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I. INTEGRACIO RESULTATS ARTICLES | 111

L’objectiu dels primers treballs experimentals fou estudiar els mecanismes que porten
a la retenci6 1/0 modificaci6 de les LDL infiltrades en la paret vascular, aixi com establir el/s
mecanisme/s mitjangant el/s qual/s les CML uneixen i internalitzen les LDL modificades. En
aquesta seccid es pretén resumir i integrar els resultats obtinguts. Els articles originals, aixi
com els corresponents annexes publicats on-line, s’adjunten a la seccié 111 de resultats.

La infiltracié de LDL en la paret arterial porta a la seva interacciéo amb els PGs de la
MEC. Com s’ha esmentat, els PGs que semblen tenir major rellevancia en els processos
desenvolupats a I’intima arterial son els CSPG i els HSPG. Els CSPG so6n secretats per les
cel-lules de la paret vascular i tenen elevada capacitat d’interaccionar i/0 modificar les LDL.
Mentre que, els HSPG poden ésser secretats o restar units a la superficie cel-lular, 1 es
caracteritzen per poder actuar com a receptors de lipoproteines aterogeniques i/o per facilitar
I’aproximacié de determinats lligants al seu receptor, incrementant d’aquesta manera
I’eficiéncia d’internalitzaci6. Aixi doncs, s’estudia la contribucié d’ambdos tipus de PGs en
els processos de modificacié de LDL 1 d’internalitzacié cel-lular.

En primer lloc s’analitza la importancia d’un CSPG, el versica, en la modificacié de
les LDL i conseqiientment en la seva internalitzacié per les CML. S’escolli aquest PG doncs
¢s el principal PG estructural de la MEC i és un dels PGs amb major afinitat per les LDL

plasmatiques.

I.1. Caracteritzacio de lipoproteines modificades in vitro

Les LDLn es modificaren per agitacio intensa (LDLag) i per incubacié amb el versica
(versica-LDL). Les fraccions precipitable i no precipitable, obtingudes de la centrifugacié de
les LDL modificades, es caracteritzaren en paral-lel juntament amb les LDLn. L’analisi de les
diferents lipoproteines per electroforesi en gel d’agarosa i en gel en gradient d’acrilamida, aixi
com la microscopia electronica, posaren de manifest la composicio i tamany de les particules
de LDL.

La fracci6 precipitable de les LDLag es composava de particules fusionades d’entre 77
1 160 nm de diametre (fig 2AF, article ), mentre que la fraccid precipitable de les versica-LDL
estava formada de particules fusionades de diametre entre 92 i 166 nm i de particules

monomeriques (fig 2CG, article |). Les particules monomeriques que composaven el filtrat de
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la fraccio precipitable de les versica-LDL, igual que les que formaven part de les fraccions no
precipitables d’ambdds tipus de LDL modificades, presentaven un diametre de 26,2 nm (fig

1B; fig 2BD, articlel) i mobilitat electroforética semblant a les LDLn (fig 1A, articlel).

1.2. Efecte de les versica-LDL en el contingut de colesterol intracel-lular en les cél-lules
musculars llises

Les CML s’incubaren amb concentracions creixents (20, 40, 60 pg/mL) de les
fraccions precipitables i no precipitables de les versica-LDL i de les LDLag, i de les LDLn.
Les particules monomériques de les fraccions no precipitables, malgrat tenir un tamany i
mobilitat electroforética semblant a les LDLn (fig 1B, fig 2BDE, article |), foren capaces
d’induir una acumulacié de CE intracel-lular superior a la que produien aquestes (fig IVC
annex, article ). Mentre que, la captacid de la fraccioé precipitable de les versica-LDL porta a
una acumulacio intracel-lular de CE seguint un perfil dosi-resposta semblant al produit per les
LDLag (fig IVAB annex, article I). Cap de les lipoproteines altera els nivells de CL

intracel-lular (fig 1V annex, articlel).

1.3. Internalitzacio de les lipoproteines per les cél-lules musculars llises

A fi d’establir el mecanisme d’internalitzacio de les versica-LDL es portaren a terme
assajos de competencia de lligant. Les CML, prévia addicié de les diferents lipoproteines
(LDLn, LDLag, versica-LDL), s’incubaren amb lligants de diferents receptors: lactoferrina
(lligant pels receptors de la familia del rLDL), acid poliinosinic (lligant pels receptors
scavenger), galactosa 1 fetuina (lligants pel receptor asialoglucoproteic). D’aquests assajos es
dedui la implicacié d’un receptor de la familia del rLDL, ja que I’tnic lligant capa¢ d’inhibir
I’acumulacié de CE induida per cadascuna de les lipoproteines, fou la lactoferrina (taula |
annex, article ). Per concretar en el receptor implicat, es bloqueja 1’activitat del rLDL i del
receptor LRP amb un anticos especific i amb ODNs antisentit, respectivament (control
d’inhibicio del LRP fig VI annex, article1). Analisis que posaren de manifest la implicacio del
rLDL en la internalitzacid de les particules monomeriques de LDLn, i de les particules
monomeriques que conformaven la fraccio no precipitable i el filtrat de la fraccio precipitable
de les versica-LDL, ja que el bloqueig amb I’anticos contra el rLDL porta a una reduccid =
60-80 % de 1’acumulaci6 de CE induida per aquestes particules (fig V annex, article ). D’altra

banda, els estudis d’inhibicio de I’expressié del LRP evidenciaren la implicaci6 d’aquest
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receptor en la internalitzacié d’una part de les particules de les fraccions precipitables de les
LDLag 1 de les versica-LDL (fig 3AB, article I). La inhibicié del LRP porta a una reduccio de
I’acumulacié de CE induida per les fraccions precipitables d’aquestes lipoproteines d’un =
71% i = 65%, respectivament; sense alterar I’acumulacié de CE produida per les fraccions no
precipitables d’ambdds tipus de LDL modificades (fig 3C, article I). Resultats que concorden
amb els obtinguts per microscopia Optica amb la que s’observa que la inhibicié del LRP

portava a una menor adhesié de les versica-LDL a la superficie de les CML (fig 3D, articlel).

