquest miRNA.

- Seguint amb el model de diferenciacié obtingut i validat en el primer treball,
s’ha demostrat que el miR-197 augmenta durant la diferenciacié de les SMC.
Aquest resultat correlaciona amb la seva disminucié a les SMC derivades de

pacients amb MPOC.

- La inhibicid6 del miR-197 disminueix I'expressi6 de proteines contractils,
resultant en la induccié del fenotip proliferatiu de la SMC amb un augment de

la taxa de proliferacid i migracié.

- El factor de transcripcié E2F1 és un gen diana directe del miR-197, tal i com es
demostra amb els experiments de luciferasa i I'augment d’aquest factor
proliferatiu després de la inhibicié del miR-197. Tanmateix, existeix un augment
d’expressid d’aquest factor de transcripcid a les arteries de pacients amb

MPQOC, correlacionant amb la disminucid d’aquest miRNA.
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A continuacio a la figura 38 es mostra un esquema del mecanisme descrit en aquest

segon treball:

Inflamacié/ Hipoxia/ Factors de
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Figura 38. Resum del mecanisme pel qual miR-197 podria estar relacionat amb el remodelat
vascular associat a la MPOC. A les arteries dels NF no remodelades, existeix expressio del miR-
197. Aquest, per una banda, promou l'expressid de gens contractils i per I'altra, bloqueja
I'expressid del factor de transcripcidé pro-proliferatiu E2F1. En els individus amb MPOC i
remodelat vascular, el miR-197 esta disminuit induint un augment de la proliferacié de la SMC
mitjancada per factor E2F1.
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Noves dianes en el remodelat vascular

Nombrosos investigadors han descrit diferents factors implicats en la regulacié de
I’'homeostasi de la SMC i els seus canvis de fenotip en diferents malalties vasculars,

perod encara queda molta feina per fer en el remodelat vascular associat a la MPOC.

Diferents dianes terapeutiques s’han utilitzat per la inhibici6 de la proliferacid
desmesurada de les SMC durant el remodelat vascular pulmonar. Des de la inhibicié de
les Rho o les tirosina quinases, les quals augmenten l'apoptosi i disminueixen la
proliferacié mitjancant la inhibicié de la via de PDGF o VEGF (Pankey et al., 2012)
(Schermuly et al.,, 2005), fins a I'augment de cGMP mitjancant la utilitzacid de
inhibidors de fosfodiesterases (PDE) (Dominguez-Fandos et al., 2015), estimuladors de
la guanilat ciclasa soluble (Weissmann et al., 2014) o el péptid intestinal vasoactiu (VIP)
(Hamidi et al., 2011). La utilitzacié de la terapia cel-lular mitjangant EPCs ha donat bons
resultats (Yip et al., 2008) (Takahashi et al., 2004), tot i que ja hem comentat el paper
dual d’aquestes cél-lules en la reparacid dels vasos. Aquest fet, fa necessari el
desenvolupament de més estudis per evitar els efectes no desitjats i aixi poder trobar

noves terapies farmacologiques.

La descripcié de noves dianes terapeutiques per aconseguir una terapia antiremodelat
esdevé clau per millorar el tractament d’aquests pacients. En aquesta tesi doctoral
s’han descrit dos nous factors clau implicats en el remodelat vascular pulmonar: un
regulador transcripcional, com el factor de transcripcié Slug i un regulador post-

transcripcional com I’ARN no codificant, el miR-197.

Paper de Slug en la diferenciacié de la SMC

En el primer treball ens centrem en I'estudi de Slug i Snail. S6n dos dels principals
inductors de I'EnMT. Cada vegada existeixen més evidencies de que I'ENMT esta
intimament relacionat amb la hiperplasia de la intima, tant en models de hipertensio
pulmonar, com en la MPOC (Arciniegas et al., 2007b) (Milara et al., 2013). Aquests dos
factors a més, han estat relacionats amb processos de diferenciacié cel-lular en altres

models cel-lulars i com a moduladors de processos de proliferacio cel-lular (Mistry et
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al., 2014) (Pérez-Losada et al., 2002). Aquests fet, ens va fer hipotetitzar que també

podrien estar implicats en la diferenciacié i modulacié fenotipica de la SMC.

En aquesta tesi s’Tha demostrat que Slug esta especificament augmentat a la SMC
dediferenciada, és a dir, una SMC no contractil, proliferativa i migratoria, tant a nivell
de ARN com a nivell de proteina. D’acord amb aixo, la inhibicié de Slug va donar a lloc
a una disminucid de la proliferacio i la migracid, tant en cel-lules proliferants com en
cel-lules diferenciades, mentre que la sobreexpressié va tenir I'efecte contrari. En el
mateix sentit van anar les dianes obtingudes després de la disminucio de Slug, es va
confirmar una regulacid per part de Slug de vies implicades en proliferacio i cicle
cel-lular com: HBEGF i la CCN2, o bé proteines supressores de tumors com RARRES
(Igura et al., 1996) (Scharadin and Eckert, 2014). També es va desmostrar una regulacio
de I'expressid de proteines d’adhesiéo com la CCNI i la KRT19 (Tripathi et al., 2005)
(Martinez-Estrada et al., 2006). Els nostres resultats concorden amb altres treballs en
diferents models cel-lulars, sobretot en cancer, on també relacionen I'augment de Slug
amb un fenotip migratori, proliferatiu i progenitor que confereix poder maligne i

metastatic als tumors (Aomatsu et al., 2012) (Sarri6 et al., 2008).

Efecte del TNF- q, la hipoxia i el tabac en la diferenciacié de la SMC

La SMC esta en continu contacte amb els factors secretats per els fibroblastes de
I’adventicia o les cel-lules inflamatories que infiltren després de dany vascular. Factors
com la inflamacid, la hipdxia i el tabac sén importants en la diferenciacio de la SMCii la
resposta hiperplasica (Starke et al., 2013). Per aix0, es van estimular SMC diferenciades
amb diferents citocines. Es va demostrar que l'augment de Slug després de
I’estimulacié per TNF-a , podia actuar com un inductor de la modulacié fenotipica de la
SMC, de la mateixa manera que era capag d’induir-la en cel-lules musculars de cervell
en un context d’aneurisme (Ali et al., 2013). En aquest ultim treball TNF-a augmenta
KLF4, que promoura la modulacié fenotipica de La SMC cerebral. En el nostre treball,
Slug i KLF4 augmenten la seva expressio després de I'estimulacid amb TNF-a. A més,

I’estudi funcional on inhibim Slug en SMC estimulades amb TNF-a, va resultar en una
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inhibicié del canvi de fenotip suggerint un paper important d’aquest factor de
transcripcié en aquest procés. També hem demostrat que TNF-a era capag de
promoure I'EnNMT a la CE, augmentant Slug. La inhibicid6 de Slug abolia la
transdiferenciacio, destacant el rol patologic d’aquest factor sota estimuls inflamatoris

en els dos tipus cel-lulars predominants a I'artéria pulmonar.

Els resultats obtinguts en I'analisi de Slug van portar a analitzar un altre membre de la
familia, com Snail. Tot i que els dos estan disminuits a la SMC diferenciada, s’ha vist
que com a minim a la SMC, Slug i Snail tenen funcions diferents. La inhibicié de Slug no
va tenir efecte en I'expressié Snail ni tampoc hi va haver correlacié amb el remodelat,

ni induccié després de I'estimulaciéo amb TNF-a .

Per primera vegada s’han descrit diferents funcions d’aquests factors a la SMC.
Aquestes resultats concorden amb altres treballs, on en altres models cel-lulars s’han
descrit funcions diferents d’aquests factors: Snail s’ha descrit com el regulador
principal de I'EMT. Slug sembla ser que actua durant les fases inicials del procés de
transdiferenciacd, i després Snail, és qui dirigira tot el procés (Cano et al.,, 2000)
(Savagner et al., 1997) (Moreno-Bueno et al., 2006). També s’ha descrit que el KO de
Slug en un model muri era viable, mentre que el de Snail moria durant la gastrulacio
(Murray and Gridley, 2006). Shirley et al van descriure canvis d’expressié d’aquests
factors segons el tipus cel-lular i morfologia: Slug s’expressava més en cel-lules
epitelials de carcinoma esquamds, mentre que Snail a cel-lules amb un fenotip més

allargat i mesenquimal (Shirley et al., 2010).

D’altra banda, HIF-1a s’ha vist implicat en la proliferacié de SMC i en canvis d’expressio
Slug en altres models cel-lulars (Zhang et al., 2013). En condicions d’hipoxia descrivim
que existeix una diferenciacié aberrant al mateix temps que existeix un augment de
I’expressidé de Slug i de Snail. El tabac, en canvi, veiem que estimula I'expressié de Slug
i no d’Snail i s’indueix el canvi de fenotip de la SMC. Aquests resultats correlacionen bé
amb un context de remodelat vascular associat a la MPOC on el tabac, la hipoxia i la

inflamacid se sap que son els principals inductors de les alteracions vasculars.
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Mecanisme molecular de la diferenciacié de la SMC

Quin és el mecanisme pel qual Slug regula la homeostasi de la SMC roman per aclarir.
Segons el nostre treball, i veient que la inhibicié de Slug en cél-lules en estat
proliferatiu, no va resultar en un augment dels marcadors contractils suggerim un
paper repressor d’aquest factor de transcripcid, no tant com inductor. En aquest sentit,
Slug si que va ser capac¢ de bloquejar la diferenciacié en un model d’induccié amb
TGFpB-1, reforgant la idea que actua com a repressor. De fet, esta descrit que Slug es un
factor de transcripcié que s’uneix a les E-boxes, com a repressor i que recluta HDACs
que inhibiran I'expressié genica. Solemani et al (Soleimani et al., 2012) van demostrar
que MyoD, factor de transcripcid del tipus bHLH que actua com inductor de gens
contractils en muscul esqueletic, i Slug competeixen per la unié a les E-boxes. Si hi ha
unié de Slug s’inhibeix la diferenciacié. En els promotors dels gens contractils hi ha més
d’una E-box, on es poden unir tant MyoD o Slug i regular aixi la activacié de la

diferencié muscular (Hsieh et al., 1999).

Twist un factor de tipus bHLH i que també s’expressa en processos de diferenciacio
cel-lular com 'EMT i podria esdevenir important regulant la SMC. Es possible que Slug i
Twist actuin cooperativament inhibint la diferenciacié. Kumar et al (Kumar et al., 2003)
van descriure que Twist segrestava altres factors de transcripcido bHLH del promotor
de a-SMA i actuava com a inhibidor de la diferenciacid de la SMC. També s’ha
demostrat que Slug regula Runx2, un factor de transcripcié que s’ha vist incrementat a
les calcificacions de las artéries pulmonars en malalts amb HAP (Ruffenach et al.,

2016). Futurs estudis s’"han de desenvolupar per demostrar aquests fets.

Slug i el remodelat vascular pulmonar associat a la MPOC

En el nostre treball doncs s’ha demostrat que Slug pot jugar un paper important in
vitro , perd no tenim dades funcionals en un model in vivo. Si s’ha demostrat pero, que
Slug esta augmentat en el teixit pulmonar d’un model muri d’hipertensié pulmonar i

les arteries remodelades de pacients amb MPOC. La seva expressid correlaciona amb
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la muscularitzacié dels vasos i el grau de remodelat. Tot i que manquen els estudis
funcionals en un model animal, els resultats sén forca prometedors ja que per primera
vegada es descriu la implicacié d’aquest factor de transcripcié en la modulacié

fenotipica de la SMC i el remodelat vascular.

Slug és el factor clau en en la homeostasi vascular, ja que no veiem augment de Snail ni
a les arteries de pacients remodelades, ni en el model muri d’hipertensié pulmonar.
L'augment d’Slug podria indicar que majoritariament les cel-lules del remodelat
vascular pulmonar provenen d’una dediferenciacié massiva de SMC de la media cap a
la intima, més que de processos de EnMT. Aquest fet estaria en concordanga amb una
publicaciéd recent on la majoria de SMC (més del 80%) de la capa média patien
dediferenciacid i proliferacié cap a la intima (Shankman et al., 2015). D’altra banda, les
progenitores de medul-la Ossia circulants també poden transdiferenciar-se a SMC
durant el remodelat vascular, perd el seu aporta real in vivo es creu que és menor.
Kokudo et al van demostrar un paper diferencial de I'expressié de Slug i Snail durant la
transdiferencicié de cel-lules embrioniques derivades de EC. Va demostrar que era
Snail qui induia el procés mitjangant I'activacié de TGFBR1 (Kokudo et al., 2008). En el
treball de Diez i Musri et al (Diez et al., 2010) es va demostrar la inhibicié tant d’Snail
com de Slug inhibia la transdiferenciacié de les progenitores a SMC. Nosaltres també
observem augment d’Snail quan induin EnMT amb TNF-a i observem una disminucié
quan inhibim Slug durant la transdiferenciacio, indicant una disminucié per una via
indirecta d’aquest factor. Ambdds jugarien un paper destacat en la transdiferenciacio

de CE i progenitores, perdo només Slug en la dediferenciacié de la SMC de la media.

Segons el resultat del primer treball veiem que es clau inhibir la modulacié fenotipica
de la SMC de la media per disminuir el remodelat vascular pulmonar. La descripcié de
noves dianes en aquest sentit és de gran interes. En el segon treball ens vam centrar
en descriure altres factors que poguessin influir en la dediferenciacio de la SMC en la
MPOC. Factors com els miRNAs, poden esdevenir importants, ja que aquestes
moléecules se sap que sén moduladores de vies de senyalitzacié i poden coordinar

diferents vies moleculars. A més, la seva implicacid en processos de diferenciacié
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cel-lular, la proliferacié i la migracio les fa atractives a nivell terapeutic pel control de la

homeostasi vascular.

miRNAs com a dianes terapéutiques

Recentment, la utilitzacié dels miRNAs com a terapia genica esta donant resultats
esperangadors. La introduccio dels mimics han servit per reactivar vies que estaven
inhibides degut a la malaltia. Existeixen estudis que ha donat bons resultats, com la
nebulitzacié de miR-204 a un model animal de HAP va ser capag de revertir la malaltia
(Courboulin et al., 2011). Un altre estudi dut a terme per Kim et al (Kim et al., 2013), on
I"administracid mitjangant lentivirus de mimics de miR-424 i miR-503 en un model de
rata, va reduir la pressio sistolica i una disminucié del nombre de cel-lules proliferants.
Una altra aproximacié és la utilitzacid dels antagomiRs. Aquets poden produir més
efectes secundaris, ja que s’uneixen de manera irreversible al miRNA endogen que
poden provocar inhibicions inespecifiques. De totes maneres s’han obtingut bons
resultats; com l'administracio de miR-17, el qual va millorar la funcié cardiaca i
pulmonar en un model animal de HP induit per monocrotalina i hipoxia (Pullamsetti et

al., 2012).

Els miRNAs en la MPOC

Nombrosos treballs descriuen miRNAs desregulats a la MPOC, sobretot en teixit
pulmonar (Sessa and Hata, 2013) (Ezzie et al., 2012). D’altra banda, I’estudi directe en
arteries pulmonars i determinar quin és el seu paper real en la hiperplasia de la intima
i el canvi de fenotip de la SMC no es pot dir el mateix. D’aqui I'objectiu del segon

estudi d’aquesta tesis doctoral.

El segon treball de la present tesi doctoral pretén descriure un nou perfil d’expressid
de miRNA implicats en el remodelat vascular associat a la MPOC basant-nos en I'analisi
d’extractes totals d’arteries pulmonars. Els resultats obtinguts demostren que existeix

una expressié diferencial de miRNAs en els MPOC respecte els no fumadors. En el
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fumadors hi ha una tendéncia similar tot i no obtenir diferéncies significatives especte
els no fumadors. D’aquest analisi també cal remarcar que la majoria de miRNAs
modificats: el miR-451, miR-197, miR-204, miR485-3p and miR-627 estan implicats en
vies de proliferacid cel-lular i els altres miR-98, miR-146b miR-139 implicats en
processos antiinflamatoris i antiproliferatius.

Especificament, el miR-204, ha estat ampliament estudiat a la HAP, i s’ha vist disminuit
a les SMC de ratolins amb HAP induint proliferacié i afavorint el remodelat vascular
(Courboulin et al., 2011). Curiosament, el factor de transcripcié Slug és un dels gens
diana del miR- 204. La disminucio del miR- 204 augmenta |'expressié de Slug, la qual
cosa concorda amb que el trobem disminuit en els pacients amb MPOC i amb el nostre
primer treball, on hem vist que aquest factor promou la hiperproliferacié de la SMC i

correlaciona amb el remodelat vascular pulmonar.

Una primera aproximacio per establir possibles dianes d’aquests miRNAs es va obtenir
mitjangant I’analisis d’enriquiment d’origens genics (GO enrichment) el qual va
mostrar un enriquiment de dianes especifiques relacionades amb vies proliferatives.
D’aquestes vies, es van descriure un conjunt de possibles gens diana dels miRNAs

diferencialment expressats.

Paper del miR-197 en la diferenciacié de la SMC

De tots els miRNAs diferencialment expressats, ens vam centrar en I'analisi del miR-
197 per I'estudi de potencials dianes. Aquest miRNA correlacionava amb els principals
parametres de la malaltia, com sén el remodelat vascular (Santos et al., 2002) i el FEV;.
A més, el miR-197 havia estat descrit previament com a supressor de tumors, regulant
la supressié6 d’'un gran nombre gens proliferatius. Especificament, es va trobar
disminuit en cél-lules de leioma uteri, un tumor benigne de la SMC, on la seva
disminucié va resultar en un augment de la proliferacié (Ling et al., 2015) (Wu et al.,
2015). Aquesta caracteristica el va fer especialment interessant com a candidat

d’estudi en I'estudi del remodelat vascular associat a la MPOC.
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Mecanismes moleculats i expressiéo de miRNAs en | a diferenciacié de la SMC
en el remodelat vascular

L'estudi de I'expressié del miR-197 en el nostre model de diferenciacidé de SMC, va
demostrar que miR-197 augmentava amb la diferenciacié. Al mateix temps la seva
inhibici6 amb AS-miR-197 en cel-lules en diferenciacié estimulava la proliferacid i
migracid. En les SMC procedents de pacients amb MPOC el miRNA 197 estava
disminuit corroborant I'especificitat d’expressié amb el fenotip contractil. Aquests
resultats encaixen amb I’analisi de I'expressié del miR-204. En els nostre estudi també
vam validar la disminucié d’aquest miRNA a les SMC i en les arteries dels pacients amb

MPOC.

Per la cerca del gen diana d’aquest miRNA, ens vam voler centrar en un gen lligat en la
regulacié de la proliferacid, ja que els nostres resultats ens direccionaven en aquest
sentit. Des de la descripcié que el 60% de les unions miRNA-ARN podien ser no-
canoniques es van buscar dianes d’aquest tipus. En el treball de Aleksandra Helwak et
al (Helwak et al., 2013) van demostrar que el mIR-197 estava unit al extrem 3’UTR del
factor de transcripcid E2F1. Els experiments de luciferasa van demostrar la regulacid
de I'expressié de E2F1 per part de miR-197. Aquest factor de transcripcié ha estat
relacionat tant amb la induccié de cicle cel-lular com amb vies d’apoptosi (Crosby and
Almasan, 2004) (DeGregori and Johnson, 2006). Concretament, E2F1 promou 'entrada
en fase S mitjangant la induccié de gens com les ciclines, c-myc o p53 i per 'altra banda
reguladors de la apoptosis com Bcl2, p73 o reguladors de p53. A més, d’acord amb la
seva relaciéo amb la via proliferativa es va trobar que E2F1 estava augmentat en SMCs
dediferenciades. La inhibicié d’aquest miRNA en les SMCs en diferenciacio va provocar
un augment de I'expressio de E2F1, correlacionant amb la sobreexpressid d’aquest gen
en arteries humanes de pacients amb MPOC. Aquests resultats concorden amb els
trobats en altres treballs on I'expressié de E2F1 estava relacionada amb proliferacié de
SMC (Goukassian et al., 2003)(Amrani et al., 2003)(Kim et al., 2005)(Yang et al., 2013).
També es va validar el factor de creixement de la insulina (Insulin growth factor-1 (IGF-
1)), una diana canodnica obtinguda en I'analisi de xarxes. Aquest gen és un factor pro-
proliferatiu en altres models cel-lulars i que concorda amb I'increment de proliferacid

després de la inhibicié de miR-197 (Deng et al., 2006)
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miR-197 i MPOC

Sén necessaris més estudis per aclarir el mecanisme pel qual miR-197 es troba
disminuit als pacients amb MPOC. El tabac podria ser un dels agents causals ja que s’ha
vist que els fumadors també mostren una disminucié, encara que no arriba a ser
significativa. La nicotina pot induir I'activacid STAT3 a les SMC i a les cel-lules
inflamatories (Li et al., 2004). Segons la revisié de Kim et al. (Kim et al., 2015), STAT3
també pot promoure la disminucié de miR-204 per modificacions epigenétiques. En un
model de carcinoma hepatocellular, IL6 i STAT3 indueixen una disminucié de miR-197 i
STAT3 promovent la disseminacié del cancer (Huamin Wang et al., 2015). La hipoxia
podria ser un altre factor que podria disminuir I'expressié de miR-197. La hipoxia i la
IL6 s’han vist incrementades en les SMC dediferenciades en la HP (Frid et al., 2009).
Per tant, aquests factors podrien afavorir la hipermetilacié de I’ADN provocant una

disminucié de miRNAS supressors de tumors, com el miR-197 (Lujambio et al., 2008).

Finalment s’ha establert una nova relacid entre proliferacié i remodelat vascular
pulmonar mitjangada pel mMiRNA-197. La disminucido d’aquest miRNA podria fer
augment el factor E2F1 i IGF1 provocant un augment del fenotip proliferatiu de la SMC

propia del remodelat vascular associat a la MPOC.

En aquesta tesis es demostra el paper que tenen el tabac, la hipoxia i la inflamacio en
I'activacié de vies relacionades amb la modulacié fenotipica de la SMC promovent la
proliferacié i la migracié de les mateixes durant el remodelat vascular associat a la
MPOC. S’ha demostrat que la induccié d’un factor de transcripcié com Slug o bé Ia
disminucié del miRNA 197 tenen un efecte important en aquest procés estimulant la
transicid fenotipica de la SMC i promovent la proliferacié cel-lular responsable del

engruiximent intimal.
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Conclusions



Per primera vegada s’ha obtingut un model in vitro de diferenciacié de la SMC.
Aquest model cel-lular ha permeés analitzar diferents factors que alteren la

homeostasi de la SMC en el remodelat vascular pulmonar associat a la MPOC.

S’ha demostrat que el remodelat pulmonar vascular va associat a una

dediferenciacid de la SMC cap a un fenotip proliferatiu i migratori.

La modulacié fenotipica de la SMC ve induida per un ambient inflamatori, la
hipoxia i el tabac. Aquests factors, provocaran, tan in vitro com in vivo, un

augment de I'expressio del factor de transcripcié Slug.

L’expressid de Slug es troba associada a I'estat proliferatiu de la SMC regulant
un conjunt de gens relacionats amb vies de proliferacié i migracié. Al mateix
temps, actua de repressor de la diferenciacié de la SMC, promovent i
mantenint el fenotip proliferatiu de la SMC caracteristic del remodelat vascular

pulmonar.

Els factors de transcripcié Slug i Snail sén els principals inductors de la
transdiferenciacié de la CE cap a SM-like cell, durant el remodelat vascular

pulmonar.

A les arteries pulmonars dels pacients amb MPOC existeix un perfil especific de
miRNAs diferencialment expressats. Aquests miRNAs estan majoritariament

relacionats amb la regulacié de vies involucrades amb la proliferacio cel-lular.

L’expressid del miRNA-197 es troba disminuit a les arteries pulmonars dels
pacients amb MPOC i correlaciona amb dos dels principals parametres de la

malaltia.

L'expressid d’aquest miRNA és caracteristica de la SMC amb fenotip contractil

inhibint processos de proliferacié i migracié. S’ha demostrat que regula
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I'expressid del factor de transcripcio pro-proliferatiu E2F1, I'augment del qual,
promou la proliferacié i migracié de la SMC durant el remodelat vascular

pulmonar associat a la MPOC.
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Resultats addicionals



Taula S1. Resum de 30 gens modificats després de la inhibicié de Slug

Cell cycle (GO:0007049)

Gene symbol

Rank metric score

MAD2L1

NEK?2
BIRCS5
TTK

DLGAPS5

KIF23
NDC8O0O
CENPF
BUB1B
CENPE
UBE2C

BUB1

MLF1

KIF11

PRC1
CIT
CDCe6
ZWINT

ANLN

KIF15
RADS51

AFAP1L2
PRUNEZ2
DIRAS3

PLK1
KIF2C
NCAPH

NUSAP1

E2F1
CDC45

-0.406027645
-0.391486853
-0.360862374
-0.345425099
-0.340312243
-0.330975831
-0.318150222
-0.306908071
-0.303575546
-0.300727546
-0.299725682
-0.285587072
-0.285531104
-0.283260554
-0.259448439
-0.256977081
-0.253449202
-0.252591521
-0.252140313
-0.247360334
-0.246333823
-0.245889321
-0.238055795
-0.237249017
-0.234444648

-0.226172

-0.225722983
-0.22515744

-0.218571082

-0.215077609

miR-204

ARN tot

DO D2

-24 nt
-20 nt
-19nt

NF F MPOC
=24 nt
- ' -20 nt
-19nt

Figura S1. Expressio del mIR-204 durant la diferenciacié de la SMC i a les SMC
derivades de pacients. miR-204 augmenta al llarg de la diferenciacié i disminueix a les
SMC de pacients derivades de pacients Fiamb MPOC.
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Abstract

Objective

Previous studies have confirmed Slug as a key player in regulating phenotypic changes
in several cell models, however, its role in smooth muscle cells (SMC) has never been
assessed. The purpose of this study was to evaluate the expression of Slug during

the phenotypic switch of SMC in vitro and throughout the development of vascular
remodeling.

Methods and Results

Slug expression was decreased during both cell-to-cell contact and TGFB1 induced SMC
differentiation. Tumor necrosis factor-a (TNFa), a known inductor of a proliferative/dedif-
ferentiated SMC phenotype, induces the expression of Slug in SMC. Slug knockdown
blocked TNFa-induced SMC phenotypic change and significantly reduced both SMC pro-
liferation and migration, while its overexpression blocked the TGFB1-induced SMC differ-
entiation and induced proliferation and migration. Genome-wide transcriptomic analysis
showed that in SMC, Slug knockdown induced changes mainly in genes related to prolif-
eration and migration, indicating that Slug controls these processes in SMC. Notably,
Slug expression was significantly up-regulated in lungs of mice using a model of pulmo-
nary hypertension-related vascular remodeling. Highly remodeled human pulmonary
arteries also showed an increase of Slug expression compared to less remodeled
arteries.
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Conclusions

Slug emerges as a key transcription factor driving SMC towards a proliferative phenotype.
The increased Slug expression observed in vivo in highly remodeled arteries of mice and
human suggests a role of Slug in the pathogenesis of pulmonary vascular diseases.

Introduction

In contrast to other terminally differentiated cells, differentiated/contractile SMC retain high
plasticity and can undergo a phenotypic switch towards a synthetic/dedifferentiated state
under specific stimuli [1]. This feature is common in vascular remodeling-associated diseases
such as pulmonary hypertension (PH), chronic obstructive pulmonary disease (COPD),
artheriosclerosis, aortic aneurysm and post-angioplasty restenosis [1-4], in which dedifferenti-
ated SMC from the media translocate into the intima and proliferate [5-7]. The mechanisms
mediating this phenomenon involve inflammation, shear stress, and hypoxia [4,8,9,10]. Dedif-
ferentiated SMC that become proliferative and migratory, express more extracellular matrix
components and fewer SMC contractile proteins [1,3].

Differentiation of SMC is regulated by transcriptional regulators of the myocardin-related
transcription factor family (MRTF), such as myocardin and myocardin-like proteins 1 and 2
(MLK1 and MLK2) [11]. Myocardin (myoCD) increases the expression of actin cytoskeletal
proteins via serum response factor (SRF). Conversely, SMC phenotypic switch is mediated by
both the loss of positive differentiation signals and by the induction of multiple complemen-
tary repressor pathways, such as Kriippel-like factor 4 (KLF4) and transcription factor Sp1
(SP1) [12]. Interestingly, increased MLK1 expression has been involved in the phenotypic
transition of endothelial cells (EC) in an in vitro model of endothelial injury [12]; and, SP1
appears to be the main transcriptional regulator of endothelial to mesenchymal transition
(EnMT) in a model of inflammatory bowel disease [13,14], suggesting that transitional
changes in cell phenotype involved in different clinical settings may be regulated by similar
molecular pathways.

Slug belongs to the Snail transcription factor family that is involved in several biological
functions, including epithelial to mesenchymal transition (EMT), cell differentiation, cell
motility, cell cycle regulation, and apoptosis. Slug participates directly in the dissociation of
cell-to-cell contacts by repressing endothelial cadherin (VE-cadherin) gene expression, and
indirectly, by increasing extracellular matrix proteins [15,16]. Recently, the role of Slug in the
control of different transcriptional programs of stem cell differentiation has been highlighted
[17-20]; nevertheless its function in SMC has never been studied.

In the present study, we investigated the role of Slug in the phenotypic switch of SMC and
its potential participation in the development of human pulmonary vascular remodeling. We
showed that Slug induced SMC to undergo a proliferative phenotype by at least, modulating
genes coding for cell proliferation and cell migration related pathways. Interestingly, we found
increased levels of Slug, but not of Snail, in a mouse model of PH-related vascular remodeling
and a positive correlation of Slug expression with the degree of both lung obstruction and arte-
rial wall thickness. In addition, we observed Slug up-regulation in human pulmonary arteries
with high degree of vascular remodeling. To our knowledge, this is the first time that Slug has
been related to SMC proliferation and to vascular remodeling.
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Materials and Methods
Primary cell cultures

Human pulmonary artery SMC were purchased from Lonza (Cologne, Germany). They were
cultured with an appropriate growth medium, which consist in basal medium (SmBM), supple-
mented with growth factors (SingleQuot Kit Supplement; Lonza) and 10% fetal bovine serum
(FBS) (Lonza) as previously performed [20]. All primary cultures were used at passages three
to eight and were maintained in a humidified atmosphere at 37°C in 5% CO,.

Cell models of in vitro differentiation

SMC differentiation was induced by cell-to-cell contact [21]. While cells grown at 70%-80%
confluence (D0) comprised SMC with a dedifferentiated phenotype, cells grown at 100% con-
fluence (D2) exhibited a more differentiated state. And, fully differentiated cells were obtained
4 days after reaching 100% confluence (D6). SMC differentiation under hypoxia was achieved
by plating the cells at DO or D6 in a hypoxic atmosphere of 1% O, (New Brunswick™ Galaxy™
170 R Incubator, Eppendorf, Hamburg, Germany) and harvested after four days of growth.

For in vitro studies with cigarette smoke extract (CSE), 50 ml of basal medium was bubbled
with smoke of four unfiltered cigarettes (3RF, University of Kentucky, Lexington, KY), each
containing 0.7 mg of nicotine and 9 mg of tar according to the manufacturer’s report, through
a syringe-driven apparatus (Protowerx, Vanocuver, Canada). The CSE obtained was filtered
through a 0.22 um filter (Millipore, Bredfore, MA) and immediately frozen at -80°C until use.
The pH of CSE was between 7.4 and 7.5 when diluted for each experiment. SMC at D6 were
starved by washing three times with serum-free medium and incubated for 8 h to minimize the
effects of FBS. Then, cells were incubated with diluted CSE (1/10) in starved medium for 24 h.
Control cultures were treated with vehicle.

The SMC differentiation phenotype was determined by the relative expression of a smooth
muscle contractile protein profile, which included myoCD, GATA-6, transgelin (sm22a), cal-
ponin and caldesmon, analyzed by real-time PCR (RT-PCR) and the decrease of the stem cell
factor KLF4. The presence of filaments of smooth muscle a-actin (.-SMA), calponin and the
smooth muscle specific myosin heavy chain (SM-MHC) were also assessed by immunofluores-
cence. The proliferative phenotype was evaluated indirectly by the expression of Ki67 by both
RT-PCR and immunofluorescence and directly by cell cycle analysis. To determine cell cycle
progression in SMC during differentiation, flow cytometry analysis was performed (Fortessa,
Becton Dickinson, Franklin Lakes, NJ). Briefly, cells maintained in growth medium were per-
meabilized with ethanol 100% and incubated at -20°C during 30 min. Then, cells were incu-
bated with 10 mg/ml of RNAsa A, and 1 mg/ml of propidium iodide for 30 min in dark at 37°.

We also assessed SMC differentiation in cells maintained at 70-80% confluence (D0) that
were stimulated with transforming growth factor beta 1 (TGFp1) (10 ng/mL; Acris, Herford,
Germany) [22] for 24 h and 48 h in starved medium (SmBm supplemented with 1% inactive
FBS). In this model, SMC differentiate before achieving 100% confluence. Dedifferentiation of
SMC was induced in 100% confluent (D0) and in fully differentiated cells (D6) by incubation
with the inflammatory cytokine TNFa. (10 ng/ml; Bender Medsystems, Vienna, Austria) for 48
h in starved medium.

Senescence experiments

Cellular senescence was evaluated with the Senescence Histochemical Staining Kit (Sigma-
Aldrich, St Louis, MO) following the manufacturer’s guidelines. Dedifferentiated (passage 2)
and fully differentiated SMC (passage 8) were compared to senescent SMC (passage 12).
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Briefly, cells were fixed using formaldehyde solution and incubated with X-gal. Pictures were
taken after an ON incubation at pH 6. Blue senescent cells were counted and expressed as a
percentage of the total number of nuclei DAPI-positive cells.

RNA Isolation and Real Time PCR

Total RNA was isolated using TRIzol™ Reagent (Invitrogen) according to the manufacturer's
instructions. Random-primed cDNA synthesis was performed at 37°C with 1 pg of RNA using
the high capacity cDNA Kit (Applied Biosystems, Foster City, CA). Gene expression was mea-
sured by RT-PCR in a Chromo 4 Real Time PCR detector (Bio-Rad, Hercules, CA) and ABI
fast 7900 HT (Applied Biosystems) using the sensiMix dt kit (Quantace, San Mateo, CA,)
based on the DNA double-strand-specific SYBR green I dye and Tagman probes (Applied Bio-
systems) for detection. The results were normalized to GAPDH and B-actin expression levels
and relative gene expression was analyzed by the 2-ddct method. The primers used and their
sequences are listed in S1 Table.

Western Blotting

SMC were washed with PBS and then lysated with RIPA buffer (50 mM TRIS-CI, 150 mM
NaCl, 1 mM EDTA, 10% NP-40, 0.10% deoxycholic acid) containing protease inhibitors
(Sigma-Aldrich). The lysate was centrifuged at 14.000g for 15 min at 4°C to pellet debris and
the protein-rich supernatant was stored at -20°C. Total protein concentration was measured
with Bradford (Bio-Rad Laboratories, Hercules, CA). Mixed samples of three experiments per
line containing 60 pg of protein were run in a SDS-PAGE on 5-12% Bis-Tris gel (Biorad)
before transferring to a PVDF membrane. Blocking was done with 5% BSA (Sigma) and sam-
ples were incubated ON with primary antibodies. Primary antibodies against Slug (Cell Signal-
ling, dilution 1/1000), and B-actin (Cell Signalling, dilution 1/1000) were revealed with HRP-
labeled secondary antibody (Upstate, Charlottesville, VA). Blots were exposed with enhanced
chemiluminescence (ECL) (Pierce, Thermo Scientific) and visualized in a LAS 4000 lumi-
Imager (Bio-Rad). Membrane densitometry was analyzed with Image] software (Public
domain). Blots were stripped using stripping buffer (50 mM Tris, 20% SDS and 0.7% 3-mer-
captoethanol) and reprobed.

Immunodetection

SMC differentiation was assessed by immunofluorescence using antibodies against o-SMA
(1/750) and calponin (1/75) (DAKO Cytomation, Carpinteria, CA) and SM-MHC (1/250)
(Abcam, Cambridge, UK). An antibody against antigen Ki-67 (1/50) (Novocastra™, Newcastle,
UK) was used to measure cell proliferation. Briefly, cells were washed twice with PBS and fixed
with 4% paraformaldehyde for 30 min. After permeabilization with PBS-0.1% triton, cells were
washed and incubated with the appropriate antibody ON at 4°C. All primary antibodies were
revealed with a secondary antibody conjugated with fluorescein during 90 min (Jackson
Immuno Research, West Grove, PA) at room temperature. Nuclei were stained with DAPI.
Immunofluorescence images were quantified by counting the number of immunoreactive cells
with respect to the number of nuclei.

Wound-healing assay

Forty thousand transfected cells were seeded in 48-well plates with growth medium. After 48 h
of incubation the culture was scratched with a sterile tip and the medium was replaced for
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fresh growth medium. Pictures were taken at baseline and every 12 h. The healing area was
analyzed with Image-Pro Plus software (Media Cybernetics, Inc.)

Knockdown and overexpression experiments

To study Slug overexpression, 1 x 10° cells were transfected with XL6 plasmid and XL6-Slug
using the Amaxa Biosystem (Lonza) following manufacturer’s guidelines. One day after elec-
troporation, cells were cultured with starved medium ON and stimulated with 10 ng/ml of
TGFpB1 (Acris) for 24 h.

Slug knockdown was accomplished with 10nM of siPool against Slug (SiTool Biotech GmBH,
Martinsried), which allows the use of low concentrations of siRNA minimizing off-targets effects
[23]. A scrambled sequence was used as control. Both siPools were transfected using Lipofecta-
mine RNAimax (Invitrogen).

Transcriptome-wide gene expression analysis

SMC were transfected with 10 nM siSlug and mock-transfected in two biological replicates.
RNA was isolated 48 h after transfection and further processed for transcriptome-wide expres-
sion profiles using the Human Gene 2.1 ST array platform (Affymetrix, Santa Clara, CA). Raw
probe set intensities were processed and summarized using the robust multi-chip analysis
(RMA) algorithm [24] with a custom chip definition file (CDF) from Brain array [25]. Expres-
sion was assessed for each gene based on linear modeling of the log2-normalized gene intensi-
ties using the R package Linear Models for Microarray Data [26]. Per-gene log2-fold changes
and Benjamini-Hochberg false discovery rate (FDR)-adjusted p-values were estimated for Slug
knockdown versus control. Slug knockdown samples in our array-based gene expression analy-
sis, determined 355 (1200) genes that were differentially expressed with adjusted p-values of
less than 0.01 (0.05).

In vivo experiments

All procedures involving animals and their care were approved by the Ethics Committee of the
University of Barcelona and the Institutional Committee of the University of Valladolid for
Animal Care and Use. Furthermore, they were conducted according to institutional guidelines
in compliance with national (Generalitat de Catalunya decree 214/1997, DOGC 2450) and
international (Guide for the Care and Use of Laboratory Animals, National Institutes of
Health, 85-23, 1985) laws and policies.

Our mouse model of pulmonary hypertension included 16 female mice (C57/bl6 mice
around 22-25 g) that were divided in three groups. One group was maintained in normoxia
and inoculated with vehicle (control, CTL; n = 6); the second group was exposed to chronic
hypoxia using an initial ramp cycle to reach 10% O,, 5% CO, for 3 weeks (chronic hypoxia,
CH; n = 5); and the third group was exposed to CH and injected weekly with the VEGFR inhib-
itor, Sugen 5416 (Tocris, R&D Systems, Minneapolis, MN) at 20 mg/Kg (sub/cut) using a 25
gauge needle (CH+SU5416; n = 5) for three weeks. At the end of exposure, right ventricular
pressure (RVP) was determined under anesthesia by inserting a pressure transducer (Milla,
Houston, TX) into the right ventricle via the jugular vein. Animals were then sacrificed and
their lungs processed for histology. The number of intrapulmonary vessels with a diameter
<50 pm showing positive immunostaining for o-SMA were counted and expressed as a per-
centage of the total number of small vessels. The ventricle hypertrophy (Fulton index) was eval-
uated as the ratio between the right ventricle (RV) and left ventricle plus the septum weight.
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Pulmonary artery isolation

Segments of pulmonary artery were obtained from 19 surgical lung specimens that were
resected for the treatment of localized lung carcinoma. The study was approved by the Ethics
Committee of the Hospital Clinic, Barcelona, Spain. Arterial wall morphometry was analyzed
in cross-sectional rings of pulmonary arteries after elastic orcein staining, as previously
described [27]. Pulmonary arteries measuring approximately 2 cm long with an external diam-
eter of 1-2 mm were dissected under microscope and cleaned of surrounding parenchyma and
connective tissue. Segments were preserved in RNAlater®™ solution (Ambion, Grand Island,
NY) and frozen at -20°C until RNA extraction using TRIzol™ Reagent (Invitrogen, Grand
island, NY). RNA quality was checked with the LabChip™ Test kit using the Agilent 2100 bioa-
nalyzer (Agilent Technologies, Santa Clara, CA).

Morphometry

The area of the intimal layer, expressed as a percentage of the cross sectional area of the pulmo-
nary artery, was used to classify arteries into 3 groups by establishing the 33 and 66 percentiles
as cut-off values. The different groups were identified as less remodeled (R1), mildly remodeled
(R2) and highly remodeled (R3) pulmonary arteries.

Immunohistochemistry

Slug expression was measured by immunohistochemistry in serial sections of highly remodeled
(n = 3) and non-remodeled pulmonary arteries (n = 5). After hydration of the samples, bovine
serum Albumin was used to block non-specific antibody interactions. The antibodies against
Slug (1/75) (Cell Signaling, Boston, MA,) were added to the samples for 1 h at room tempera-
ture. After two rounds of washing, the secondary antibody was added for 45 min and con-
trasted with hematoxylin stain at room temperature. Areas positive for Slug in the arterial
section were quantified with Image Pro and normalized to the total vessel wall area.

Statistical analysis

All values are reported as mean + SE. Determinations were performed in duplicate and at least
3 independent experiments were performed for each set of conditions. Two-group compari-
sons were analyzed using the two-tailed paired Student t-test for dependent samples or with
the Mann-Whitney Rank Sum test for non-normally distributed data. Group comparisons
were performed using one-way ANOVA or two-way ANOVA. Post hoc pairwise comparisons
were made using the Student Newman-Keuls test for normally distributed variables or the
Kruskal-Wallis and Dunn test for non-normally distributed variables. For all procedures, P-
values lower than 0.05 were considered statistically significant.

Results
SMC phenotypic change in vitro models

We analyzed the expression of contractile SMC markers in both cell-to-cell contact and TGFp1
induced SMC differentiation and during TNFa-induced SMC dedifferentiation. Differentiated
SMC phenotype induced by cell-to-cell contact was associated with higher expression of SMC
contractile markers (myoCD, gata-6, sm22a, calponin and caldesmon) and decreased gene
expression of the stem cell transcription factor KLF4 (Fig 1A). Fully differentiated phenotype
at D6 of culture was also confirmed by the strong expression of .-SMA, calponin and
SM-MHC fibers, determined by immunofluorescence (Fig 1 A). Similar results were obtained
when differentiation was induced by 48 h of TGFpI treatment (S1 Fig). Ki-67 expression

PLOS ONE | DOI:10.1371/journal.pone.0159460 July 21,2016 6/21



@’PLOS ‘ ONE

Slug and Vascular Remodeling

A a-SMA calponin SM-MHC
= 5
K]
[73
58 4 . x DO
% a * *
o5 :
o *
>
53 2]
o
B . - D6
= MyoCD
DO D2 D6 == VYo
== calponin
— caldesmon
= gatab
|
B klf4
ki67 c
1.2 ki67
— )
s 1.0 [ & 20
'y <
O3 0.8 [}
e »n 15
x
O o 0.6 c
; -02) 0.4 50 pm o 10
g5 © . 3
£ 0.2 © 5
DO x
0.0 0
%- DO D2 D6 b2 D6
D
3.0, *
2.5
I§ 2.0
58
%% 1.5
32 10,
rs
o
=~ 0.51
TNFa
0.0 mmm MyoCD
CTL TNFa — sm22
B calponin
[ caldesmon
I kif4
E F
* 5.0
3.0 ki67 o) *
- | 2 40
2 <
5% 20 o 30
Z s
3% £ 20
<2 1.0 2
Z 2 =
xs 8 10
g 50 pum =)
0.0 1 Ki67 - - 0.0
CTL TNFa CTL TNFa CTL TNFa

Fig 1. In vitro models of SMC phenotypic change. A, RT-PCR and immunofluorescence of the SMC differentiation
markers (myoCD, sm22q, calponin, caldesmon, GATAB, a-SMA and SM-MHC, and the transcription factor KLF4 at DO,
D2 and D6 states show the acquisition of a mature phenotype in SMC during differentiation. B, Cell proliferation
decreases in differentiated cells, as determined by Ki-67 expression and C, cell cycle analysis. D, RT-PCR of SMC
markers and KLF4 and immunofluorescence of a-SMA, calponin and SM-MHC in TNFa treated SMC showing the
induction of SMC dedifferentiation by this cytokine. E, Gene expression of Ki-67 and F, cell cycle analysis increase
significantly in TNFa treated SMC when compared with controls, indicating greater proliferation. Data are expressed as
the mean + SEM of five independent experiments performed in duplicate. *p < 0.05 by one-way ANOVA.

doi:10.1371/journal.pone.0159460.g001
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(Fig 1B) and the number of cells in S Phase of the cell cycle, measured by flow cytometry (Fig
1C) decreased concomitantly with SMC differentiation indicating that SMC differentiation
was concomitant with the decrease of cell proliferation. No changes in cell senescence were
observed in highly confluent cells compared with proliferative cells (S2 Fig), indicating that
cell senescence is not induced by cell confluence. Dedifferentiation of fully differentiated SMC
was achieved by 48 h of treatment with the inflammatory cytokine TNFa, as shown by the
decrease of contractile genes and an increase of KLF4 expression (Fig 1D). a-SMA, calponin
and SM-MHC fibers also decreased after 48 h of TNFo. treatment (Fig 1D). Concordantly,
increased proliferation was observed in TNFo-treated cells, as measured by both higher Ki-67
expression (Fig 1E) and increased cells in the S phase (Fig 1F).

Slug expression correlated with a dedifferentiated phenotype

We measured the expression of Slug and its related transcription factor Snail in these models.
Expression of Slug and Snail were high in proliferative/dedifferentiated SMC (D0) and their
expression decreased significantly to half in fully differentiated SMC (D6) in both cell-to-cell
contact (Fig 2A) and TGFB1-induced SMC differentiation (S1 Fig). Interestingly, induction of
dedifferentiation by TNFa resulted in the increase of Slug expression but not of Snail expres-
sion (Fig 2B).

Slug regulates proliferation and migration of SMC

In order to investigate whether Slug expression is associated with changes in the proliferative/
migrative phenotype of SMC, gain and loss of function of Slug were performed. Knockdown

of Slug was achieved by using a SiPool against Slug, which resulted in the 90% of Slug knock-
down (S3 Fig). Slug knockdown in highly proliferative cells resulted in a significant decrease in
both Ki-67 expression (Fig 3A) and cells in S phase (Fig 3B). By contrast, Slug overexpression
increased the number of proliferating cells (Fig 3C). These results indicate that Slug expression
sustain SMC proliferation. Migration, measured as the capacity of cells to resolve an in vitro
wound was also measured (Scratch assay). Slug knockdown resulted in the reduction of migrat-
ing cells (Fig 3D), whereas Slug overexpression was associated with an increase in the migra-
tion rate of SMC (Fig 3E), indicating that Slug stimulates a migratory phenotype in SMC.

A
12 100
=1 3
210 £ &
2 =
g €os SMC 8§ 60
63 06 EC DO D6 Lo 4
2204 e SIlug 32
g5 0 S B-actin 3§
£o2 0o
0.0 <0
) DO D2 D6 mmslu ’
=] EC D0 D6
B
3.0 10
=Py -SE 80
98 CTL TNFa 79 g
% £ 20 Saslug 470
EL 15 — e B-actin 6.02) 40
% 10 28,
e 0%
05 <y
0.0 CTL TNFa

CTL TNFo mmslug
snall
Fig 2. Slug is upregulated in dedifferentated SMC. A, Slug, and the related transcription factor Snail,
decrease in mature SMC as determined by RT-PCR and western blot analysis. B, RT-PCR and western blot
analyses show increased Slug expression in contractile SMC after 48 h of TNFa treatment. Data are
expressed as the mean + SEM of five independent experiments performed in duplicate. *p < 0.05 by one-way
ANOVA.

doi:10.1371/journal.pone.0159460.9002
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Fig 3. Slug regulates SMC proliferation and migration rate. A, RT-PCR and inmunofluorescence analysis
showed that Slug inhibition promoted downregulation of Ki-67 expression, consistent with decreased S
phase of cell cycle analyzed by flow cytometry (B). C, Slug overexpression increases SMC proliferation
analyzed by Ki67 expression. F and G, Cell migration was measured by wound-healing assay and expressed
as the percentage (%) of SMC migrating/time. Slug knockdown cells display lower migration rates than
control cells (F), while Slug-overexpressing SMC exhibit higher migration rate than control cells (G). Data are
expressed as the mean + SEM of four independent experiments performed in duplicate. *p < 0.05 by paired t-
test.

doi:10.1371/journal.pone.0159460.g003
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Slug regulates both TNF-a and TGFB1-induced SMC phenotypic
change

We reasoned that if Slug induces proliferation and migration in SMC, it could also regulate
changes in SMC phenotypic switch. Slug knockdown prevented the TNFa-induced dedifferen-
tiation of SMC denoted by the restored expression of myoCD, gata-6, calponin and KLF4 fol-
lowing TNFo treatment (Fig 4A). Transient overexpression of Slug disturbed the TGFp1-
induced SMC differentiation, which resulted in a lower expression of both myoCD and calpo-
nin after 48 h of treatment and a decreased a-SMA and calponin fibers (Fig 4B and 4C).

Slug regulates genes related to cell migration and proliferation in SMC

Differential gene expression analyses using Affymetrix Human Gene 2.1 ST arrays were per-
formed 48 h after Slug knockdown in SMC (Fig 5A and S1 Appendix). GO terms analysis of
Biological Processes that are modified after Slug knockdown revealed that cell proliferation
was one of the most altered pathways. In addition, GSEA analysis showed an enrichment of
downregulated genes related to proliferation (Fig 5B and S3 Table). We validated the up-regu-
lation of the tumor suppressor retinoic acid receptor responder protein 3 (RARRES3, also
known as TIG3) after Slug knockdown (Fig 5C). Furthermore, the decrease of two pro-prolifer-
ative related genes, Cyclin A2 (CCNA2) and Heparin-Binding Epidermal Growth Factor
(HBEGEF), after Slug inhibition are shown in Fig 5C. Increased levels of two known Slug targets,
claudinl (CLDNI) and keratin19 (KRT19) were also validated (Fig 5C). RARRES3, CLDNI
and KRT19 increased along differentiation, whereas CCNA2 and HBEGF decreased (54 Fig).
These results correlate well with our findings in siSlug-transfected cells.

Slug is increased in mice with severe pulmonary hypertension

Treatment of mice with chronic hypoxia (CH) in combination with the VEGFR inhibitor,
SU5416 (CH+SU5416), reproduces the severe PAH observed in humans. As described previ-
ously [28], muscularization of vessels was increased in both CH and CH+SU5416, with respect
to control mice (Fig 6A). RV hypertrophy was confirmed by the increase in the Fulton Index in
both CH and CH+SU5416 (Fig 6B). Right ventricular pressure (RVP) was increased in animals
exposed to CH or CH+SU5416 (Fig 6C). RT-PCR analysis in lung homogenates showed a
moderate increase of Slug expression in CH and CH+SU5416 animals (Fig 6D). There were no
statistically significant changes in the gene expression of Snail in CH animals compared with
control mice (Fig 6D). A positive correlation was found between Slug expression and both the
number of vessels positive for a-SMA and the Fulton Index (Fig 6E and 6F). Accordingly, in
vitro treatment of SMC for 24 h with CH or cigarette smoke extract (CSE), two well-known
inducers of vascular remodeling, stimulated both the increase of Slug and SMC phenotypic
switch (S5 Fig).

Expression of Slug is enhanced in highly remodeled human pulmonary
arteries

Next, we also tested whether or not Slug expression was altered in human during vascular
remodeling. Seven patients with COPD and eleven subjects with normal lung function (four
non-smokers and seven smokers) were enrolled in our study (S4 Table). Patients with COPD
had significantly lower forced expiratory volume in the first second (FEV}), that is the most fre-
quent index for assessing airway obstruction; lower FEV/Forced vital capacity (FVC) ratio,
which indicate increased airway resistance to expiratory flow; lower diffusing capacity for car-
bon monoxide (DLCO), which measures the ability of the lungs to transfer gas inhaled air to
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doi:10.1371/journal.pone.0159460.g005

the red blood cells in pulmonary capillaries, and mild hypoxemia, than healthy controls.
Groups formed according to their degree of remodeling were matched for subjects with COPD
and subjects with normal lung function; and, there were no differences in respiratory variables
between groups. RT-PCR analysis showed that expression of Slug, but not of Snail, was signifi-
cantly upregulated in highly remodeled pulmonary arteries (R3) compared to less remodeled
arteries (R1) (Fig 7A). Additionally, a positive correlation between Slug gene expression and
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doi:10.1371/journal.pone.0159460.g007
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the thickness of the intima layer was found (Fig 7B). Slug localization in cross-sectional artery
rings was assessed by immunohistochemistry and co-immunofluorescence with a-SMA
antibody. Slug was barely detected in the intimal layer of less remodeled arteries (Fig 7C).

In contrast, highly remodeled arteries showed strong intensity in the intima and media layer
(Fig 7D).

Discussion

Although many reports have described key factors involved in the regulation of the SMC phe-
notypic switch [3], the detailed molecular mechanisms driving this process are not yet fully
understood. Furthermore, many of the described players in vitro have not been found to be
associated with vascular disease. In this study, we show that the EMT-related transcription fac-
tor Slug is highly expressed in proliferative SMC, and its expression decreases significantly as
maturity increases. Diminished Slug expression, both during differentiation and after knocking
down its expression, correlated with a reduced proliferation, therefore, suggesting that Slug reg-
ulates the expression of genes related to these pathways. Our genome-wide transcriptome
study revealed that Slug modulates the expression of many genes that regulate proliferation,
which is consistent with cell cycle assays. Specifically, downregulation of Slug in SMC was
related with a decreased expression of both HBEGF and CCNA2, whereas the genes CLDNI,
KRT19 and RARRES3 increased their expression. HBEGF is a stimulator of SMC proliferation
and it is known to play an important role in neointimal formation of a rat model [29]. The
CCNA2 gene encodes for cyclin-A2, a protein involved in cell cycle progression. Nevertheless
Slug is a transcriptional repressor. And, the expression of both the CCNA2 and HBEGF genes
decreased during its knockdown, suggesting that they are indirect targets of Slug. Downregula-
tion of Slug in SMC was related with a greater expression of two known Slug target genes,
CLDNI and KRT19. These genes are involved in adhesion/migration pathways [30,31], which
may explain the increased rate of migration observed following Slug overexpression. Interest-
ingly, both genes are described as specific epithelial genes [30,31]. However, we observed
expression of these genes in differentiated SMC cells and in Slug-knocked down SMC, indicat-
ing that they also play a role in this cell type. Expression of KRT19 has been also previously
described in vascular smooth muscle and skeletal muscle [32,33] RARRES3 is a tumor suppres-
sor [34] gene that maintains cell adhesion and decrease metastasis [35]. Concordantly, its
expression was increased after Slug knockdown. Overall, these results indicate the important
physiological role of Slug in cell proliferation and migration in SMC.

Our study revealed that Slug induces a proliferative/dedifferentiated phenotype in SMC.
This was demonstrated in the Slug overexpression experiments. In these assays, Slug promoted
an increased rate of proliferation and migration and blocked the TGFB1-induced SMC differ-
entiation. These results agreed with a number of previous works demonstrating the key role of
Slug in regulating cell dedifferentiation, proliferation and migration. Slug upregulation was
found to confer a stem cell-like phenotype in a breast cancer model and in epithelial corneal
cells [36,37]. Recently, it was also shown that Slug blocked differentiation of both striated mus-
cle cells and epidermal cells [17,18]. Slug is a zinc finger transcription factor that suppresses
gene expression through binding to E-boxes in the promoter of its target genes [16, 38]. In
striaded muscle cells, Slug represses differentiation by competing with the bHLH transcription
factor MyoD, which is the main transcription factor driving differentiation of these cells, for
binding to the E-boxes of specific muscle genes [18]. Many smooth muscle-specific genes,
including a-SMA, sm220 and SM-MHC, contain E-boxes in their promoters and are activated
by class I bHLH transcription factors [39]. Also, twistl, a known inductor of EMT, has also
been shown to bind to E-boxes in the promoter region of both sm22a [40] and o.-SMA, and
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repress them in vitro and in vivo [40]. In our work, we observed a lack of activation of sm22c.
and o-SMA, following Slug knockdown in proliferative cells (SI Appendix), demonstrating
that Slug is not directly repressing them at this stage of differentiation. However, it cannot be
discarded that Slug displaces bHLH transcriptional activators once these genes are activated in
differentiated cells.

TNFo. treatment to induce a phenotypic switch from fully differentiated SMC was used in
this study. Elevated levels of TNFa, or systemic inflammation, have been associated with blood
vessel remodeling [41,42]. Specifically, TNFa is thought to be involved in several chronic hyp-
oxia-associated lung diseases like COPD [43,44]. In our model, TNFo induced Slug but not
Snail up-regulation, and induced contractile protein downregulation in differentiated cells with
a concomitant increase of a migrative/proliferative phenotype. These results correlate well with
previous work where TNFa inhibited the contractile phenotype of cerebral vascular SMC,
inducing pro-inflammatory/matrix-remodeling genes [45], and stimulated Slug expression in
breast cancer cells [46]. We observed that preventing the upregulation of Slug by transfection
of the siSlug, following TNFa: treatment, blocked the inflammatory-induced SMC phenotypic
switch. Interestingly, Slug knockdown was able to prevent the TNFa-induced up-regulation of
KLF4, which is a known inductor of SMC dedifferentiation [47]. We also observed increased
Slug, but not Snail expression, in lungs of mice during vascular remodeling and in highly
remodeled human pulmonary artery samples. This interesting asymmetry observed in the
behavior of Slug and Snail has been previously described in several studies. Shirley and col-
leagues described that the two factors are not induced by identical stimuli [48]. In addition,
Slug, but not Snail mMRNA was elevated during wound reepithelialization in vitro and, ex vivo
and in vivo in mice [49]. Moreover, to induce EMT, Slug and Snail showed overlapping, as well
as a range of other functions. Slug seems to act early to trigger EMT, whereas Snail acts later to
complete the process [50,51]. Remarkably, Snail knockout mice died at gastrulation [52], while
Slug knockout mice were viable [53]. Altogether, these studies clearly show that Slug and Snail
are not functionally equivalent, although they share certain targets in cell differentiation pro-
cesses. Interestingly, a significant number of Slug overexpressing mice died of cardiac hypertro-
phy and cardiac failure exhibiting the key role of this factor in the cardiovascular system
homeostasis. In correlation with these observations, using a murine model of severe pulmonary
hypertension induced by CH, we found greater expression of Slug in lung homogenates of CH-
exposed animals, as well as a correlation of Slug with the severity of vessel remodeling. These
findings support a stimulating role of Slug in hypoxia-induced SMC proliferation. In correla-
tion, in vitro treatment of SMC with CH or CSE, both of which are reported to regulate cell
proliferation during vascular remodeling [54,55], induced the expression of Slug concomitantly
with cell differentiation defects. Interestingly, we also found a correlation between the intima
thickness of human pulmonary arteries and Slug expression. A recent report from Owens and
colleagues, using a cell-tracing system, showed that more than 80% of medial SMC during
intima hyperplasia in mice undergo phenotypic switch [47]. Also, EnMT, a process in which
both Slug and Snail are involved, was also observed in vivo during the PH-related vascular
remodeling (Fig 8A) [56]. In this work, we documented that highly remodeled arteries showed
a strong intensity of Slug, but not of Snail, in the intima and media layer, indicating that a
greater number of SMC-like cells in the intima could arise from the media through phenotypic
switch of SMC, likely driven by Slug (Fig 8A).

In summary, Slug is revealed as a key transcription factor driving a proliferative/migratory
phenotype of SMC. Our results indicate that in an inflammatory environment, the expression
of Slug is induced in SMC, which in turn, stimulates a SMC proliferative/dedifferentiated phe-
notype, at least through modulating proliferation and migration genes (Fig 8B). To the best of
our knowledge, this is the first time that Slug has been studied during the phenotypic switch of
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doi:10.1371/journal.pone.0159460.g008

SMC. The increased expression of Slug observed in remodeled human pulmonary arteries, sug-
gests that this transcription factor has an important role in the pathogenesis of pulmonary
vascular impairment that is promoted by an inflammatory and/or hypoxic environment.
Accordingly, therapies targeting Slug could be of potential interest in the treatment of pulmo-
nary vascular disorders.

Supporting Information

S1 Appendix. Summary Table of the gene expression in SMC after 48h of Slug knockdown.
(XLSX)

S1 Fig. SMC differentiation model induced by TGFf1 treatment. A, RT-PCR and B, immu-
nofluorescence of SMC markers show SMC differentiation after 48 h of TGFp1 treatment. Slug
expression, measured by RT-PCR, decreases in differentiated cells.

(PDF)
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S2 Fig. Analysis of cell senescence in the cell-to-cell contact model. Graph showing the per-
centage of senescent cells expressed as b-galactosidase positive cells/total cells. No differences
are observed between D0 and D6 (passage 2-8). Passage 12 is used as a control for cell senes-

cence. *p < 0.05 by one-way ANOVA

(PDF)

S3 Fig. Slug siRNA Knockdown efficiency. Representative Slug immunofluorescence, which
demonstrates the decrease of Slug expression around 90% with respect to control cells.
(PDF)

$4 Fig. Gene expression of selected genes from the microarray, during SMC differentiation.
KRT19 (A), RARRES3 (D) and CLDNI (E) increase in differentiated SMC, whereas CCNA2
(C) and HBGEF (B) decrease.

(PDF)

S5 Fig. Analysis of Slug in SMC subjected to hypoxia and CSE. A-B Slug expression increases
in SMC, correlating with SMC dedifferentiation, as shown by the downregulation of SMC
marker genes, in hypoxia-induced cells. C, CSE stimulation promotes the increase of Slug expres-
sion and the decrease of SMC differentiation markers. Data are expressed as the mean + SEM of
at least three independent experiments performed in duplicate. “p < 0.05 by paired t-test.

(PDF)

S1 Table. Primers.
(PDF)

$2 Table. Summary of the top 15 GO terms analysis of Biological pathways.
(PDF)

$3 Table. Summary of the top 30 genes contributing to the enrichment of downregulated
cell cycle genes.
(PDF)

$4 Table. General characteristics of the population. * p<0.005 vs NS. " p<0.005 vs S.
(PDF)
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Gene Sequence

Calponin F CACGACATTTTTGAGGCCAA
Calponin R TTTCCTTTCGTCTTCGCCAT
Sm22v2 F GGAAGCCTTCTTTCCCCAGA
Sm22v2 R TCCAGCTCCTCGTCATACTTCTT
MyoCD F GCACCAAGCTCAGCTTAAGGA
MyoCD R TGGGAGTGGGCCTGGTTT

Slug F GCAAGATCTGCGGCAAGG

Slug R GCTCTGTTGCAGTGAGGGC
Snail F CCCAGTGCCTCGACCACTAT
Snail R CCAGATGAGCATTGGCAGC

VE- caherina F GATGCAGACGACCCCACTGT
VE- cadherina R CCACGATCTCATACCTGGCC
CD31F AAAGTCGGACAGTGGGACGT
CD31R GGCTGGGAGAGCATTTCACA
GAPDH F CATCACCATCTTCCAGGAGC
GAPDH R TGGACTCCACGACGTACTCA
Bactin F CGGAACGCCTCATTGCC

Bactin R ACCCACACTGTGCCCATCTA
Ki67 F GCAGCCTTAACTGTGACACTTGC
Ki67 R GCCACCGTGCCCTGG

KLF4 F GGGAGAAGACACTGCGTCA
KLF4 R GGAAGCACTGGGGGAAGT
Caldesmon F GGAGGTGAATGCCCAGAACA
Caldesmon R AGGAATGCGGCCTCATCATC
Gp Bactin F ATATCGCTGCGCTCGTTGTC

Gp PBactin R AACGATGCCGTGCTCAATG

Gp slug F AGACCCTGGTTGCTTCAAGGA
Gp slug R GTTGCAGTGCGGGCAAG

Gp snail F CTTACCTTCCAGCAGCCCTA

Gp snail R GGAGTCCCAGATGAGTGTCG
Mouse Bactin F GGAGGGGGTTGAGGTGTT
Mouse Bactin R GTGTGCACTTTTATTGGTCTCAA
Mouse slug F TGTATGGACATCGTCGGCAG
Mouse slug R ACTTACACGCCCCAAGGATG
Mouse snail F TGGAAAGGCCTTCTCTAGGC
Mouse snail R AAAGCACGGTTGCAGTGG

TIG3 F TCTGGCTCCTCCAAGTGAGT
TIG3 R TTTCACCTCTGCACTGTTGC
CLDNI F CGATGAGGTGCAGAAGATGA
CLDNIR AGCCAGACCTGCAAGAAGAA
GATA 6F TTCCCATGACTCCAACTTCC
GATAG6R TGGGGGAAGTATTTTTGCTG
CCNA2 F CCATACCTCAAGTATTTGCCATC
CCNA2R TCCAGTCTTTCGTATTAATGATTCAG
HBEGF F GGACCAGCTGCTACCCCTA
HBEGF R GTGGCTTGGAGGATAAAGTGA

Supplementary Table | . Summary of Primers used in this study




Cell cycle (GO:0007049)

Gene symbol Rank metric score
MAD2L1 -0.406027645
NEK2 -0.391486853
BIRC5 -0.360862374
TTK -0.345425099
DLGAP5 -0.340312243
KIF23 -0.330975831
NDC80 -0.318150222
CENPF -0.306908071
BUB1B -0.303575546
CENPE -0.300727546
UBE2C -0.299725682
BUB1 -0.285587072
MLF1 -0.285531104
KIF11 -0.283260554
PRC1 -0.259448439
CIT -0.256977081
CDC6 -0.253449202
ZWINT -0.252591521
ANLN -0.252140313
KIF15 -0.247360334
RAD51 -0.246333823
AFAP1L2 -0.245889321
PRUNE2 -0.238055795
DIRAS3 -0.237249017
PLK1 -0.234444648
KIF2C -0.226172
NCAPH -0.225722983
NUSAP1 -0.22515744
E2F1 -0.218571082
CDC45 -0.215077609

Supplementary Table II



Term Size OddsRatio Pvalue GOBPID

cellular response to stimulus 4889 2,274211678 0,008233 G0O:0051716
cell communication 4616 2,240660138 0,009362 GO:0007154
response to stress 2883 3,50146648 0,000142 GO:0006950
regulation of response to stimulus 2413 2,872706422 0,002001 G0:0048583
response to organic substance 1942 3,727620654 0,000189  GO:0010033
cell proliferation 1498 2,765109381 0,008739  G0O:0008283
regulation of programmed cell death 1048 3,071960298 0,009225 G0O:0043067
positive regulation of signal transduction 819 3,396551724 0,00838 G0:0009967
immune response 730 7,299385774  2,55E-05 G0:0006955
interspecies interaction between organisms 640 4,418888231 0,002165 G0O:0044419
multi-organism cellular process 587 4,842672414 0,001319 G0:0044764
inflammatory response 478 4,987673344 0,002343 GO0:0006954
regulation of defense response 438 5,466329966 0,001505 GO:0031347
regulation of cell motility 415 4,666427547 0,006607 GO:2000145
modification of morphology 350 5,573316283 0,003218 G0O:0051817

Supplemental Table lll : Summary of GO Terms analysis of Biological Pathways.



NS S COPD

(n=4) (n=7) (n=7)
BMI (kg/m®) 25+ 5 27+ 4 26+ 3
FEV1 (%predicted) 102+ 15 90+ 13 67+ 11* "
FVC (%predicted) 110+ 26 119+ 13 99+ 19
FEV1/FVC (%predicted) 73+ 5 74+ 4 57+ 9*'
Dico (%predicted) 92+ 9 83+ 8 71+ 10*
Pa02 (mmHg) 90+ 19 87+ 11 75+ 9*
Distribution R1\R2\R3 1\\2 2\3\2 1\3\3
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COPD-associated pulmonary vascular remodeling is linked to miRNA dysregulation
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Running head: miRNAs in vascular remodeling associated with COPD
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At a Glance Commentary

Scientific Knowledge on the subject: The molecular mechanisms underlying COPD are not
fully understood. MicroRNAs (miRNAs) are small non-coding RNAs that regulate mRNA
expression levels modulating cell phenotype. There is no information on the role of miRNA
dysregulation on the pathogenesis of pulmonary vascular remodeling, which is frequently
observed in COPD.

What this study adds to the field: In pulmonary artery specimens from COPD patients we
demonstrate that miR-197 plays an important role regulating smooth muscle cell proliferation,
which is a major contributor to vascular remodeling in COPD. MiR-197 targets the
proliferative transcription factor E2F1, providing the basis for potential new therapeutic

targets.

This article has an online data supplement, which is accessible from this issue’s table of

content online at www.atsjournals.com.




ABSTRACT

Background: Pulmonary vascular remodeling is an angiogenic-related process involving
changes in smooth muscle cell (SMC) homeostasis, which is frequently observed in chronic
obstructive pulmonary disease (COPD). MicroRNAs (miRNAs) are small non-coding RNAs
that regulate mRNA expression levels of many genes modulating cell phenotype. The study
aimed to evaluate the expression profile of miRNAs in pulmonary arteries (PA) of patients
with COPD and its relationship with the regulation of SMC phenotypic change.

Methods and results: miRNA expression profiles from PA of 12 COPD patients, 9 smokers
with normal lung function (SK), and 7 non-smokers (NS) were analyzed using TagMan Low
Density Arrays. In COPD patients, expression levels of miR-98, miR-139-5p, miR-146b-5p
and miR-451 were upregulated, as compared with NS. In contrast, miR-197, miR-204, miR-
485-3p, and miR-627 were downregulated. MiRNA-197 expression correlated with both
airflow obstruction and PA intimal enlargement. In an in vitro model of SMC differentiation,
miR-197 expression was associated with a SMC contractile phenotype. MiR-197 inhibition
blocked the acquisition of contractile markers in SMC and promoted a proliferative/migratory
phenotype measured by both cell cycle analysis and wound-healing assay. Using luciferase
assays, Western blot, and qPCR we confirmed that miR-197 targets the transcription factor
E2F1. In PA from COPD patients, levels of E2F1 were increased, as compared with NS.
Conclusions: In PA of COPD patients, remodeling of the vessel wall is linked to the
downregulation of miR-197, which regulates SMC phenotype. The effect of miR-197 on PA
might be mediated, at least in part, by the key pro-proliferative factor E2F1.

Word count: 250

Key words: vascular remodeling, smooth muscle cell phenotypic switch, miRNAs, COPD



INTRODUCTION

Pulmonary vascular remodeling is a characteristic feature of chronic obstructive pulmonary
disease (COPD) and is considered the principal determinant of pulmonary hypertension (PH)
in this disease. " * Proliferation of poorly differentiated vascular smooth muscle cells (SMC)
is the main cellular contributor to pulmonary vessel remodeling (intimal hyperplasia) in
COPD. ® The molecular mechanisms underlying SMC proliferation in this disorder are poorly
understood.

MicroRNAs (miRNAs) are an evolutionarily conserved 21-nucleotide (nt) class of small
noncoding RNAs involved in a number of cell processes.* > miRNAs bring the RNA-induced
silencing complex (RISC) to a specific target mMRNA by binding to complementary sites at the
3”-end and promoting its translational repression and/or degradation °.

Recent studies show that miRNAs modulate the cell fate of both SMC and endothelial cells
(EC) in vessel remodelling.”'’ Specifically, miR-143/145 regulates SMC differentiation and

is necessary to maintain a contractile phenotype.'" 2

Its expression is reduced in plexiform
lesions of pulmonary arterial hypertension (PAH)" and its downregulation promotes the
proliferation of neointimal cells after vascular injury, whereas restoration of miR-145
expression reverses intimal growth.'* MiR-204 is also downregulated in plexiform lesions,

' and plasma of PAH patients. '® MiR-204 acts as a negative regulator of

explanted lungs,
SMC proliferation. "> By contrast, miR-21 and miR-126 are upregulated in the plexiform
lesions of PAH " and in experimental models of PH, '* while the expression of miR-17-92 in
human pulmonary artery SMC is downregulated in PAH. ' '®* MiR-21 has been shown to
regulate both SMC proliferation and differentiation. '* MiR-126 induces SMC differentiation,
and miR-17-92 maintains a differentiated SMC phenotype. ' Alteration of the miRNA

expression profile has also been found in lungs of rats and in human airway epithelium

20-22 23, 24

exposed to cigarette smoke , as well as in COPD patients™ “*, underscoring the potential
role of these molecules in the regulation of pulmonary vascular remodeling in these
conditions.

MiRNA expression is tissue-specific, and every cell type contains specific miRNA profiles
that help to establish and maintain distinctive gene expression signatures. We hypothesized
that miRNAs might contribute to the pathogenesis of pulmonary vascular remodeling in
COPD, specifically by modulating SMC phenotype. Accordingly, the present study aimed to
identify miRNAs that mediate cell proliferation in pulmonary arteries obtained from lung

tissue samples of COPD patients and control subjects.



MATERIAL AND METHODS (word count 556)

Detailed descriptions of methods are provided in the online supplement.

Patient characteristics

Pulmonary artery segments from surgical lung resection patients with localized lung
neoplasms were evaluated. The samples were collected over 2 years. Characteristics of the
patients are shown in Table 1. Twelve patients were diagnosed with COPD, nine patients
were current smokers with normal lung function (SK), and the remaining seven patients were
nonsmokers with normal lung function (NS). The study was approved by the Ethics

Committee of the Hospital Clinic, Barcelona, Spain.

MiRNA expression in pulmonary arteries

Pulmonary arteries were obtained from normally appearing lung areas, far from the
neoplastic lesion. After cleaning off the connective tissue, pulmonary arteries were frozen at -
70°C with RNAlater (Ambion). RNA isolation was performed using Trizol (Invitrogen). The
retrotranscription was performed using 10 ng of total RNA using the Tagman© miRNA
reverse transcription kit and megaplex™ pools of RT primers (Applied Biosystems)
according to the manufacturer’s instructions. Tagman® Low density array human miRNA
cards A set v3.0 (TLDAs, Applied Biosystems) was used to analyze expression of 381
miRNAs.

Cell differentiation experiments

We studied a cellular model of SMC differentiation triggered by cell-to-cell contact and cell

. . 25
confluency as previously described.

Immunofluorescence

SMC differentiation was assessed by immunofluorescence, as previously described
26 The primary antibodies used were directed against a-SMA (1/750), calponin (1/75;
DAKO Cytomation, Carpinteria, CA). An antibody against antigen Ki-67 (1/50;

Novocastra®, Newcastle, UK) was used to measure cell proliferation.

Gene Expression analysis




To study mRNA expression, RNA isolation followed by real time RT-PCR
experiments was performed. MiRNA expression was analyzed by Northern blot, and protein

expression was evaluated using Western blot.

Functional in vitro assays in SMC cultures

These studies included analysis of cell migration by wound healing assays, the use 2’
O-methyl antisense oligonucleotides chemically synthetized (Pierce) to inhibit miRNA, and

luciferase assays to demonstrate miRNA-197 target binding.

Study design
The miRNA expression profile of pulmonary arteries from NS, SK, and COPD

patients was analyzed. We applied Limma analysis and a gene network analysis to evaluate
the miRNA signature and its associated interactome in pulmonary arteries of COPD patients.
Among the miRNAs with altered expression, miR-98, miR-451 and miR-197 correlated with
spirometric measurements and vascular remodelling, but only miR-197, which is related to
cell proliferation in other cell systems, had not previously been studied in SMC or intima
hyperplasia. By using bioinformatics inference, we found that miR-197 targets genes related
to cell proliferation. To study its role in vascular remodeling, miR-197 expression was
evaluated in an in vitro model of SMC phenotype switching. Finally, to find new insights into
the mechanism by which miR-197 regulates proliferation, the expression of the plausible
target E2F1 was analyzed in SMC after miRNA inhibition with antisense 2’O- methylated

RNA oligos and in pulmonary arteries.

Statistical analysis

All values are reported as mean + SEM. measurements were performed in duplicate,
and at least three independent experiments were performed for each set of conditions. Two-
group comparisons were analyzed using the two-tailed paired Student #-test for dependent
samples (paired measurements for one set of items) or the Mann—Whitney Rank Sum test for
non-normally distributed data. Group comparisons were performed using one-way ANOVA.
Post hoc pairwise comparisons were made using the Student Newman—Keuls test for normally
distributed variables or the Kruskal-Wallis and Dunn tests for non-normally distributed

variables. For all procedures, P-values <0.05 were considered statistically significant.



RESULTS

Differential expression of miRNAs in pulmonary arteries

We analyzed the expression of 381 miRNAs in pulmonary artery homogenates isolated from
COPD, SK, and NS lung tissue samples using TLDAs. Applying Limma to the miRNA
expression data, we found that COPD patients showed upregulation of miR-98, miR-139-5p,
miR-146b-5p, and miR-451, and downregulation of miR-197, miR-204, miR-485-3p, and
miR-627 when compared with NS (Table 2 and Figure 1; Table E1 and Figure El).
Interestingly, pulmonary arteries from SK displayed a similar miRNA expression pattern as in

COPD, although they did not achieve statistical significance (Table 2 and Figure 1B).

Deregulated miRNA in COPD target a number of genes related to proliferation

Each miRNA has a large number of targets according to the TargetScan database. We focused
on those targets with functions in cell proliferation and mapped them to the comprehensive
human interactome,”” which represents a network of all ascertainable protein-protein
interactions in a cell. As a result, a miRNA regulatory network in COPD describing the

dysfunctional cell proliferation module was constructed (Figure 2).

Correlation of miRNA expression with COPD severity and vascular remodeling

Among the differentially expressed miRNAs, the expression of miR-139 and miR-485
correlated with FEV; (% predicted FEV, (r=0.403, p<0.034; and r=-0.464, p<0.017;
respectively) (Figure 3A), while miR-197 expression was significantly correlated with the
severity of airflow obstruction, denoting that the lower the FEV,, the lower the miRNA
expression (r=-0.541, p<0.003); and inversely correlated to the degree of vascular remodeling
assessed by the thickness of the intimal layer, meaning that the lower the miRNA expression,
the greater the intimal thickness (r=0.410, p< 0.023) (Figure 3B). Expression of miR-98 and
miR-451 also correlated with FEV,; (1=0.453, p<0.017; and r=0.380, p< 0.040; respectively)
and intimal thickness (r=-0.601, p< 0.003; and r=-0.520, p< 0.012; respectively) (Figure 3C).

Expression of miR-197 increases during SMC differentiation

Between all miRNAs that correlated with functional parameters, the contribution of miR-197
was never evaluated in vascular remodeling-associated processes. Using an in vitro model of

SMC differentiation induced by cell-to-cell contact, > we performed Northern blot analysis at

different stages of differentiation —DO (proliferative cells), D2 (confluent cells), and D6



(differentiated/contractile cells)— and observed that miR-197 expression was increased in
differentiated SMC with contractile phenotype (Figure 4A).

In SMC isolated from pulmonary arteries of the studied subjects, Northern blot analysis
showed lower expression of miR-197 in SMC from COPD patients and SK, as compared to
NS (Figure 4B).

Effect of miR-197 inhibition on SMC differentiation and proliferation

Transfection of SMC with a 2°O-methylated antisense RNA against miR-197 (AS-miR-197)
and a scrambled AS (AS-miR-CTL) at DO of differentiation was used to inhibit the expression
of miR-197 (Figure 5A). MiR-197 inhibition in SMC blunted the expression of the SMC

differentiation markers, myocardin, calponin, and sm22-a, after induction of differentiation
by cell-to-cell contact ** as assessed by RT-qPCR (Figure 5B). Analysis of both a-SMA and
calponin by immunofluorescence showed a marked decrease of actin and calponin fiber
formation in AS-miR-197-transfected cells as compared with control cells (Figure 5B). In
addition, miR-197 inhibition induced the proliferation of SMC as measured by increased
expression of Ki67 at RNA and protein levels (Figure 5C). In agreement with these results,
proliferation and migration capacities analyzed by a wound-healing assay were significantly

increased in SMC after transfection with AS-miR-197 (Figure 5D).

MiR-197 targets the transcription factor E2F1

Co-transfection of E2F1 3’UTR coupled to a luciferase report vector with the AS-miR-197 in
SMC (Figure 6A) showed increased luciferase expression compared with scrambled cells. In
addition, upregulation of E2F1 RNA and protein was observed after miR-197 inhibition in
differentiated SMC (Figure 6B). These results confirm that miR-197 targets mRNA encoding
the transcription factor E2F1. According to these results, E2F1 expression followed an inverse

pattern as that of miR-197 during SMC differentiation (Figure 6C).

Expression of E2F1 is increased in PA from COPD patients

To investigate whether or not the expression of E2F1 might be dysregulated in pulmonary
arteries from COPD patients, we analyzed the expression of E2F1 in PA by Western blot
(Figure 7). The expression of E2F1 in COPD and SK was upregulated, as compared with NS,

mirroring the downregulation of miR-197 in COPD pulmonary arteries.



DISCUSSION

This study demonstrates the involvement of miRNAs in COPD-related vascular remodeling.
Our work shows that from the 381 studied miRNAs, only 2% of miRNAs were differentially
expressed in pulmonary arteries of COPD patients compared to NS. By applying Limma
analysis, we identified 8 deregulated miRNAs in COPD. From these miRNAs, miR-98, miR-
139-5p, miR-146b-5p, and miR-451 were upregulated, and miR-197, miR-204, miR-485-3p,
and miR-627 were downregulated. Interestingly, expression of miRNAs in pulmonary arteries
from SK was similar to that of COPD patients, although they did not achieve significance,
indicating that smoking without airflow obstruction is an intermediate phenotype between NS

and COPD, as has been already suggested in other studies. ***’

The gene onthology (GO) annotation analysis of all of these miRNAs using the TargetScan
database identified mainly genes involved in cell proliferation, suggesting that vascular
remodeling in COPD is associated with changes in miRNAs that control cell proliferation. By
mapping these targets, we constructed a miRNA regulatory network, which represents a cell
proliferation functional module in COPD as compared to NS. This approach allowed us to
identify the miRNAs and their canonical targets associated with multiple pathogenic

pathways central to SMC proliferation in COPD.

We documented a downregulation of miR-204 in PA of COPD patients. In addition, a
decreased expression of miR-204 was observed in both proliferative SMC and in SMC
pulmonary arteries-derived SMC from COPD patients (Figure E2). In support of this finding,
reduced expression of miR-204 in SMC from pulmonary arteries in both PAH patients and in
rodent experimental models of PAH have been reported. > Downregulation of miR-204 in
dedifferentiated SMC suggests that miR-204 has a potential role in regulating SMC
differentiation. Interestingly, miR-204 targets the transcription factor Slug in cancer cells,

regulating changes in cell phenotype. ** '

In this regard, we have recently shown that Slug
modulates the SMC proliferative phenotype, and that its expression is increased in both highly
remodeled human PA and in lungs of mice with severe PH. ** These results suggest that miR-

204 might regulate SMC phenotype through suppressing Slug expression.

In pulmonary arteries of COPD patients, we also observed upregulation of miR-451, as has

11, 32

been shown in experimental models of PH and in humans with PAH . The transient loss

of miR-451 is protective in the development of PAH. ** Other disregulated miRNA in this
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study were miR-146b, which promotes SMC proliferation,’* and miR-98, which mediates
endothelial inflammation in atherosclerosis.™ Finally, miR-197, miR-485, and miR-627 are

broadly involved in cancer cell proliferation. ***'

We hypothesized that deregulation of
miRNAs might promote cell proliferation and contribute to intimal hyperplasia in pulmonary

arteries in COPD.

Among dysregulated miRNAs, the degree of vascular remodeling and the severity of airflow
obstruction were associated to the upregulation of miR-98 and miR-451, and the
downregulation of miR-197. This is interesting since miR-197 is a tumor suppressor, which,
by regulating cell proliferation, might also be involved in SMC proliferation in COPD. ** %%
Accordingly, we further analyzed the role of miR-197 in modulating the proliferative
phenotype of SMC using an in vitro model of SMC differentiation. Our results show that an
increased expression of miR-197 was associated with a SMC differentiated/contractile
phenotype, whereas its inhibition downregulated mature markers of SMC in differentiated
cells. Moreover, functional studies performed after transfection of SMC with the AS-miR-197
revealed an increased rate of proliferation/migration, indicating that loss of this miRNA
regulates SMC phenotype switching. Cultured SMC obtained from explanted PA of COPD
patients also showed low levels of miR-197 that was associated with a less differentiated
phenotype. These results are consistent with previous studies in uterine leiomyoma derived
SMC,* **** in which, downregulation of miR-197 induced greater growth rate, whereas its
overexpression inhibited proliferation and migration in vitro.

By using network analysis, we documented that miR-197 binds canonically with at least 19
different factors related to cell proliferation. From these factors we confirmed the increased
expression of insulin growth factor-1 (IGF1) after miR-197 inhibition (Figure E3), a known
factor involved in both pulmonary vascular remodeling * and stimulation of SMC
proliferation **. This result suggests that IGF-1 might also be a target of miR-197, but further

studies are needed in order to validate it.

MiRNAs directly interact canonically by base pair complementary with specific regions of
mRNAs, thereby regulating translation. The bioinformatic analysis to predict potential mMRNA
targets is based on this feature. However, evidence indicates that non-canonical binding
(containing bulged or mismatched nucleotides) of miRNAs to their targets is a frequent event
(~60% of total binding), and, therefore, its contribution should not be underestimated.*

Available data indicate that miRNA-197 binds to the 3’-untranslated region (3’-UTR) of

8



E2F1. * This is important because E2F1 is an oncoprotein that regulates many cellular
processes, including cell proliferation. *° E2F1 participates in both cell cycle progression and

47-49
d.

apoptosis, depending on which pathway is activate E2F1 induces S phase entry,

activating prosurvival and proliferative genes like cyclins, p53, or c-myc, and many S-phase
genes,” °” whereas activation of the regulators p53, p73, or Bcl2 induces apoptosis. In our
study with pulmonary SMC, using a luciferase report assay, qPCR, and Western blot, we
validated that E2F1 is a target of miR-197. E2F1 expression was high in
proliferative/dedifferentiated SMC in accordance with oncogene function, and decreased
during the acquisition of a contractile phenotype, following an inverse pattern than that of
miR-197 expression. These results agree with previous studies showing that E2F1 is related to

37-42

a higher rate of cell proliferation. Importantly, we found that E2F1 was upregulated,

paralleling the decreased expression of miR-197, in pulmonary arteries from COPD patients.

Further studies will be needed to unravel the mechanisms by which miR-197 is
downregulated in COPD-associated vascular remodeling. Cigarrete smoke products might
alter miR-197 expression. Nicotine induces STAT3 activation in both smooth muscle and
inflammatory cells. >’ STAT3 promotes the downregulation of miR-204 in SMC by
epigenetic mechanisms. >* Interestingly, in hepatocellular carcinoma cells, activation of the
interleukin-6 (IL-6)/STAT3 pathway induces the downregulation of miR-197, which, in turn,
targets stat3 mRNA to promote cancer progression. > However, smoking, as an intermediate
condition, ** ** is not enough to markedly promote statistically significant changes in gene
expression. Hypoxia might also promote miR-197 downregulation. In this respect, IL-6 is
increased in cells with both a hypoxic environment and a more proliferative/dedifferentiated
SMC phenotype in pulmonary hypertension. >* The mechanism of miRNA-197
downregulation might also involve DNA hypermethylation, which is known to induce the

. . . 55 . .
downregulation of tumor suppressor miRNAs in cancer >~ and has also been described in

vascular remodeling. >

The present study has some limitations. Despite the fact that pulmonary arteries were isolated
in an area distant from the solid tumor, we cannot exclude some effects of tumoral factors on
miRNAs expression. However, we performed an additional network analysis discriminating
different cancer types, specifically squamous vs non-squamous cancers. In this analysis, miR-

197 did not show any difference between cancer samples (data non shown).



In summary, we observed downregulation of miRNA-197 in pulmonary arteries from smokers
and COPD patients. Expression of this miRNA correlated inversely with both vascular
remodeling and airflow obstruction. E2F1 was found to be upregulated in pulmonary arteries
from smokers and COPD patients. Taken together, our studies support the view that miRNA-
197 downregulation induces a SMC proliferative phenotype, at least in part, by releasing the
suppression of the E2F1 transcription factor, which, in turn, regulates cell cycle entry. The
identification of miRNAs involved in cell proliferation associated with pulmonary vascular
remodeling in COPD opens a new view in its pathogenesis and, eventually, its therapeutic

approach.
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Figure Legends

Table 1. Characteristics of the patients enrolled in this study. * p<0.05 NS vs

COPD, { p<0.05 S vs COPD and f p<0.05 NS vs SK. COPD, chronic obstructive

pulmonary disease; SK, smokers; NS, non-smkokers.

Table 2. miRNA expression in COPD patients. Table showing the miRNAs
dysregulated in PA from COPD. Fold change of COPD patients respect to NS. In the

table is included the expression of SK versus NS.

Figure 1. miRNA expression in COPD patients. Graphic depicting the fold change of
the top 8 deregulated miRNAs. *p< 0.05. FC, fold change; COPD, chronic obstructive

pulmonary disease; SK, smokers; NS, non-smkokers.

Figure 2. A miRNA regulatory network in COPD. The yellow nodes represent
miRNAs, and the blue nodes are miRNA targets. All the target genes have the

annotation ‘cell proliferation’.

Figure 3. Correlation analysis of miRNA expression with both FEV1 and intimal
enlargement. A, Positive and negative correlation of miR-139 and miR-485 expression
(ddCt) with FEV| respectively by Spearman analysis. B, Positive correlation between
miR-197 expression (ddCt) and % intima respect to total area *p< 0.05 by Spearman
analysis (left panel). Negative correlation between miR-197 expression (ddCt) and
FEV1 *p< 0.05 by Pearson (right panel). B, Positive correlation between miR-149

expression (ddCt) and % intima respect to total area *p< 0.05 by Spearman analysis



(left panel). Negative correlation between miR-149 expression (ddCt) and FEV1 *p<
0.05 by Pearson (right panel). C, Positive correlation between miR-451 expression
(ddCt) and FEV1 *p< 0.05 by Pearson (upper left panel) and Negative correlation
between miR-451 expression (ddCt) and % intima respect to total area *p< 0.05 by
Spearman (botton left panel). Positive correlation between miR-98 expression (ddCt)
and FEV1 *p< 0.05 by Pearson (upper right panel) and Negative correlation between
miR-98 expression (ddCt) and % intima respect to total area *p< 0.05 by Spearman

(botton right panel).

Figure 4. Analysis of miR-197 expression and SMC phenotypic change, and in
SMC from patients. A, Representative Northern Blot showing an increase of miR-197
in differentiated (D6) as compared to proliferative (D0) SMC cells. B, Representative
Northern Blot showing the downregulation of miR-197 in SMC derived from PA of SK

and COPD patients. *p< 0.05 by paired-test

Figure 5. Inhibition of miR-197 abrogates SMC differentiation. A, Northern blot
analysis of miR-197 after 48 hours of transfection with AS-miR-197 (antisense to miR-
197) and a scrambled control (AS-miR-CT) in SMC. AS-miR-197 blunted the
expression of miR-197 in SMC. B, Transfection of AS miR-197 induces a SMC
phenotype switching as is shown by the concomitant decrease of the SMC markers
myoCD, sm22-a, calponin analysed by real time PCR and by the decrease of actin and
and calponin fibers assessed by immunofluorescence. C, miR-197 inhibition promoted
an increase in the expression of the marker of proliferation Ki67 at both RNA (left

panel) and protein levels (right panel). D, Scratch analysis shows an increased migration



rate of SMC transfected with AS-miR-197 respect to the scrambled control correlating

well with SMC dedifferentiation. *p< 0.05 by paired-test

Figure 6. The transcription factor E2F1 is a target of miR-197. A, Luciferase assay
shows an increase in luciferase units after miR-197 inhibition corroborating that E2F1 is
a miR-197 target. B, E2F1 expression decreases along SMC differentiation performed
by PCR and western blot. C, miR-197 inhibition promotes the increase of E2F1
expression analysed by real time PCR (left panel) and Western Blot (right panel). *p<

0.05 by paired-test

Figure 7. The transcription factor E2F1 is increased in PA from COPD patients.
E2F1 immunodetection in pulmonary arteries displays an increase in COPD patients as

compared to controls. p< 0.05 by one way ANOVA.



Table 1. Characteristics of the population.

Age

Male Gender, n (%)

Weight (kg)

Height (cm)

BMI

FEV { (% predicted)

FVC (% predicted)

FEV {/FVC (% predicted)
Smoking history (pack/year)
DLco (% predicted)

Pa0, (mmHg)

Non-Smokers

(n=7)

63+ 11
4 (50)
6447
161 +8
2543
100 + 6
96 + 7
77+ 7
5+8
89 + 20

88 £ 15

Smokers

(n=9)

64 £10
8(88) %
73+8
164 +8
28+4
90 + 22
93+ 12
70 £ 15
59+£27%
75 +31

81+ 14

COPD

(n=12)

67+9

13 (100) *
70 + 8

169 +5

25+2
64 + 13 *+
84 £ 13 *
55+ 8 *f
77 £29 *
66+11*

79 £16



Table 2. miRNAs with altered expression in pulmonary arteries from patients

COPD vs NS COPD vs SK SK vs NS

FC p-Value FC p-Value FC p-Value
hsa-miR-485-3p -3,38 0,0064 -1,35 0,2671 -2,50 0,0697
hsa-miR-197 -3,18 0,0117 -1,90 0,1095 -1,67 0,3271
hsa-miR-139-5p 1,95 0,0173 1,69 0,0353 2,06 0,0636
hsa-miR-146b-5p 2,84 0,0178 2,73 0,0015 1,51 0,2000
hsa-miR-451 5,27 0,0263 1,63 0,4802 3,24 0,1967
hsa-miR-627 -2,27 0,0382 -1,27 0,3910 -1,79 0,1946
hsa-miR-204 -1,70 0,0385 1,05 0,8668 -1,78 0,1376

hsa-miR-98 2,37 0,0413 1,81 0,0851 1,31 0,2600
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FC p valor
Targets NSvsS|NSvs |Svs NSvsS [NSvs |Svs
COPD |COPD COPD |COPD

hsa-let-7a-4373169 1,048 1,386 1,322 0,958 0,739 0,649
hsa-let-7¢-4373167 1,035 1,254 1,211 0,951 0,737 0,699
hsa-let-7d-4395394 -1,136 1,059 1,204 0,811 0,918 0,596
hsa-let-7e-4395517 -1,161 1,087 1,262 0,783 0,890 0,494
hsa-let-7f-4373164 -1,348 1,037 1,398 0,657 0,958 0,280
hsa-let-7g-4395393 -1,181 1,007 1,189 0,670 0,986 0,447
hsa-miR-1-4395333 1,002 1,014 1,013 0,997 0,977 0,962
hsa-miR-9-4373285 -2,206 -1,740 1,268 0,100 0,253 0,531
hsa-miR-10a-4373153 -1,454 -1,155 1,259 0,474 0,779 0,564
hsa-miR-10b-4395329 1,181 1,027 -1,150 0,683 0,946 0,707
MammU6-4395470 -1,322 1,249 1,652 0,691 0,717 0,392
MammU6-4395470 8,820 4,170 -2,115 0,421 0,610 0,697
hsa-miR-15a-4373123 -1,006 2,651 2,666 0,995 0,260 0,119
hsa-miR-15b-4373122 -2,294 -1,632 1,405 0,241 0,371 0,594
hsa-miR-16-4373121 -1,156 -1,121 1,031 0,717 0,655 0,939
hsa-miR-17-4395419 -1,326 -1,121 1,183 0,562 0,800 0,561
hsa-miR-18a-4395533 -2,320 1,025 2,378 0,266 0,973 0,119
hsa-miR-18b-4395328 1,276 1,632 1,278 0,108 0,053 0,341
hsa-miR-19a-4373099 -1,746 -1,458 1,197 0,256 0,378 0,639
hsa-miR-19b-4373098 -1,322 -1,260 1,049 0,490 0,495 0,866
hsa-miR-20a-4373286 -1,185 -1,098 1,080 0,809 0,900 0,874
hsa-miR-20b-4373263 1,053 -1,622 -1,707 0,864 0,222 0,160
hsa-miR-21-4373090 1,481 1,912 1,291 0,663 0,491 0,672
hsa-miR-22-4373079 1,368 1,084 -1,263 0,564 0,880 0,578
hsa-miR-23a-4373074 -1,530 -1,498 1,021 0,568 0,586 0,884
hsa-miR-23b-4373073 1,209 1,450 1,199 0,854 0,735 0,812
hsa-miR-24-4373072 -1,488 -1,542 -1,036 0,364 0,151 0,934
hsa-miR-25-4373071 1,350 2,256 1,671 0,779 0,458 0,487
hsa-miR-26a-4395166 -1,422 -1,234 1,152 0,355 0,536 0,645
hsa-miR-26b-4395167 -1,213 -1,292 -1,065 0,701 0,636 0,861
hsa-miR-27a-4373287 -1,070 1,080 1,156 0,880 0,858 0,599
hsa-miR-27b-4373068 1,094 1,451 1,326 0,876 0,523 0,350
hsa-miR-28-3p-4395557 -1,129 -1,076 1,049 0,752 0,821 0,864
hsa-miR-28-5p-4373067 -1,239 1,066 1,321 0,591 0,868 0,310
MammU6-4395470 -1,157 1,102 1,275 0,826 0,878 0,608
MammU6-4395470 -1,303 -1,023 1,274 0,633 0,965 0,536
hsa-miR-29a-4395223 -1,103 -1,010 1,092 0,756 0,965 0,772
hsa-miR-29b-4373288 1,202 2,291 1,906 0,823 0,301 0,174
hsa-miR-29¢-4395171 -1,424 -1,521 -1,068 0,493 0,301 0,905
hsa-miR-30b-4373290 -1,327 -1,056 1,256 0,555 0,903 0,433
hsa-miR-30c-4373060 -1,096 -1,066 1,028 0,800 0,849 0,933
hsa-miR-31-4395390 3,663 1,219 -3,004 0,148 0,802 0,170
hsa-miR-32-4395220 1,178 -1,104 -1,301 0,688 0,787 0,212
hsa-miR-33b-4395196 1,276 1,224 -1,043 0,108 0,038 0,755




hsa-miR-34a-4395168 -1,079 1,663 1,794 0,919 0,356 0,339
hsa-miR-34c¢c-5p-4373036 1,086 -1,079 -1,171 0,779 0,774 0,313
hsa-miR-92a-4395169 -1,120 1,035 1,160 0,831 0,950 0,594
hsa-miR-93-4373302 -1,218 -1,024 1,189 0,632 0,950 0,529
hsa-miR-95-4373011 -2,196 -1,763 1,245 0,172 0,104 0,682
hsa-miR-96-4373372 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-98-4373009 1,306 2,365 1,810 0,083 0,011 0,070
hsa-miR-99a-4373008 1,308 -1,008 -1,318 0,788 0,993 0,710
hsa-miR-99b-4373007 -1,450 -1,094 1,326 0,443 0,842 0,380
hsa-miR-100-4373160 -1,130 -1,251 -1,107 0,784 0,644 0,753
hsa-miR-101-4395364 -1,011 1,024 1,035 0,985 0,969 0,931
hsa-miR-103-4373158 -1,106 1,196 1,323 0,817 0,670 0,357
hsa-miR-105-4395278 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-106a-4395280 -1,260 -1,084 1,163 0,628 0,859 0,607
RNU44-4373384 1,049 1,336 1,274 0,893 0,439 0,465
hsa-miR-106b-4373155 -1,277 -1,039 1,229 0,499 0,909 0,429
hsa-miR-107-4373154 -1,008 1,154 1,164 0,986 0,751 0,665
hsa-miR-122-4395356 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-124-4373295 1,500 1,224 -1,226 0,103 0,038 0,377
hsa-miR-125a-3p-4395310 1,954 -1,022 -1,997 0,426 0,979 0,258
hsa-miR-125a-5p-4395309 -1,616 -1,486 1,087 0,185 0,159 0,799
hsa-miR-125b-4373148 -1,274 -1,270 1,003 0,637 0,664 0,991
hsa-miR-126-4395339 1,030 -1,013 -1,043 0,956 0,979 0,935
hsa-miR-127-3p-4373147 -1,676 -1,405 1,193 0,539 0,662 0,816
hsa-miR-127-5p-4395340 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-128-4395327 -1,811 -1,044 1,735 0,511 0,963 0,285
hsa-miR-129-3p-4373297 1,349 1,005 -1,343 0,488 0,989 0,380
hsa-miR-129-5p-4373171 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-130a-4373145 1,209 1,799 1,489 0,838 0,545 0,567
hsa-miR-130b-4373144 1,661 1,250 -1,329 0,502 0,763 0,598
hsa-miR-132-4373143 -3,778 -1,793 2,107 0,134 0,468 0,055
hsa-miR-133a-4395357 -1,127 -1,036 1,088 0,782 0,924 0,847
hsa-miR-133b-4395358 1,216 1,120 -1,085 0,672 0,792 0,848
hsa-miR-134-4373299 -1,420 -1,794 -1,263 0,450 0,343 0,624
hsa-miR-135a-4373140 1,123 1,262 1,124 0,580 0,338 0,576
hsa-miR-135b-4395372 1,655 1,681 1,015 0,453 0,425 0,981
hsa-miR-136-4373173 1,093 -1,036 -1,133 0,734 0,879 0,382
hsa-miR-137-4373301 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-138-4395395 -1,775 -1,488 1,193 0,502 0,469 0,806
hsa-miR-139-3p-4395424 2,059 2,038 -1,010 0,035 0,015 0,978
hsa-miR-139-5p-4395400 1,154 1,953 1,691 0,580 0,013 0,042
hsa-miR-140-3p-4395345 -1,252 -1,144 1,095 0,611 0,719 0,854
hsa-miR-140-5p-4373374 -1,037 -1,122 -1,082 0,947 0,815 0,849
hsa-miR-141-4373137 2,033 1,360 -1,495 0,305 0,610 0,454
hsa-miR-142-3p-4373136 1,860 2,621 1,409 0,286 0,124 0,409
hsa-miR-142-5p-4395359 1,612 1,140 -1,414 0,185 0,610 0,275
hsa-miR-143-4395360 1,132 1,086 -1,043 0,762 0,826 0,893




hsa-miR-145-4395389 -1,200 -1,091 1,100 0,645 0,816 0,747
hsa-miR-146a-4373132 -1,292 1,106 1,428 0,421 0,699 0,234
hsa-miR-146b-3p-4395472 1,510 1,422 -1,062 0,110 0,048 0,825
hsa-miR-146b-5p-4373178 1,041 2,842 2,731 0,922 0,014 0,021
hsa-miR-147b-4395373 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-148a-4373130 -1,423 -1,070 1,331 0,447 0,884 0,478
hsa-miR-148b-4373129 1,662 1,663 1,001 0,497 0,497 0,999
hsa-miR-149-4395366 -1,276 -2,411 -1,889 0,498 0,036 0,138
hsa-miR-150-4373127 1,061 1,284 1,210 0,903 0,502 0,670
hsa-miR-152-4395170 -1,576 -1,568 1,005 0,223 0,123 0,988
hsa-miR-153-4373305 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-154-4373270 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-181a-4373117 1,597 -1,091 -1,743 0,205 0,787 0,064
hsa-miR-181¢-4373115 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-182-4395445 1,610 1,170 -1,376 0,055 0,206 0,151
RNU48-4373383 -1,575 1,032 1,626 0,248 0,925 0,183
hsa-miR-183-4395380 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-184-4373113 -2,689 -1,090 2,466 0,226 0,915 0,105
hsa-miR-185-4395382 2,879 2,383 -1,208 0,238 0,334 0,636
hsa-miR-186-4395396 -1,469 -1,431 1,027 0,278 0,116 0,937
hsa-miR-187-4373307 1,600 1,542 -1,037 0,422 0,415 0,944
hsa-miR-188-3p-4395217 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-190-4373110 -2,733 -1,161 2,355 0,227 0,855 0,114
hsa-miR-191-4395410 -1,073 1,136 1,218 0,763 0,558 0,303
hsa-miR-192-4373108 -1,517 1,207 1,831 0,625 0,774 0,373
hsa-miR-193a-3p-4395361 1,083 -1,036 -1,121 0,819 0,907 0,772
hsa-miR-193a-5p-4395392 3,870 1,964 -1,971 0,266 0,580 0,283
hsa-miR-193b-4395478 -1,248 -1,226 1,019 0,533 0,324 0,960
hsa-miR-194-4373106 1,285 1,002 -1,282 0,662 0,997 0,538
hsa-miR-195-4373105 -1,588 -1,357 1,170 0,273 0,401 0,682
hsa-miR-196b-4395326 -1,626 1,297 2,109 0,332 0,565 0,164
hsa-miR-197-4373102 -1,673 -3,180 -1,901 0,348 0,033 0,144
hsa-miR-198-4395384 1,427 1,224 -1,165 0,121 0,038 0,469
hsa-miR-199a-5p-4373272 2,780 2,929 1,054 0,118 0,105 0,912
hsa-miR-199a-3p-4395415 -1,657 -1,539 1,077 0,223 0,278 0,792
hsa-miR-199b-5p-4373100 -1,075 1,108 1,191 0,804 0,737 0,371
hsa-miR-200a-4378069 1,992 -1,389 -2,768 0,389 0,663 0,099
hsa-miR-200b-4395362 1,275 1,018 -1,252 0,630 0,971 0,502
hsa-miR-200c-4395411 2,604 1,375 -1,894 0,123 0,630 0,287
hsa-miR-202-4395474 1,618 1,224 -1,322 0,083 0,038 0,280
hsa-miR-203-4373095 -1,586 -1,951 -1,230 0,618 0,465 0,689
hsa-miR-204-4373094 -1,783 -1,704 1,047 0,097 0,034 0,884
hsa-miR-205-4373093 1,730 1,822 1,053 0,045 0,020 0,870
hsa-miR-208b-4395401 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-210-4373089 -1,378 -1,439 -1,045 0,586 0,357 0,941
hsa-miR-214-4395417 -1,204 -1,065 1,130 0,601 0,842 0,709
hsa-miR-215-4373084 1,276 1,295 1,015 0,108 0,019 0,918




hsa-miR-216a-4395331 -2,617 -1,122 2,332 0,095 0,833 0,059
hsa-miR-216b-4395437 1,276 1,382 1,083 0,108 0,041 0,654
hsa-miR-217-4395448 1,176 1,407 1,197 0,694 0,437 0,539
hsa-miR-218-4373081 -1,256 -1,128 1,113 0,521 0,619 0,725
hsa-miR-219-5p-4373080 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-221-4373077 1,311 1,625 1,239 0,796 0,643 0,764
hsa-miR-222-4395387 -1,565 -1,539 1,017 0,207 0,225 0,954
hsa-miR-223-4395406 1,250 1,441 1,153 0,620 0,316 0,770
hsa-miR-224-4395210 -1,671 1,343 2,243 0,406 0,611 0,151
hsa-miR-296-3p-4395212 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-296-5p-4373066 1,186 1,138 -1,043 0,266 0,208 0,755
hsa-miR-299-3p-4373189 1,276 1,522 1,192 0,108 0,090 0,491
hsa-miR-299-5p-4373188 1,068 1,025 -1,043 0,758 0,894 0,755
hsa-miR-301a-4373064 -1,840 -1,522 1,209 0,347 0,445 0,732
hsa-miR-301b-4395503 1,080 1,044 -1,035 0,831 0,902 0,855
hsa-miR-302a-4378070 1,276 1,224 -1,043 0,108 0,038 0,755
ath-miR159a-4373390 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-302b-4378071 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-302¢-4378072 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-320-4395388 -1,141 -1,100 1,037 0,615 0,606 0,891
hsa-miR-323-3p-4395338 -2,010 -1,874 1,073 0,302 0,342 0,858
hsa-miR-324-3p-4395272 -1,141 -1,112 1,026 0,689 0,718 0,935
hsa-miR-324-5p-4373052 -3,147 -3,049 1,032 0,504 0,516 0,955
hsa-miR-326-4373050 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-328-4373049 1,127 -1,361 -1,534 0,712 0,446 0,195
hsa-miR-329-4373191 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-330-3p-4373047 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-330-5p-4395341 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-331-3p-4373046 -1,279 -1,827 -1,429 0,627 0,168 0,494
hsa-miR-331-5p-4395344 3,297 1,805 -1,827 0,005 0,090 0,136
hsa-miR-335-4373045 -1,876 -1,225 1,531 0,299 0,721 0,337
hsa-miR-337-5p-4395267 -1,035 -1,795 -1,734 0,961 0,375 0,301
hsa-miR-338-3p-4395363 -1,217 -1,096 1,110 0,710 0,851 0,765
hsa-miR-339-3p-4395295 1,067 -1,570 -1,675 0,910 0,428 0,329
hsa-miR-339-5p-4395368 -1,127 -1,337 -1,187 0,850 0,637 0,674
hsa-miR-340-4395369 -1,303 -1,322 -1,015 0,479 0,435 0,966
has-miR-155-4395459 -1,212 -1,130 1,073 0,599 0,692 0,846
hsa-let-7b-4395446 1,219 1,444 1,184 0,809 0,701 0,832
hsa-miR-342-3p-4395371 -1,361 -1,203 1,131 0,445 0,575 0,766
hsa-miR-342-5p-4395258 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-345-4395297 -1,717 -1,113 1,543 0,245 0,674 0,320
hsa-miR-361-5p-4373035 -2,406 1,425 3,428 0,180 0,586 0,024
hsa-miR-362-3p-4395228 -1,454 1,102 1,603 0,536 0,872 0,308
hsa-miR-362-5p-4378092 -1,161 -1,455 -1,253 0,813 0,548 0,647
hsa-miR-363-4378090 -1,046 1,076 1,125 0,884 0,824 0,587
hsa-miR-365-4373194 -1,390 -1,201 1,157 0,538 0,721 0,645
hsa-miR-367-4373034 1,276 1,224 -1,043 0,108 0,038 0,755




hsa-miR-369-3p-4373032 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-369-5p-4373195 -1,346 -1,738 -1,292 0,608 0,324 0,293
hsa-miR-370-4395386 -2,203 -1,683 1,309 0,350 0,540 0,644
hsa-miR-371-3p-4395235 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-372-4373029 -1,251 -1,293 -1,034 0,591 0,524 0,895
hsa-miR-373-4378073 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-374a-4373028 -1,305 -1,378 -1,056 0,443 0,424 0,866
hsa-miR-374b-4381045 -1,369 -1,412 -1,031 0,405 0,237 0,933
hsa-miR-375-4373027 1,009 1,247 1,236 0,991 0,776 0,728
hsa-miR-376a-4373026 -1,648 -1,293 1,275 0,379 0,625 0,589
hsa-miR-376b-4373196 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-377-4373025 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-379-4373349 -2,478 -1,391 1,782 0,335 0,714 0,375
hsa-miR-380-4373022 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-381-4373020 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-382-4373019 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-383-4373018 1,754 -1,114 -1,954 0,272 0,726 0,130
hsa-miR-409-5p-4395442 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-410-4378093 -3,049 -2,488 1,226 0,029 0,091 0,655
hsa-miR-411-4381013 -3,321 -1,802 1,843 0,082 0,223 0,290
hsa-miR-422a-4395408 -1,419 -1,094 1,297 0,446 0,841 0,539
hsa-miR-423-5p-4395451 -1,250 -1,215 1,029 0,747 0,787 0,960
hsa-miR-424-4373201 1,124 1,079 -1,043 0,500 0,568 0,755
hsa-miR-425-4380926 1,168 1,396 1,195 0,810 0,495 0,737
hsa-miR-429-4373203 -3,358 -1,721 1,951 0,007 0,240 0,153
hsa-miR-431-4395173 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-433-4373205 2,373 1,082 -2,194 0,289 0,916 0,194
hsa-miR-449a-4373207 1,159 -1,380 -1,600 0,871 0,729 0,335
hsa-miR-449b-4381011 1,165 1,139 -1,023 0,754 0,778 0,945
hsa-miR-450a-4395414 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-450b-3p-4395319 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-450b-5p-4395318 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-451-4373360 3,238 5,267 1,626 0,229 0,063 0,526
hsa-miR-452-4395440 -1,150 1,169 1,344 0,827 0,758 0,607
hsa-miR-453-4395429 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-454-4395434 -1,298 -1,258 1,032 0,419 0,483 0,916
hsa-miR-455-3p-4395355 -1,522 1,471 2,240 0,650 0,680 0,183
hsa-miR-455-5p-4378098 -1,323 -1,249 1,060 0,587 0,656 0,896
hsa-miR-483-5p-4395449 1,488 1,471 -1,012 0,330 0,326 0,975
hsa-miR-484-4381032 -1,305 -1,467 -1,124 0,612 0,379 0,803
hsa-miR-485-3p-4378095 -2,501 -3,380 -1,352 0,136 0,057 0,301
hsa-miR-485-5p-4373212 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-486-3p-4395204 -1,457 -1,827 -1,254 0,565 0,305 0,739
hsa-miR-486-5p-4378096 1,534 -1,064 -1,632 0,267 0,869 0,210
hsa-miR-487a-4378097 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-487b-4378102 -2,635 -2,738 -1,039 0,049 0,040 0,936
hsa-miR-488-4395468 1,276 1,224 -1,043 0,108 0,038 0,755




hsa-miR-489-4395469 -1,485 -1,197 1,240 0,217 0,508 0,312
hsa-miR-490-3p-4373215 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-491-3p-4395471 1,376 1,224 -1,124 0,047 0,038 0,403
hsa-miR-491-5p-4381053 -1,615 -1,859 -1,151 0,400 0,148 0,801
hsa-miR-493-4395475 -1,375 1,017 1,399 0,602 0,977 0,480
hsa-miR-494-4395476 -1,424 -1,105 1,289 0,666 0,905 0,683
hsa-miR-495-4381078 -3,005 -3,137 -1,044 0,194 0,187 0,926
hsa-miR-496-4386771 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-499-3p-4395538 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-499-5p-4381047 1,276 2,082 1,632 0,108 0,055 0,195
hsa-miR-500-4395539 -1,843 1,488 2,743 0,414 0,580 0,064
hsa-miR-501-3p-4395546 1,062 1,019 -1,043 0,764 0,911 0,755
hsa-miR-501-5p-4373226 -2,550 -1,098 2,322 0,076 0,839 0,039
hsa-miR-502-3p-4395194 -2,549 -1,239 2,057 0,072 0,666 0,036
hsa-miR-502-5p-4373227 1,632 2,154 1,319 0,332 0,151 0,574
hsa-miR-503-4373228 1,042 -1,207 -1,258 0,925 0,632 0,298
hsa-miR-504-4395195 1,177 1,218 1,034 0,840 0,792 0,959
hsa-miR-505-4395200 1,769 1,224 -1,446 0,077 0,038 0,224
hsa-miR-507-4373232 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-508-3p-4373233 -1,868 -1,821 1,026 0,587 0,604 0,933
hsa-miR-508-5p-4395203 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-509-5p-4395346 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-510-4395352 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-512-3p-4381034 -2,160 -2,252 -1,043 0,318 0,292 0,755
hsa-miR-512-5p-4373238 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-513-5p-4395201 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-515-3p-4395480 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-515-5p-4373242 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-516a-5p-4395527 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-516b-4395172 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-517a-4395513 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-517¢-4373264 1,201 1,190 -1,010 0,219 0,085 0,945
hsa-miR-518a-3p-4395508 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-518a-5p-4395507 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-518b-4373246 1,149 1,133 -1,014 0,600 0,615 0,939
hsa-miR-518¢-4395512 -3,271 -3,410 -1,043 0,454 0,439 0,755
hsa-miR-518d-3p-4373248 1,276 1,827 1,432 0,108 0,143 0,382
hsa-miR-518d-5p-4395500 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-518e-4395506 -1,019 -1,062 -1,043 0,949 0,821 0,755
hsa-miR-518f-4395499 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-519a-4395526 1,285 1,224 -1,050 0,092 0,038 0,707
hsa-miR-519d-4395514 1,471 1,329 -1,107 0,096 0,012 0,638
hsa-miR-519e-4395481 -1,121 -1,169 -1,043 0,787 0,705 0,755
hsa-miR-520a-3p-4373268 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-520a-5p-4378085 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-520d-5p-4395504 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-520g-4373257 1,276 1,224 -1,043 0,108 0,038 0,755




hsa-miR-521-4373259 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-522-4395524 -1,099 1,288 1,415 0,793 0,517 0,144
hsa-miR-523-4395497 -1,058 -1,103 -1,043 0,861 0,747 0,755
hsa-miR-524-5p-4395174 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-525-3p-4395496 1,044 1,053 1,009 0,854 0,806 0,948
hsa-miR-525-5p-4378088 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-526b-4395493 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-532-3p-4395466 -1,315 1,149 1,510 0,384 0,612 0,082
hsa-miR-532-5p-4380928 -1,588 1,014 1,610 0,543 0,982 0,385
hsa-miR-539-4378103 1,075 -1,249 -1,343 0,936 0,805 0,657
hsa-miR-541-4395312 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-542-3p-4378101 1,276 1,344 1,053 0,108 0,024 0,742
hsa-miR-542-5p-4395351 -8,522 -6,855 1,243 0,385 0,433 0,441
hsa-miR-544-4395376 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-545-4395378 2,029 1,660 -1,222 0,025 0,111 0,549
hsa-miR-548a-3p-4380948 1,276 2,829 2,217 0,108 0,250 0,375
hsa-miR-548a-5p-4395523 2,813 1,224 -2,298 0,216 0,038 0,310
hsa-miR-548b-3p-4380951 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-548b-5p-4395519 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-548¢-3p-4380993 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-548c-5p-4395540 -1,069 -1,115 -1,043 0,840 0,731 0,755
hsa-miR-548d-3p-4381008 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-548d-5p-4395348 1,289 1,224 -1,053 0,091 0,038 0,694
hsa-miR-551b-4380945 -3,749 -3,908 -1,043 0,449 0,435 0,755
hsa-miR-556-3p-4395456 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-556-5p-4395455 -5,350 -4,663 1,147 0,417 0,454 0,536
hsa-miR-561-4380938 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-570-4395458 1,486 1,224 -1,214 0,026 0,038 0,214
hsa-miR-574-3p-4395460 -1,636 -1,252 1,307 0,162 0,382 0,392
hsa-miR-576-3p-4395462 -1,135 1,178 1,337 0,742 0,697 0,249
hsa-miR-576-5p-4395461 1,553 1,299 -1,196 0,037 0,014 0,344
hsa-miR-579-4395509 -1,135 1,029 1,168 0,742 0,944 0,477
hsa-miR-582-3p-4395510 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-582-5p-4395175 1,238 1,012 -1,224 0,565 0,969 0,427
hsa-miR-589-4395520 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-590-5p-4395176 -1,264 -1,101 1,148 0,611 0,801 0,727
hsa-miR-597-4380960 -1,152 1,047 1,207 0,788 0,935 0,569
hsa-miR-598-4395179 1,220 1,020 -1,196 0,821 0,983 0,779
hsa-miR-615-3p-4386777 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-615-5p-4395464 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-616-4395525 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-618-4380996 1,276 1,271 -1,004 0,108 0,022 0,978
hsa-miR-624-4395541 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-625-4395542 -1,018 1,048 1,067 0,945 0,856 0,706
hsa-miR-627-4380967 -1,789 -2,272 -1,270 0,257 0,113 0,416
hsa-miR-628-5p-4395544 -1,261 -1,362 -1,081 0,389 0,116 0,796
hsa-miR-629-4395547 1,512 1,224 -1,235 0,066 0,038 0,303




hsa-miR-636-4395199 -2,731 -2,625 1,040 0,108 0,119 0,922
hsa-miR-642-4380995 1,276 1,533 1,201 0,108 0,068 0,450
hsa-miR-651-4381007 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-652-4395463 -2,128 -1,959 1,086 0,071 0,113 0,859
hsa-miR-653-4395403 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-654-3p-4395350 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-654-5p-4381014 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-655-4381015 1,194 1,255 1,051 0,483 0,383 0,854
hsa-miR-660-4380925 -1,277 -1,205 1,060 0,568 0,565 0,878
hsa-miR-671-3p-4395433 -1,218 1,464 1,783 0,811 0,645 0,336
hsa-miR-672-4395438 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-674-4395193 4,275 1,224 -3,493 0,274 0,038 0,341
hsa-miR-708-4395452 -1,758 1,002 1,762 0,409 0,996 0,340
hsa-miR-744-4395435 -1,676 -1,483 1,130 0,173 0,197 0,741
hsa-miR-758-4395180 -1,749 -1,824 -1,043 0,334 0,297 0,755
hsa-miR-871-4395465 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-872-4395375 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-873-4395467 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-874-4395379 1,843 1,938 1,051 0,101 0,253 0,929
hsa-miR-875-3p-4395315 -1,723 -1,796 -1,043 0,545 0,513 0,755
hsa-miR-876-3p-4395336 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-876-5p-4395316 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-885-3p-4395483 -5,463 -5,695 -1,043 0,414 0,403 0,755
hsa-miR-885-5p-4395407 1,024 -1,172 -1,200 0,972 0,814 0,745
hsa-miR-886-3p-4395305 -1,130 -1,186 -1,049 0,842 0,668 0,937
hsa-miR-886-5p-4395304 1,084 -1,119 -1,212 0,836 0,747 0,550
hsa-miR-887-4395485 1,784 1,643 -1,086 0,373 0,434 0,878
hsa-miR-888-4395323 1,276 1,258 -1,015 0,108 0,023 0,913
hsa-miR-889-4395313 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-890-4395320 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-891a-4395302 -1,073 1,001 1,075 0,854 0,997 0,688
hsa-miR-891b-4395321 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-892a-4395306 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-147-4373131 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-208-4373091 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-211-4373088 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-212-4373087 -1,826 1,117 2,041 0,536 0,907 0,046
hsa-miR-219-1-3p-4395206 1,276 1,406 1,101 0,108 0,055 0,619
hsa-miR-219-2-3p-4395501 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-220-4373078 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-220b-4395317 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-220c¢-4395322 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-298-4395301 3,901 1,224 -3,187 0,248 0,038 0,320
hsa-miR-325-4373051 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-346-4373038 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-376¢-4395233 -1,990 -1,424 1,397 0,155 0,367 0,430
hsa-miR-384-4373017 1,276 1,224 -1,043 0,108 0,038 0,755




hsa-miR-412-4373199 1,957 1,224 -1,599 0,152 0,038 0,299
hsa-miR-448-4373206 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-492-4373217 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-506-4373231 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-509-3-5p-4395266 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-511-4373236 -1,909 1,366 2,607 0,366 0,538 0,202
hsa-miR-517b-4373244 1,060 1,017 -1,043 0,790 0,930 0,755
hsa-miR-519¢-3p-4373251 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-520b-4373252 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-520e-4373255 1,276 1,224 -1,043 0,108 0,038 0,755
hsa-miR-520f-4373256 1,276 1,224 -1,043 0,108 0,038 0,755




Online Figure Legends

Table E1. miRNA expression obtained from Tagman Low Density Array (TLDA,
Apply Byosistems) after Limma Analysis. FC, fold change; COPD, chronic

obstructive pulmonary disease; SK, smokers; NS, non-smkokers.

Figure E1. Graphic representation of miRNA expression changes between patients.

Figure E2. Expression of miR-204 in SMC during differentiation (DO, D2 and D6)

and in pulmonary artery-SMC from patients. COPD, chronic obstructive pulmonary

disease; SK, smokers; NS, non-smkokers.

Figure E3. Expression of IGF1 analysed by real time PCR in AS-miR-197 and

scrambled transfected cells. *p< 0.05 by paired-test.
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Abstract Vascular smooth muscle cells (SMC) are a highly
specialized cell type that exhibit extraordinary plasticity in
adult animals in response to a number of environmental cues.
Upon vascular injury, SMC undergo phenotypic switch from a
contractile-differentiated to a proliferative/migratory-
dedifferentiated phenotype. This process plays a major role
in vascular lesion formation and during the development of
vascular remodeling. Vascular remodeling comprises the ac-
cumulation of dedifferentiated SMC in the intima of arteries
and is central to a number of vascular diseases such as arte-
riosclerosis, chronic obstructive pulmonary disease or pulmo-
nary hypertension. Therefore, it is critical to understand the
molecular mechanisms that govern SMC phenotype. In the
last decade, a number of new classes of noncoding RNAs
have been described. These molecules have emerged as key
factors controlling tissue homeostasis during physiological
and pathological conditions. In this review, we will discuss
the role of noncoding RNAs, including microRNAs and long
noncoding RNAs, in the regulation of SMC plasticity.
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Abbreviations

SMC smooth muscle cells
EC endothelial cells
ncRNAs  noncoding RNAs
miRNAs microRNAs

IncRNAs  long noncoding RNAs
SRF serum response factor

SRE serum response element

MYCD myocardin

MRTF myocardin-related transcription factor

TGFf3 transforming growth factor (3

PDGF platelet-derived growth factor

SBE Smad-binding elements

bHLH basic helix-loop-helix

KLF Kiriippel-like zinc finger

NAT natural antisense ncRNA

ceRNA  competing endogenous RNAs

SENCR  smooth muscle and endothelial cell enriched mi-
gration/differentiation-associated

SNP single nucleotide polymorphism

Introduction

Vascular smooth muscle cells (SMC) are a highly specialized
cell type present within the medial region of arteries and arte-
rioles. SMC express a repertoire of proteins that are important
for contractility, ion channels and signaling cascades that al-
low them to regulate systemic and local pressure through the
modulation of the vascular tone. In contrast to other terminally
differentiated cells, SMC maintain high phenotypic plasticity
throughout adulthood. In normal physiological conditions,
these cells stay quiescent. However, under different environ-
mental conditions, SMC are able to re-enter cell cycle and
undergo phenotypic switch from a differentiated/contractile
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phenotype to a dedifferentiated/proliferative phenotype [142,
144]. Dedifferentiated cells are characterized by high rates of
migration and proliferation, increased expression of the extra-
cellular matrix proteins (ECM) and low expression of contrac-
tile proteins. By contrast, contractile or differentiated SMC
exhibit low levels of proliferation and migration and express
a set of specific markers such as cytoskeleton and contractile
proteins, which comprise smooth muscle actin-x (x-SMA),
smooth muscle myosin heavy chain (SM-MHC), calponin,
caldesmon and sm22-« [143]. When repairing vascular injury
and after several rounds of unchecked proliferation, this
dedifferentiated SMC participate in the intimal thickening
and medial stiffening observed in vascular diseases like arte-
riosclerosis, chronic obstructive pulmonary disease (COPD)
or pulmonary arterial hypertension (PAH) [71, 139, 144]. A
recent report from Owens and colleagues, using cell-tracing
system, shows that more than 80 % of SMC in the vascular
lesion undergo phenotypic switch contributing to the intimal
hyperplasia seen in vascular pathologies [158]. For this reason,
much effort has been focused on identifying molecules that
regulate both global SMC differentiation and specific SMC gene
expression. Several observations have demonstrated that a com-
plex network of both protein and noncoding RNAs governs the
phenotypic switch process [4, 41, 98, 132, 143]. However,
despite the importance of SMC changes during vascular
diseases, the molecular mechanisms controlling them are not
yet fully understood, in part due to the versatile characteristics
of these cells. In this review, we briefly summarize the current
understanding of the molecular regulation of SMC differentiation
and phenotypic switch during physiological and pathological
remodeling with special focus on recent discoveries concerning
the contribution of the noncoding genome to this process.

Regulation of SMC phenotypic switch
by transcription factors

Figure 1 summarizes the main signaling cascades and tran-
scription factors that maintain SMC phenotypic states. The
study of SMC transcriptional regulation has been difficult
due to the high variation of SMC marker expression across
different tissues and the fact that SMC derive from multiple
precursors throughout the embryo [98]. Contrary to the skel-
etal muscle, in which myoD is the master regulator of its
differentiation, to date, there is no comparable transcription
factor governing SMC differentiation. The role of the C-Fos
serum response element-binding transcription factor (SRF) in
SMC homeostasis has been demonstrated by the ability of
dominant negative mutants of SRF to prevent differentiation
[118, 123]. SRF regulates most SMC differentiation marker
genes by binding as an homodimer to the highly conserved
CArG cis-element (CC(A/T)¢GG) or serum response element
(SRE) present within nearly all of the SMC-specific promoters
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[133]. Most of the SMC genes contain two or more CArG
boxes, which act cooperatively to promote transcription
[180, 181]. However, SRF cannot be considered a master
regulator because it is an ubiquitously expressed protein that
also regulates cardiac and skeletal muscle-specific gene ex-
pression, as well as the expression of a number of early re-
sponse and structural genes across different cell types [163].
How SREF is able to regulate specific genes in precise environ-
ments is not yet fully understood. SRF activity is regulated by
its association to different transcription factors, such as NkX
and GATA family members and cofactors, predominantly
myocardin (MYCD) and myocardin-related transcription fac-
tors A and B (MRTF-A and MRTF-B) [133]. Additionally,
posttranscriptional modifications of SRF, variation of SRF-
binding affinity among different CArG boxes as well as num-
ber, position and spacing of CArG boxes are now recognized
as the main mechanisms regulating SRF activity [98]. MYCD,
identified in 2001 by Olson and collaborators, form a ternary
complex with SRF and acts as a transcriptional co-activator of
almost all SMC-specific promoters including calponin,
caldesmon, SM-MHC, «x-SMA, sm22-x and specific cell-
cycle-associated genes such as p21 [180]. Forced expression
of MYCD in a skeletal muscle-related cell line is sufficient for
the induction of the majority of SMC markers [116] but not to
initiate the complete differentiation programme in multipotent
stem cells [201]. MYCD is induced by angiotensin II, L-type
voltage-gated Ca2 channels/Ras homology gene family A
(RhoA) and transforming growth factor 3 (TGFf3) and
inhibited by platelet-derived growth factor-BB (PDGF-BB)
[152, 179, 199] (Fig. 1). This indicates that MYCD regulates
changes in SMC contractile mass in response to functional
demands. MYCD activity is subjected to regulation through
multiple mechanisms, including alternative splice variants,
and binding to regulatory proteins [74, 79]. For example, ac-
tivity of MYCD is inhibited by the inflammatory-related fac-
tor NFkB [167] and the insulin-like growth factor-1/AKT-de-
pendent phosphorylation of the transcription factor forkhead
04 (Fox04) inducing its translocation from the nucleus, there-
fore reducing SMC marker genes [114]. MYCD can be phos-
phorylated by glycogen synthase kinase-3-[3 and extracellular
signal-regulated kinase (ERK), resulting in decreased differ-
entiation marker expression [6, 168]. A decreased expression
of MYCD has been observed in several models of vascular
injury, and its re-expression prevents the neointima formation
in murine carotid arteries after injury [1, 166]. SRF/MRTF
complexes also bind to consensus CArG elements within the
promoters of contractile and SMC-specific target genes like -
SMA and sm22-« [175, 180, 181, 202]. RhoA-dependent
actin polymerization has been shown to be required for nucle-
ar localization of MRTF-A and for SMC-specific gene expres-
sion [120]. RhoA activity is mainly mediated by angiotensin
11, sphingosine-1-phosphate, TGF 3, calcium, BMP2 and cell
tension [73].
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Fig. 1 Signaling pathways controlling SMC phenotypic switch. In the
right panel, the differentiated/contractile SMC state is displayed, and in
the left panel, the proliferative/dedifferentiated SMC phenotype. SRF
serum response factor, MYCD myocardin, MRTF myocardin-related
transcription factor, RBPJ recombination signal binding protein for
immunoglobin Kappa J, NCID Notch intercellular domain, TGFf3
transforming growth factor {3, /GF insulin growth factor, 7K tirosin
kinasa, P phosphorylation, Jag Jagged, DI/ delta-like I, NFkB nuclear

TGFf3 signals through the type II TGFf3 receptor and the
type I receptor ALKS. ALKS activation results in the recruit-
ment and phosphorylation of Smads 2 and 3 that complex with
Smad4. The complex translocates to the nucleus and stimu-
lates gene expression [126]. TGF{3 control element (TCE;
G(A/C)GT(T/G)GG(T/G)GA) has been found in several pro-
moters of SMC genes, and its deletion in the sm22-o promoter
blocks gene expression [66]. In concordance, TGF31 stimu-
lates the expression of SMC genes and enhances SRF binding
to CArG boxes [75] (Fig. 1), and several SMC genes contain
functional Smad-binding elements (SBE) that are conver-
gence points of TGFP1 or myocyte enhancer factor 2
(MEF2) binding sites [44]. The related TGFf3 family member
bone morphogenetic 4 (BMP4) also promotes SMC contrac-
tile genes through MRTF [99].

Notch plays an important role in SMC homeostasis and
vascular development [57]. In mammals, there are four trans-
membrane Notch receptors (1 to 4), being Notch 3 the most

factor kappa B, kB inhibitor of kappa B protein, Angll angiotensin II,
ATRI1/2 angiotensin receptor 1 and 2, PDGF-BB platelet-derived growth
factor-BB, PDGFR( platelet derived growth factor receptor 3, KLF4
Kriippel-like factor 4, BMP bone morphogenic protein, /DAC histone
deacetylase, TCF ternary complex factor, Ub ubiquitin, SP/ sphingosine-
1-phosphate, /d inhibitor of DNA binding/differentiation proteins [7, 31,
33,55,56,81,87,88,91,92,103, 105, 107, 108, 110, 113, 122, 129, 134,
150, 153, 154, 177, 182, 183, 186, 195, 196, 206, 210]

strongly expressed in SMC. The transmembrane ligands for
Notch are Jagged 1 and 2 and delta-like 1, 3 and 5.
Recombination signal-binding protein for immunoglobulin
kappa J region (RBPJ) interacts with Notch intercellular do-
main (NICD), which is released upon Notch activation and
stimulates SMC contractile genes [23] (Fig. 1). NICD-RBPJ
target genes include x-SMA [140], SM-MHC [46] and
microRNA 143/145 [18]. In the absence of NICD, RBPJ re-
presses targets by recruiting histone deacetylases (HDACs). A
number of studies have reported that NICD blocks SMC dif-
ferentiation in part by regulating HEP/HEY family, which
inhibits SMC marker gene through SRF/MY CD-dependent
pathway [136, 149].

The GATA zinc transcription factors interact with the DNA
regulatory elements with a consensus sequence A/T GATA
A/G (WGATAR). The GATA-4, -5 and -6 are essential for
cardiovascular system and endoderm-derived tissues [48],
but only GATA-6 is expressed in the medial SMC of the
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vasculature [135] and regulates SMC phenotype in vivo pro-
moting the expression of SM-MHC, «-SMA and calponin
[124]. In addition, GATA-6 regulates SMC proliferation by
directly controlling cell cycle [148]. Preventing GATA-6
downregulation after vascular injury inhibits intimal hyperpla-
sia [124]. These data demonstrate that the effects of both
Notch and GATA signaling are cell-context dependent.

Many SM-specific promoters including SM-MHC [188],
sm22-o¢ [141] and x-SMA [159] contain enhancer-box (E-
box)-binding sites (CAnnTG motifs). This element binds to
homo- or heterodimers of basic helix-loop-helix (bHLH) pro-
teins and to the snail family of transcription factors. Upstream
stimulatory factor (USF) binds to two E-boxes present in the
«-SMA promoter and activates its expression [85].
Overexpression of class I bHLH such as E2-2, E12 and
HEB stimulates x-SMA, while the inhibitory bHLH proteins
Id and Twist decreases x-SMA and sm22-« [151, 197]. The
bHLH Msx1 and Msx2 as well as HERP1/HEY2 directly
interact with MYCD and inhibit SMC marker genes [46, 67].

SMC phenotypic switching is also determined by factors
that suppress SMC gene expression [144]. Although the fac-
tors mediating injury-induced phenotypic switching in vivo
have not been clearly defined, PDGF-BB seems to play an
important role. PDGFRJ} triggers the Ras/Raf/MEK/ERK
cascade leading to the SRF-dependent upregulation of early
response growth genes as well as the phosphorylation of sev-
eral SMC genes, including MYCD and MRTFs [187].
Furthermore, PDGF-BB induces suppression of SMC marker
genes after vascular injury [9, 28] by promoting the expres-
sion of the Kriippel-like zinc finger family 4 (KLF4) or KLF5
[42, 125] (Fig. 1). KLF4 is normally absent in differentiated
SMC in vivo but is rapidly induced in neointima after vascular
injury [112, 158, 200] and promotes SMC phenotypic modu-
lation by repressing multiple SMC marker genes like MYCD
and sm22-«, as well as a group of genes that regulate pro-
inflammatory responses [112, 158].

Noncoding RNAs

In the last years, great advances in transcriptome sequencing
and analysis have allowed the identification of many types of
noncoding RNAs (ncRNAs) molecules. Interestingly, around
98 % of all RNA transcripts do not possess protein-coding
capabilities [45, 64]. It is now clear that many (if not all) of
them regulate individual steps of gene expression including
transcription, RNA processing and translation [24]. In addi-
tion, ncRNAs are able to guide DNA synthesis or genome
rearrangement among other functions [24] constituting the
most versatile molecules that participate in the regulation of
the genome. Broadly, ncRNAs can be classified according to
their size. Small ncRNAs are conformed by less than 200 nu-
cleotides (nt) while long ncRNAs (IncRNAs) are longer than
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200 nt and can range up to tens or even hundreds of thousands
of nucleotides in length [162].

Small noncoding RNAs

The most prominent small ncRNAs are the “housekeeping”
ncRNAs that are represented by ribosomal RNA (rRNA) and
transfer (tRNA), which are required for protein translation [53,
137]. Small nuclear RNAs (snRNAs) are essential for mRNA
splicing [14], small nucleolar RNAs (snoRNAs) for RNA
modification [94] and YRNAs appear to be implicated in
chromosome replication and cell proliferation [95]. Recently,
much attention has arisen in a class of ncRNAs that
posttranscriptionally regulates protein-coding genes. These
include microRNAs (miRNAs), endogenous small interfering
RNAs (endo-siRNAs) and PIWI-interacting RNAs (piRNAs),
which interact with the RNA interference machinery [58].
Very little is known about small RNAs in vascular SMC ho-
meostasis. The most studied small RNAs during SMC pheno-
type alterations are the miRNAs, which will be summarized
here.

miRNAs are well-conserved 21-nt single-stranded RNA
molecules. The miRNAs biosynthesis is initiated by the tran-
scription of a long transcript by RNA polymerase II, which
give rise to a primary miRNA capped and poly-adenylated
[93]. In a sequential double step process, the RNA III enzymes
Drosha and Dicer cleave the miRNA precursor, giving rise to
a mature miRNA or guide strand and a passenger strand,
which is removed by cellular nucleases [10]. The mature
miRNA is incorporated into the RNA-induced silencing com-
plex (RISC) where it binds to a member of the Argonaute
(Ago) protein family and guides RISC to partially comple-
mentary target sites on mRNAs [47]. After the recruitment
of downstream factors, the target mRNA is translational re-
pressed and/or degraded by exonucleases [128]. miRNA gene
regulation has been implicated in a number of cellular pro-
cesses. They are expressed in a stage- or tissue-specific fash-
ion and modulate cell differentiation, proliferation and apo-
ptosis [51]. Consistent with their essential role in cellular func-
tions, homozygous deletion of Dicer in mouse results in le-
thality at embryonic day 8.5 [15].

The microRNAs in SMC homeostasis and phenotypic
switch Direct evidence of the importance of miRNAs medi-
ating SMC differentiation in vivo is derived from conditional
knockout mice studies. Defective blood vessel formation and
loss of pluripotent cells have been observed in Dicer-knockout
(KO) mice [13, 198]. Vascular SMC-specific deficiency of
Dicer also induced defective blood vessel formation causing
late embryonic lethality at E16—-17 [3, 145]. Specifically, loss
of Dicer in vascular SMC during development induced dilat-
ed, thin-walled blood vessels, as a consequence of the reduc-
tion in the proliferation state. The arteries of these mice exhibit
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impaired contractility most likely due to a decreased expres-
sion of SMC contractile genes [3]. In accordance, conditional
deletion of Dicer in adult mice shows a marked reduction in
systemic blood pressure and an increase in vascular remodel-
ing [2]. This phenotype shares a lot of similarities with the
SMC-associated miR-143/145 cluster-deficient mice [16, 49].
However, the SMC-Dicer KO mice present a more complex
and severe phenotype, indicating that additional miRNAs are
involved in the regulation of postnatal SMC differentiation.
miR-143 and miR-145 have been shown to be enriched in
SMC progenitor cells during development [16, 36] and play
a key role in SMC differentiation by targeting KLF4 and
KLFS5, with the subsequent increase of MYCD [32, 36]. In
addition, miR-145 controls the establishment of key ion chan-
nels necessary for a proper contractile phenotype [173].
miRNA-143 and miR-145 are transcribed as a bicistronic tran-
script from a common promoter [49] that contains different
binding sites for transcription factors involved in SMC differ-
entiation, such as CArG [36, 194], Smad response element
[117] and RBPJ [18]. Indeed, the SRF cofactors MYCD and
MRTF-A/B activate the miR-143/145 in vivo and in vitro [36,
194]. Several studies associate the reduction of miR-143/145
with the decrease in SMC contractile markers, SMC pheno-
typic modulation and neointima formation [32, 36]. In con-
trast, increased levels of miR-145 have been described in
PAH, both in cultured SMC from patients and in animal
models. In this study, the authors show that adenoviral-
mediated reduction of miR-145 attenuated the progression of
the disease [22]. On the other hand, in vivo and in vitro ectopic
expression of miR-145 reduces neointimal hyperplasia after
injury [32, 49, 119] and partially rescues the SMC contractile
gene reduction generated by the loss of Dicer, respectively [3].
Interestingly, TGF[3 stimulates the transfer of miR-143/145
from SMC to endothelial cells (EC) through tunnelling nano-
tubes modulating the angiogenesis response through the de-
crease of both EC proliferation and tubulogenesis [34].
Analogously, laminar shear stress induces miR-143/145 ex-
pression in a KLF2-dependent fashion. These miRNAs are
then transported through exosomes from EC to SMC confer-
ring an SMC atheroprotective phenotype [70]. These data
demonstrates that there is an exchange of miRNAs, and pos-
sibly other RNA products, from one vascular cell to another in
response to cellular cues. These messengers trigger
programmes of gene expression, locally or distantly, in order
to modulate vascular homeostasis.

The miR-10a has been reported to mediate retinoic acid-
induced SMC differentiation from ES cells by targeting the
histone deacetylase HDAC4 [76]. The miR-1 and miR-133
family is another group that participates in SMC differentia-
tion. Specifically, miR-1 is induced by MYCD and blocks
contractile SMC expression impairing cytoskeletal organiza-
tion of human aortic SMC in vitro [84]. In addition, miR-1
blocks proliferation by targeting Pim1 [29]. There is also

evidence that miR-1 directs the differentiation of embryonic
stem cells into SMC-like cells by targeting KLF4 [193] and
miR-1 knockout mice show aberrant SMC differentiation
[68]. These different outcomes in the action of miR-1 during
SMC differentiation showed that the effects of specific
miRNAs is cell-context dependent. There are two miR-1
genes located in different chromosomes both of which are
stimulated by MYCD in a conserved SRF-CArG boxes-de-
pendent fashion mostly in cardiac and skeletal muscle [208].
Both miR-1 genes are co-transcribed with homologous miR-
133a genes. Similar to the response observed with miR-1, the
suppression of miR-133a resulted in aberrant expression of
SMC markers during heart development [109]. Later studies
demonstrated a correlation between miR-133a levels and the
differentiation state of vascular SMC. miR-133a targets the
transcription factor SP1 [171], a well-known repressor of
SM-MHC [121]. Accordingly, miR-133a overexpression ex-
periments resulted in the upregulation of SM-MHC and the
decrease of other SMC genes such as calponin and x-SMA,
demonstrating that miR-133a does not fully direct SMC dif-
ferentiation [171]. Further studies showed that neointimal for-
mation can be attenuated with the overexpression of miR-
133a, which blocks SMC proliferation and migration, whereas
miR-133a inhibition exacerbates this condition [171]. Other
miRNAs stimulated by MYCD, miR-24 and miR-29a, have
shown to regulate cell proliferation and migration through
regulating PDGFRf3 levels indirectly and directly, respective-
ly [166]. Another well-known target of miR-24 is the
Tribbles-like protein 3 [26]. In response to PDGF-BB, miR-
24 increases, promoting the downregulation of Tribbles-like
protein 3, which in turn induces the Smurfl-mediated de-
crease of Smadl and the consequent switch to a SMC prolif-
erative phenotype [26, 27]. The miR-29b is also associated
with the inhibition of SMC proliferation and migration, but
its target is yet to be described [20]. Quantification analyses
have determined that the level of miR-29b is much lower than
miR-29a and miR-29¢ in SMC, highlighting differences in
miRNA processing between family members [20]. In this
study, aldosterone is described as a direct factor controlling
the expression of the mature miR-29b, but not of the other
mature miRNAs [20]. miR-24 is transcribed together with
miR-23b and miR-27b [54]; therefore, they are likely to have
related functions in SMC homeostasis. As expected, miR-23b
inhibits SMC proliferation and migration and promotes SMC
markers in vitro and neointimal hyperplasia in a model of
balloon-injured arteries in vivo. miR-23b directly targets
FoxO4 [78].

miR-34a is also associated with SMC differentiation of
both mouse and human embryonic stem cells by activating
SIRT1, which activates SMC genes in a CArG-dependent
fashion [203]. How miR-34a activates SIRT1 needs further
studies. The activation of target genes by miRNAs was also
reported for miR-145, which directly binds and activates
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MYCD [36]. More recently, miR-34a has been shown to in-
hibit proliferation and migration by regulating Notch 1 protein
expression [30]. Overexpression of miR-34a resulted in inhi-
bition of neointima formation in wire-injury femoral arteries
[30].

Another important miRNA in determining the SMC fate
after vascular injury and neointima formation is the miR-21,
which has been shown to be upregulated in balloon injury and
to be pro-proliferative and anti-apoptotic in SMC [83].
In vivo, miR-21 inhibition reduces the neointimal response
through the de-repression of PTEN [83]. In contrast, Davis
and collaborators demonstrated that miR-21 stimulates SMC
contractile proteins by targeting PDCD4 [39]. In this study,
the authors showed that BMP4 or TGF{31-Smad signal
transducers are recruited to the pri-miR-21 (primary
miRNA) in association with a member of the DROSHA
microprocessor complex promoting its processing into
pre-miR-21 (precursor miRNA) and the consequent in-
crease of the mature sequence during SMC differentiation
[39]. In a recent study, genetic ablation of the miR-21 stem
loop attenuated neointimal formation in mice post-stenting
probably via the enhancement of the anti-inflammatory M2
macrophage levels together with an impaired sensitivity to
vascular responses of SMC [127].

The miR-221/222 cluster was shown to be induced by
growth factors and to mediate SMC proliferation in vitro and
in vivo, targeting key negative growth regulators [40, 111].
The miR-146a stimulates SMC proliferation via KLF4, which
in turn regulates the expression of this miRNA [164]. Gain-of-
function and loss-of-function experiments showed that miR-
146a regulates SMC proliferation in vitro. Transfection of an
antisense oligonucleotide against miR-146a into the balloon
injury rat carotid arteries attenuates neointimal hyperplasia
[164]. Another miRNA that regulates SMC proliferation is
miR-130a. This gene targets MEOX1, a growth arrest-
related gene [192].

miR-26a promotes SMC proliferation and attenuates serum
starvation-induced SMC differentiation. The authors identi-
fied Smad1 and Smad4 as direct targets of miR-26a [100].

Courboulin et al. found that miR-204 was downregulated
in PAH in humans and in rat models of PAH. Decreased miR-
204 stimulates SHP2 expression and activates the STAT path-
way contributing to SMC proliferation and pulmonary vessel
wall thickening [37].

miR-155 has been shown to regulate genes required for
differentiation of stem cells into smooth muscle cells, since
exogenous overexpression of miR-155 inhibits expression of
SM-MHC and abrogates SMC differentiation [38, 209].

miR-663 is associated with SMC marker expression, and
the transcription factor JunB was identified as a target of this
miRNA [104]. Transduction of an adenovirus anti-miR-663
partially suppresses the neointimal response to injury [104].
The hsa-miR-424 or its ortholog in rat miR-322 (miR-424/
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322) was found to inhibit SMC proliferation by targeting cy-
clin D1, while miR-424/322 overexpression in vivo protected
against restenosis [131].

Table 1 summarizes the miRNAs genes implicated in the
regulation of SMC plasticity and their validated targets.

Long noncoding RNAs

Currently, the faster growing area of noncoding RNAs re-
search is the study of IncRNAs. The ENCODE project, to-
gether with the improvement of bioinformatics analysis and
the new powerful RNA sequencing technologies, has revealed
pervasive transcription of the majority of the human genome
[35, 64]. The use of RNA capture followed of tilling arrays to
target and sequence selected portions of the transcriptome has
detected additional transcripts that are rare or transiently
expressed [130]. IncRNAs are transcribed by RNA polymer-
ase II, undergo 5’ capping and splicing, can be or not
poliadenylated and, in general, are not well conserved across
species [155]. In general, although the expression of these
transcripts is very low, they exert important and different reg-
ulatory roles in a wide range of biological processes in health
and disease [165, 174]. However, the number of IncRNAs
with functional characterization is limited and the majority
of the new annotated transcripts are derived from fibroblasts.
Considering that specific transcripts or even alternative spe-
cies of the same gene are expressed specifically in different
cell types [130], the description and functional characteriza-
tion of those transcripts in specific cells and states are neces-
sary to better understand their function. The strongest support
of IncRNAs as biologically relevant molecules that regulate in
vivo functions comes from knockout studies in mice [157].

Classification of IncRNAs species has been difficult due to
the high heterogeneity in their biogenesis, structure and func-
tion [162]. Based on the genomic position relative to other
genes, they can be divided in several sub-classes including
intronic ncRNA, circular RNA (cirRNAs), sense ncRNA, nat-
ural antisense ncRNA (NAT), chromatin-interlinking RNA
(ciRNA) and others. Based on their association with other
DNA eclements of known function, they are classified into
enhancer-associated RNA (eRNA), promoter-associated long
RNA (PALR), upstream antisense RNA (uaRNA) and others
(for a review, see Hangauer et al. [162]).

The current challenge in the study of IncRNAs is the elu-
cidation of their mechanisms of action. These molecules ex-
hibit unpredictable and diverse functions. They are able to
influence gene expression in different manners, being able to
stimulate or repress transcription, translation and signaling as
well as to influence the structure and function of chromo-
somes [17, 24, 155, 190]. The problem with the understanding
of IncRNA function is that there are not known features that
correlate IncRNA sequence with specific function. The de-
scription of a novel RNA motif (AGCCC plus A/T at —8 and
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Table 1  Different known miRNAs and their functions in SMC homeostasis

miRNA Target Functions References

1 Piml (-) SMC proliferation Chen et al. [29]

1 Unknown (—) SMC contractility Jiang et al. [84]

1 KIf4 (+) SMC differentiation in ES cells Xie et al. [193]

10a Hdac4 (+) SMC differentiation in ES cells Huang et al. [76]

15b/16 Yap (+) SMC differentiation Xuetal. [195]

21 Pdcd4 (+) SMC differentiation Davis et al. [39]

21 Pten (—) SMC differentiation/(+) neointima Lin et al. [108]; Ji et al. [83]

21 Pten (+) SMC proliferation Green et al. [56]; Liuetal. [113]

21 Dock (+) SMC proliferation Kang et al. [87]

22 Mecp2 (+) SMC differentiation Zhao et al. [206]

23b Foxo4 (—) SMC proliferation/(—) migration laconetti et al. [78]

24 Chi3l1l (=) SMC inflammation/(—) SMC differentiation Maegdefessel et al. [122]

24 Trb3 (-) SMC proliferation Chan et al. [26]

24 Pdgfib (—) SMC migration Talasila et al. [166]

26a Smad1 (+) SMC proliferation/(—) SMC differentiation Leeper et al. [100]

26a Smad4 (-) SMC apoptosis Leeper et al. [100]

26a Pdgfrb (-) SMC migration Talasila et al. [166]

29a/29¢ Cavl (+) insuline resistance/alterations in lipid metabolism Chen et al. [31]

29b Unknown (+) SMC proliferation/(+) SMC migration/(—) Bretschneider et al. [20]
apoptosis necrosis ratio

30a Ca(v)1.2 (—) Vascular tone Rhee et al. [154]

30b/30c Runx2 (-) SMC calcification Balderman et al. [7]

31 Lats2 (+) SMC proliferation Liuetal. [110]

31 Creg (-) SMC differentiation Wang et al. [183]

34a Sirt1 (+) SMC differentiation Yu et al. [203]

34a Notchl (—) SMC proliferation Chen et al. [111]

96 Trb3 (-) SMC differentiation Kim et al. [92]

124 Nfatcl (—) SMC proliferation/(+) SMC differentiation Kang et al. [88]

125b Suv39hl (+) SMC inflammation Villeneuve et al. [177]

126 FoxO3/Bcl2/Irs1 (+) SMC proliferation/(+) neointima Zhou et al. [210]

130a Meox1 (+) SMC proliferation Wu et al. [192]

132 Lrrfipl (-) SMC proliferation/(—) neointima Choe et al. [33]

133a Spl (—) SMC proliferation/(—) SMC migration Torella et al. [171]

138 Mstl (—) SMC apoptosis Lietal. [105]

138 Sirtl (+) SMC proliferation/(+) SMC migration Xu et al. [196]

143/145 KfI4/Elk1/Camk2d (—) SMC proliferation/(+) SMC differentiation Cordes et al. [87]

143/145 KfI5 (+) SMC differentiation/(—) neointima Cheng et al. [32]

143/145 KIf4/Kif5/Add3 Cytoskeletal dynamics Xin et al. [194]

143/145 KIf2 (+) SMC differentiation Hergenreider et al. [70]

146a KlIf4 (+) SMC proliferation/(+) neointima Sun et al. [164]

146b Unknown (+) SMC proliferation/(+) SMC migration Wang et al. [182]

195 Cdc42/Cend1 (-) SMC proliferation/(—) SMC migration Wang et al. [186]

200 Zebl (+) SMC inflammation in Diabetes Reddy et al. [153]

203 c-Abl (-) SMC proliferation Liao et al. [107]

204 Shp2 (—) SMC proliferation/(+) SMC apoptosis Courboulin et al. [37]

205 Runx2 (—) SMC calcification Quiao and Zhang [150]
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Table 1 (continued)

miRNA Target Functions References

206 Notch 3 (—) SMC proliferation/(—) SMC differentiation Jalali et al. [81]
210 E213 (—) SMC apoptosis Gou et al. [55]
221/222 Kit/Cdknlb (+) SMC proliferation/(—) SMC differentiation Davis et al. [40]

G/C at —3), which mediates nuclear localization signal, is
one exception [204]. It is likely that our understanding
about these versatile molecules is only beginning to
emerge and new technologies are needed to unravel their
mechanisms. Uncovered functions of IncRNAs are reca-
pitulated briefly as follows:

Regulation of imprinting

The general definition of imprinting is “parental-spe-
cific gene expression in diploid cells” [8]. Most imprinted
clusters contain protein coding genes and noncoding
RNAs (microRNAs, snoRNAs and IncRNAs), which
are essential for mechanisms of imprinting regulation.
X-inactive specific transcript (XIST) was the first
IncRNA described to have functionality, and it is current-
ly known that regulates X-inactivation mainly by binding
polycomb-repressive complex 2 (PRC2) [72, 160]. Other
well-studied IncRNAs that regulate imprinting include
H19 [11], Airn [161] and KCNQ1OT1 [170].
Regulation of transcription

Nuclear IncRNAs play important tasks in the nucleus-
modulating transcriptional regulation either in cis or in
trans. A function as a scaffold or guides of histone mod-
ification complexes was first described by Chang and
collaborators and confirmed later by genome-wide stud-
ies [59, 172]. In the last, by using RNA immunoprecipi-
tation (RIP), the authors concluded that IncRNAs func-
tion as a cell-context-specific scaffold to guide protein
complexes, such as the polycomb repressor complex
followed by regulation of transcription [155]. Another
described function for nuclear IncRNAs is their role as
enhancers. The eRNAs are smaller than 2000 kb and are
transcribed in correlation with their related gene. The
mechanisms of eRNA action are not well understood,
and several mechanisms have been proposed, including
the facilitation of enhancer-promoter communication by
promoting loop formation, the promoter remodeling via
nucleosome depletion or acting as decoys for key tran-
scription factors or transcription factor binding sites [17].
Nuclear organization

The genomic organization at the three-dimensional
level may facilitate, at a short scale, the formation of
loops that bring distant regulatory regions, enhancers
and their specific targets into contact. At larger scales,
the compaction of higher-order chromosomal domains
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may affect the accessibility to the transcriptional machin-
ery [52, 96]. Several IncRNAs have been connected with
the regulation of nuclear organization, including
MALATI1, NEAT1 [77], XIST [50] and Firre [60].
Studies using chromatin conformation capture analysis
may contribute to find new transcripts that modulate ei-
ther local structures or higher-order structures [43].
Molecular sponges

Cytoplasmic IncRNA transcripts can induce changes
in protein expression by acting as competing endogenous
RNAs (ceRNAs) for miRNAs. Recently, the characteri-
zation of endogenous cirRNAs, which harbour a number
of miRNA-binding sites, promised their function as mo-
lecular sponges [65]. This type of IncRNA is difficult to
detect, but the improvement in sequencing technologies
with the use of better algorithms for mapping RNA has
enabled the identification of more candidates [82]. A
number of linear IncRNAs have also been proposed as
sponges, such is the case of the linc-MD 1, which captures
miR-133 to regulate muscle differentiation [25].
Interestingly, noncoding function of known coding
mRNAs has been also described for the regulation of
the tumour suppressor PTEN [169].
Coding for micropeptides

Recently, two independent groups reported the pres-
ence of small, conserved, open-reading frames in anno-
tated IncRNAs that encode for functional micropeptides
[5, 147]. It is probable that many annotated IncRNAs are
indeed concealed mRNAs and their precise function is
yet to be described.
Other functions

Another proposed function of IncRNAs is the regula-
tion of protein localization and translocation between the
nucleus and cytoplasm [189] and the regulation of coding
genes stability [97, 184].

Long noncoding RNAs in SMC function

Early in the 1990s, H19 was identified as a molecule that acts
as a RNA product [19]. Shortly after its discovery, H19 was
reported to be expressed in SMC during blood vessel devel-
opment reaching low levels in adult vessels [62]. Following
acute vascular injury or in atherosclerotic lesions, this IncRNA
is upregulated [61, 90]. H19 gene is located immediately
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downstream of insulin-like growth factor II (IGF2) and com-
prises 2.3 kb. Both IGF2 and H19 are imprinted in a reciprocal
manner where the paternal chromosome transcribes IGF2 but
not H19 and the maternal chromosome transcribes H19 but
not IGF2. Apart from its involvement in imprinted regulation
of IGF2, the function of H19 is intriguing. A number of re-
ports have described H19 as either an oncogene or a tumour
suppressor in different cell systems. In addition, it has been
shown that miR-675 is contained within the first exon of H19,
which is expressed specifically in the placenta to promote
growth [89]. Recently, a role as a sponge for let-7 family of
miRNAs has been reported [86]. H19 depletion promotes pre-
cocious skeletal muscle differentiation in vitro by influencing
let-7 targets expression [86]. The function of H19 in patho-
logical SMC is unknown, but in this regard, it has been de-
scribed that let-7a blocks proliferation and migration in vitro
and in vivo by targeting myc [21]. It is possible that high
levels of H19 following vascular injury sequester let-7
miRNAs. In consequence, proliferation and migration is aug-
mented through modulation of its targets.

Another IncRNA described in SMC is an overlapping an-
tisense to NOS3 gene (NOS3 NAT-IncRNA). This IncRNA
has a discordant expression with its sense NOS3, with higher
levels of the IncRNA over NOS3, and they do not display co-
localization in assays of in situ hybridization. Knockdown of
NO3 NAT-IncRNA results in an increase of NOS3 expression,
suggesting a posttranslational mechanism of regulation [156].

The IncRNA termed antisense noncoding RNA in the
INK4 locus (ANRIL) is localized in the 9p21.3 region. This
locus has been associated with genetic susceptibility for cor-
onary diseases, intracranial aneurysms and type II diabetes in
genome-wide association studies (GWAS) [146]. It has been
reported that human SMC carrying single nucleotide polymor-
phism (SNP) variants in the ANRIL locus displayed elevated
cell proliferation in vitro [138], and its deletion in mice con-
firmed this result [178]. ANRIL is a nuclear antisense IncRNA
that regulates cell cycle genes in cis by recruiting the
polycomb repressor complex.

The IncRNA-p21 is downregulated in the ApoE null model
of atherogenesis and in human atherosclerotic lesions. This
IncRNA represses SMC proliferation while its downregula-
tion exacerbates the neointimal hyperplasia following acute
injury. Mechanistically, the IncRNA-p21 interacts with
the E3 ubiquitin protein ligase, which acts de-repressing
pS53-dependent target genes [191].

The transcript natural antisense to HIF1oc (HIF1A-AS1)
was found to be increased in serum of patients with aortic
aneurysms, and its downregulation in SMC in vitro reduces
the apoptotic genes caspase 3 and caspase 8 and increases
BCL2 [207]. Another research group, found that HIF1 A-
AS1 regulates the expression of Brahma-related gene 1
(BRG1), a gene that is increased in thoracic aortic aneurysm,
by an unknown mechanism [185].

Leung and collaborators reported the first study using
RNA-seq technology to evaluate IncRNA in SMC derived
from rat. They found that treatment with angiotensin stimu-
lates expression changes in a number of IncRNAs, including
the IncRNA-362. This transcript contains the miR-221/222
cluster. IncRNA-362 downregulation results in a reduction
of miR-221/222 expression and a decreased SMC prolifera-
tion [101].

More recently, the Miano Lab reported the first IncRNA
that seems to be specific of SMC and EC [12]. They screened
human aortic SMC by RNA-seq and found a IncRNA anti-
sense to the EC-restricted FLI1 gene which they called smooth
muscle and endothelial cell enriched migration/
differentiation-associated (SENCR) IncRNA. They confirmed
the expression of two variants highly enriched in EC, SMC
and in tissues like arteries, lung and skeletal muscle. SENCR
knockdown in SMC led to a dedifferentiated phenotype with
the downregulation of SMC markers and the increase of MDK
and PTN, two pro-migratory genes. Simultaneous inhibition
of these genes prevented the migratory phenotype induced by
SENCR silencing, suggesting that these genes mediate
SENCR action [12]. The mechanism by which SENCR regu-
late its targets is unknown. SENCR is localized in the cyto-
plasm and does not control the expression of FLI1. The study
of protein-RNA association using pull-down assays may help
to discern its function.

Genome-wide studies using microarray revealed a number
of IncRNAs differentially expressed in varicose saphenous
with respect to control veins. Many of the identified tran-
scripts are antisense IncRNAs and display a concordant ex-
pression with their associated gene [106]. More recently, the
authors demonstrated a correlation between reduced expres-
sion of the snoRNA-containing GASS in varicose veins with
an enhanced proliferation and migration of SMC [102].
Mechanistically, GASS5 interacts with ANXA2, a calcium-
dependent RNA binding protein. Simultaneous knockdown
of ANXA2 with GASS rescue the proliferative /migratory
phenotype, suggesting that ANXA2 mediates the function of
GASS in SMC [102]. The NAT HAS2-AS1 that is transcribed
opposite to HAS2, a hyaluronan synthase, was reported to
directly mediate the transcription of its overlapping gene.
The authors showed that O-GIcNAcylation stimulates
HAS2-AS1 promoter activity by recruiting p65. In turn,
HAS2-AS1 activates HAS2 transcription by promoting an
open chromatin structure specifically in the promoter region
of HAS2 [176]. The exact mechanism by which HAS2-AS1
exerts its role is unclear.

Recently, a number of putative ceRNAs have been identi-
fied for MYCD using human vascular samples from patients
with intracranial aneurysm [205]. The authors concluded that
depletion of ARGHEF12, FGF12 and ADCY'S transcripts
resulted in the reduction of MYCD levels, in a miRNA-
dependent manner.
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Table 2  Different known IncRNAs and their functions in SMC homeostasis

IncRNA Localization Functions References

H19 NAT-IncRNA/cytoplasmic Unknown Han et al. [62]
ATGY9B NAT-IncRNA/? (-) NOS3 Robb et al. [156]
CDKN2B-ASI1 Antisense IncRNA/nuclear (+) SMC proliferation ? Motterle et al. [138]
MIR221HG IncRNA/? (+) SMC proliferation Leung et al. [101]
SENCR 5'Antisense IncRNA/cytoplasmic (+) SMC differentiation/(—) SMC migration Bell et al. [12]
HIF1A-AS1 NAT-IncRNA/? (+) SMC apoptosis Zhao et al. [207]
HIF1A-ASI1 BRG1 (+) SMC apoptosis/(—) SMC proliferation Wang et al. [184]
IncRNA-p21 IncRNA/nuclear (—) SMC proliferation Wu et al. [191]
HAS2-AS1 NAT-IncRNA/? Matrix regulation Vigetti et al. [176]
GASS IncRNA/cytoplasmic (—) SMC proliferation/(—) SMC migration Lietal. [102]

Table 2 summarizes the IncRNAs genes described in SMC,
and their suggested mechanism.

Perspectives

In the next years, many other miRNAs will probably be iden-
tified as important players in the regulation of SMC homeo-
stasis, given the recent identification of new miRNA tran-
scripts [115]. The next step will be to elucidate more accurate-
ly the identification of target genes. This is complicated due to
the fact that many miRNAs bind to its target genes in a non-
canonical manner [69], difficulting their identification through
bioinformatics analysis. Another important topic for future
research is the identification of nucleotide variations in non-
coding regions, including promoters, miRNA sequence, their
target 3'UTR and IncRNA sequences and their functional im-
pact in vivo. For example, a SNP that has been associated to
cardiovascular disease located in the 3'UTR region of TCF21
creates a binding site for miR-224 which in turn suppresses its
expression in human coronary SMC [134]. Other examples
include the SNP in a susceptible locus for myocardial infarc-
tion that encodes for MIAT, a IncRNA with unclear functions
[80], and variants in the ANRIL locus [138]. The study of
“master regulators” of noncoding RNAs is another poor ex-
plored area of research that needs more attention. Finally, the
exploration of other small ncRNAs is an underdeveloped field
in the study of SMC differentiation. For example, we have
observed that the small ncRNA YRNA3 regulates a number
of SMC marker expression (unpublished observations).
Interestingly, EC and platelets produce and secrete micropar-
ticles full of this small ncRNA (unpublished observations) and
other RNA products that may influence SMC fate. Therefore,
the study of the noncoding genome in the understanding of
SMC phenotype modulation is still in its infancy. Clustered
regulatory interspaced short palindromic repeats (CRISPR)
technologies of genome editing will surely help to discern
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the function of noncoding regions in vivo [63]. The major
challenge in understanding SMC homoeostasis is being able
to integrate the whole genome regulation under normal phys-
iological states and during the development of vascular
diseases.
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Abstract: Pulmonary artery remodelling it is a major feature of pulmonary hypertension (PH). It is characterised
by cellular and structural changes of the pulmonary arteries causing higher pulmonar vascular resistance and
right ventricular failure. Abnormal deposition of smooth muscle-like (SM-like) cells in normally non-muscular, small
diameter vessels and a deregulated control of endothelial cells are considered pathological features of PH. The
origin of the SM-like cells and the mechanisms underlying the development and progression of this remodelling
process are not understood. Endothelial cells within the intima may migrate from their organised layer of cells and
transition to mesenchymal or SM-like phenotype in a process called endothelial-mesenchymal transition (EnMT).
Traditionally, Waddington’s epigenetic landscape illustrates that fates of somatic cells are progressively determined
to compulsorily follow a downhill differentiation pathway. EnMT induces the transformation of cells with stem cell
traits, therefore contrasting Waddington’s theory and confirming that cell fate seems to be far more flexible than
previously thought. The prospect of therapeutic inhibition of EnMT to delay or prevent PH may represent a promising
new treatment modality.

Keywords: Endothelial to mesenchymal transition, remodelling, endothelial cells, pulmonary hypertension, cellular
reprogramming

Pulmonary hypertension Pulmonary arterial remodelling

Pulmonary hypertension (PH) is a complex Pulmonary artery remodelling it is a major fea-

and progressive disease characterised by
increased blood pressure in pulmonary arter-
ies. Hemodynamically, it is defined by a mean
pulmonary artery pressure at rest exceeding 25
mmHg [1]. Pulmonary vessel remodelling,
which consists of intimal, medial and adventi-
tial hypertrophy, leads to a reduction of the vas-
cular lumen [2]. This causes an increase in pul-
monary resistance, severe PH, right ventricular
failure, and early death [3]. Currently, there is
no cure for PH, but available treatments can
lessen symptoms and improve quality of life.
PH can occur due to genetic or sporadic causes,
but the exact basis of PH remain unknown
[4, 5].

ture of PH. It is characterised by cellular and
structural changes affecting all three layers
of the vessel wall of the pulmonary arteries [6,
7]. Common pulmonary vascular remodelling
changes in PH include increased intimal and/or
medial stiffening and thickening, elevated ex-
pression of smooth muscle a-actin, collagen
synthesis/deposition, and inflammation [8].
Abnormal deposition of smooth muscle-like
(SM-like) cells in normally non-muscular, small
diameter vessels and a deregulated control of
endothelial cells are considered important
pathological features of PH [9]. Also, increased
production of extracellular matrix proteins, with
deposition of collagen and elastin contribute to
lumen narrowing and PH [10]. It is this remodel-
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EnMT and vascular remodelling

Figure 1. The origin of the SM-like cells in pulmonary arterial remodelling. Resident vascular smooth muscle cells
(SMCs) from the medial layer retain high cell plasticity and, under specific circumstances, undergo phenotypic
switch towards a synthetic or “de-differentiated” state (A). Differentiated SMCs become highly proliferative and
migratory. Circulating progenitor cells could be recruited to sites of vascular injury and assume a SM-like phenotype
(B). Resident progenitor cells in the adventitia may also serve as a source of SM-like cells and contribute to the
pathophysiological changes in vascular structure (C). Additionally, Endothelial cells within the intima may migrate
from their organised layer of cells and transition to mesenchymal or SM-like phenotype in a process called endothe-

lial-mesenchymal transition (EnMT) (D).

ling process inside the pulmonary vessels that
is responsible for elevation of pulmonary vas-
cular resistance, progressive PH, right ventricu-
lar failure and finally death [11].

The origin of the SM-like cells and the mecha-
nisms underlying the development and pro-
gression of this remodelling process are not
completely understood. It is been thought that
muscularisation of the intimal layer of the ves-
sel wall is caused by proliferation of resident
vascular smooth muscle cells of the medial
layer which migrate to the intima [12, 13]
(Figure 1A). Smooth muscle cells of the medial
layer retain high cell plasticity and, under spe-
cific circumstances, can undergo phenotypic
switch towards a synthetic or “de-differentiat-
ed” state. De-differentiated SMCs express high
levels of extracellular matrix components and
reduced expression of SMC contractile pro-
teins. In contrast to differentiated SMCs, de-
differentiated SMCs become highly prolifera-
tive and migratory [14, 15]. Recently, other
possible sources of SM-like cells in the intimal
layer of pulmonary vessels have been postu-

14

lated. Circulating progenitor cells have been
shown to be recruited to sites of vascular injury
and assume a SM-like phenotype [16-19]
(Figure 1B). Resident progenitor cells present
in the adventitia have also been postulated to
be involved in vascular remodelling [20] (Figure
1C). Additionally, resident endothelial cells
within the intima may delaminate from their
organised layer of cells in the vessel lining,
transition to mesenchymal or SM-like pheno-
type in a process called endothelial-mesenchy-
mal transition (EnMT) and migrate to their
underlying tissue [13, 21] (Figure 1D). In vitro,
these altered cells have an indistinguishable
morphology from de-differentiated SMCs and
express abundant extracellular matrix proteins.
In this review we will go over the evidences for
EnMT of vascular endothelial cells and its
potential implications in PH.

Endothelial-mesenchymal transition (EnMT)

Endothelial cells may contribute to vascular
remodelling through EnMT. This is a process of
endothelial cell “transformation” into mesen-
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chymal cells, by which endothelial cells lose
their endothelial characteristics and gain a
spindle shaped mesenchymal-like phenotype
[22, 23]. EnMT is a central process during
embryonic development [24-26]. In heart devel-
opment, endocardial cells with a clearly endo-
thelial phenotype are able to give rise to mes-
enchymal heart cushion cells through a process
of EnMT [27-29]. Arciniegas et al, have also
shown that EnMT is an important event in aor-
tic and pulmonary artery development [30] and
in the development of the normal arterial inti-
ma [31]. Moreover, morphological studies in
human embryos suggest that EnMT also occurs
during the maturation of both arteries and
veins [32].

Recently, some studies have shown that EnMT
could also happen in adult life in a variety of
pathologic settings, including PH [33, 34], ath-
erosclerosis [35] and wound healing [36]. In
1997, Romero et al showed that capillary endo-
thelial cells could undergo mesenchymal tran-
sition in response to chronic inflammatory stim-
uli [37]. Additionally, a number of in vitro studies
have demonstrated that endothelial cells from
a variety of vascular beds retain the ability to
transition into mesenchymal or SM-like cells
under specific culture conditions [38, 42].

A loss of cell-to-cell contact seems to be a trig-
gering step in the development of EnMT [43].
Cell-cell adhesion glycoprotein, VE-cadherin,
plays an important role in vascular biology by
controlling the cohesion and organization of
cell-cell junctions. The loss of expression of
VE-cadherin, consistently preceded endothelial
phenotype downregulation and SM-like trans-
formation [44].

Signalling during EnMT

There are several key signalling pathways con-
tributing to the remodelling process and to
date, a number of studies have demonstrated
the induction of EnMT in vitro. It has been sug-
gested that the TGF-B1 signalling pathway is
involved in EnMT [45]. Both mouse and human
endothelial cells cultured in the presence of
TGF-B1 have shown SM-like cell morphology
and an up-regulation of «-SM actin [46-48].
Recently, studies have shown that both TGF-f1
and Wnt-signalling pathways could synergize in
the EnMT process [49, 50]. Moreover, in addi-
tion to TGF-B1 and Wnt-signalling pathways, the
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Notch pathway has also been shown to be
involved in both vascular development and inti-
mal lesion formation processes [51-53].
Although it is known that all these signalling
pathways contribute to EnMT, it is not clear
whether Notch, Wnt, TGF-B1, or the combina-
tion of all pathways, provide the initiation signal
for EnMT in vivo [54]. Furthermore, it is likely
that other signalling pathways such as VEGF,
NFAT and BMP, which interact with TGF-B1 and
Notch signalling, also mediate EnMT [55].

Despite these signalling studies, the transcrip-
tional networks which mediate EnMT remain
largely unidentified. Recently, the role of the
Snail family of transcriptional repressors has
been highlighted in control of different tran-
scriptional programs of mesenchymal stem cell
differentiation [56]. Snail proteins including
Slug are involved in a broad spectrum of bio-
logical functions including epithelial to mesen-
chymal transition (EMT), cell differentiation,
cell motility, cell-cycle regulation and apopto-
sis. In the context of EnMT, Snail and Slug play
a critical role in disrupting cell-cell junctions
and down-regulating VE-cadherin gene expres-
sion [57-59].

EMT/EnMT

EnMT is related to the more generally recog-
nized mechanism of somatic cell plasticity;
epithelial-to-mesenchymal transition (EMT)
[60]. EMT involves a phenotypic cellular switch,
in this case, from an epithelial to mesenchymal
phenotype [61]. EnMT, EMT and its reverse
pathway, mesenchymal to epithelial transition
(MET) are key biological processes that occur
naturally during embryonic life [62, 63]. Cellular
switching from an epithelial to mesenchymal
phenotype (EMT), and conversely from a mes-
enchymal to epithelial phenotype (MET) are
important biologic programs fundamental to
the generation of several complex body pat-
terns throughout evolution [64, 65]. EMT plays
a central role in germ layer specification (endo-
derm, ectoderm and mesoderm) and a range of
different recurrent EMT/MET cycles occur
before final organ formation [66]. In lungs for
example, EMT is a natural process that exists to
allow airway branching during fetal develop-
ment. During cardiac development, EMT/MET
is crucial in valve formation and heart septation
[67]. In other organs, such as the kidney, suc-
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Figure 2. Cellular differentiation and reprogramming patterns. Waddington’s epigenetic landscape. Somatic cells
take on a specific fate by compulsorily progressing from the pluripotent state to a terminal differentiated state (A).
Transdifferentiation. A mature cell switches its phenotype and function to that of another mature differentiated cell
type without undergoing an intermediate pluripotent state or becoming a progenitor cell (B). Dedifferentiation of
reprogramming to pluripotency. Differentiated cells return to an immature state and regain pluripotency (C). EMT/
EnMT; partial dedifferentiation. Cells change their specific fate, dedifferentiate and acquire a more immature, pro-
liferative phenotype from another somatic lineage without converting to a pluripotent cell (D).

cessive phases of EMT/MET are necessary to
ultimately give rise to nephrons or nephric
ducts [68]. Moreover in the adult, EMT contrib-
utes to pathology of tissue fibrosis, tumour pro-
gression, and tumour metastasis, which results
when cells delaminate from the primary tumour,
allows them to migrate [69, 70].
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Cellular reprogramming

Traditionally, Waddington’s epigenetic land-
scape illustrates that fates of somatic cells are
progressively determined to compulsorily follow
a downhill differentiation pathway [71] (Figure
2A). As such any reversal of cell differentiation
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status would require external intervention in
nuclear function such as nuclear transfer [72,
73] or the introduction of several transcription
factors [74]. The plasticity of somatic cell fate is
a complex concept that has evolved through
decades of research. It is currently known that
some somatic cells seem to possess a greater
plasticity when exposed to certain stimuli.
Smith et al, showed in 1998 that Oct4 tran-
scription factor is required for maintaining
mouse embryonic stem cell pluripotency [75],
and in 2006 Takahashi and Yamanaka et al,
were able to reprogram mouse fibroblasts to
induced pluripotent stem cells (iPS) using 4
transcription factors (Sox2, Kif4, Oct4 and
c-Myc) [76]. EMT and EnMT are examples of
remarkable somatic cell plasticity occurring
naturally though organogenesis. There is cur-
rent evidence that cells undergoing EMT/EnMT
acquire stem cell properties [77, 78] and it has
recently been postulated that MET is a key cel-
lular mechanism required for transforming
somatic cells toward the generation of induced
pluripotent stem cells [79]. Li et al, showed that
while Sox2/0ct4 upregulation suppresses the
EMT mediator Snail, c-Myc downregulates TGF-
B1 and TGF-B receptor 2, whilst, KIf4 induces
the expression of epithelial genes including
E-cadherin [80]. These recent findings are
important and raise many questions. They
oppose Waddington’s epigenetic view in which
a fully differentiated cell had completed a
downhill journey into a valley from which it
could not then escape. Cell fate seems now to
be far more flexible than previously thought
[81].

Transdifferentiation refers to a process where
one mature cell switches its phenotype and
function to that of another mature differentiat-
ed cell type without undergoing an intermedi-
ate pluripotent state or becoming a progenitor
cell [82] (Figure 2B). Davis et al, showed in
1987, that mouse embryonic fibroblasts could
transdifferentiate directly into mature myo-
blasts [83]. EMT/EnMT induces the generation
of cells with stem cell traits, thus it does not
fulfil Takahashi’s definition of transdifferentia-
tion. Dedifferentiation is a process which
induces cell rejuvenation. It refers to a process
where cells travel back up their differentiation
path, to become more immature and finally
convert into a pluripotent cell [84] (Figure 2C).
EMT/EnMT could be considered an initial stage
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of cellular dedifferentiation or reprogramming
processes where cells dedifferentiate and
acquire a more immature, proliferative pheno-
type but do not convert to a pluripotent cell.
Cellular reprogramming and change of cell fate
decisions through EMT/EnMT provides new
ways to traverse across Waddington’s epigene-
tic landscape (Figure 2D). As EMT/EnMT are
essential and occurs frequently during embry-
onic development one could postulate that cel-
lular reprogramming occurs spontaneously in
the embryo and in certain adult pathological
conditions.

Reversibility of EMT/EnMT. Future perspec-
tives

During embryogenesis, EMT and its reverse
process, MET, occur spontaneously during
organ morphogenesis [85]. However, less is
known about the reversibility of EnMT [86]. It
has been suggested that endothelial cells
transformed to a more SM-like cell phenotype
could be restored by administration of FGF
[87]. Recently our group have shown that in
vitro, following withdrawal of TNF-a, SM-like
cells acquired a normal phenotype (manuscript
submitted). However, more studies are neces-
sary to determine the reversibility of this EnMT
process in vitro and in vivo.

It is accepted that EMT/EnMT occurs not only
during embryonic development but also in the
pathogenesis of various cardiovascular diseas-
es such as heart failure and PH. The prospect
of therapeutic manipulation of EnNMT/EMT in
the treatment of these conditions is particularly
attractive [88, 89]. In particular, therapies
directed at inhibiting EnMT to delay or prevent
PH, may represent a promising new treatment
modality. Nevertheless, additional studies are
needed to identify the precise molecular mech-
anism of EnMT in disease, to provide novel
insights into the mechanisms of such diseases
and to determine which signalling components
might be viable therapeutic targets.
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