Coneguda la capacitat dels versica (CSPG) de modificar les LDL, es passa a
caracteritzar els PGs sintetitzats per les CML i pels fibroblasts. S’empraren fibroblasts com a
cel-lules control, ja que en nombrosos estudis previs s’havien emprat aquest tipus cel-lular per
analitzar el paper dels HSPG i del LRP en la captacioé de diferents lligants. D’altra banda,
s’estudia la possible implicaci6 dels CSPG i dels HSPG, en el mecanisme de captacio 1
internalitzaci6 de les LDLag (s’escolli aquest model donada la semblanga entre les LDLag i

les versica-LDL observada en ’articlel).

I.4. Caracteritzacio dels proteoglicans sintetitzats per les cél-lules musculars llises i pels
fibroblasts

Els estudis de caracteritzacié de la MEC i de la sintesi de PGs es realitzaren en CML i
en els fibroblasts MEF, ja que es considera que els fibroblasts que expressen el LRP (MEF) i
els que no I’expressen (PEA13) no presenten diferéncies pel qué fa a la sintesi de PGs. Per
microscopia electronica es posa de manifest que tant la matriu pericel-lular de les CML (fig
2A, article11) com la dels fibroblasts MEF (fig 2B, article I1) estava constituida per una malla
de collagen entrellagada amb filaments prims de PGs que quedava completament
desestructurada per 1’activitat de la HSI i de la ChABC (fig 2CD, articlell).

Els HSPG i CSPG sintetitzats per les CML i pels MEF es caracteritzaren mitjangant
marcatge metabolic ([*°S]Na;SO4) 1 digestio selectiva amb HSI&III i ChABC,
respectivament. El patr6 dels PGs sintetitzats (fig | annex (tractament a les 2 h), article I1) no
mostra diferéncies significatives entre els tractaments enzimatics de 2 1 18 h (en preséncia o
no de LDLag) en cap dels tipus cel-lulars en estudi. D’aquest analisi es dedui que la major
part de PGs sintetitzats per les CML i les MEF resten a la fraccio cel-lular, 58% i 56%,
respectivament (taula I, article 11). Mentre que, la MEC conté un baix percentatge dels PGs

sintetitzats, un 7% en les CML 1 un 4 % en les MEF, i la resta son secretats al medi de cultiu.
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Tot i que, el patr6 d’elucié dels PGs evidencia que ambdos tipus cel-lulars no secreten HSPG
al medi de cultiu, la composicié de PGs de les fraccions cel-lular i de la MEC presenta clares
difereéncies entre CML 1 MEF. El percentatge de HSPG en les fraccions cel-lular i MEC de les
cel-lules MEF fou superior al trobat en les CML. D’altra banda, per SDS-PAGE, es posa de
manifest que el perleca semblava ser el HSPG majoritari en les CML, mentre que, en les MEF
els HSPG trobats tenien el tamany propi del sindeca (fig 1, article Il; control de carrega
proteica en el SDS-PAGE fig Il annex, article I1). Pel qué fa a la sintesi de CSPG, les
fraccions de les CML presentaren un major contingut d’aquests PGs respecte les MEF (taula
I, article 11). El patr6 de bandes (per SDS-PAGE) dels CSPG, especialment de la fracci

cel-lular, mostra també¢ diferéncies de tamanys entre CML 1 MEF (fig 1, articlel1).

L.5. Rellevancia dels proteoglicans i del LRP en la internalitzacié de les LDLag en les
cél-lules musculars llises i en fibroblasts

Per posar de manifest la contribuci6 dels PGs 1 del LRP en la captaci6 de les LDLag,
es treballa amb cel-lules que expressen el LRP (MEF i CML no tractades amb ODNs
antisentit contra el LRP) 1 cel-lules que no expressen el LRP (PEA13 i CML tractades amb
ODN s antisentit contra el LRP), totes elles tractades o no amb HSI&IIT o amb ChABC. Les
cel-lules es preincubaren amb els diferents tractaments enzimatics durant 2 h, prévia addicio
de les lipoproteines, les quals es mantingueren en el medi de cultiu durant 18 h.

En les CML, els estudis d’acumulaci6é de CE evidenciaren la capacitat de les LDLag
d’induir altes concentracions intracel-lulars de CE de manera dosi-resposta (fig 3, article I1).
Acumulacié que no s’observava en les CML tractades amb ODNSs antisentit contra el LRP, en
concordancia amb el paper del LRP en la uni6 i internalitzacié de les LDLag préviament
descrita en el nostre grup (Llorente-Cortés V 2000). Aquestes dades es corroboraren amb les
imatges de microscopia Optica que mostraren com la inhibicié del LRP portava a una
important davallada en I’adhesié de LDLag a la superficie cel-lular (veure fig 3D, article I).
D’altra banda, I’eliminacio dels HSPG en les CML, porta a una reduccioé de 1’acumulacio de
CE (derivada de les LDLag) de fins un =38 % (fig 3, article Il), en concordancia amb la
lleugera davallada en 1’adhesi6 de les LDLag a la superficie cel-lular (fig |1 C annex, article 1),
permetent mantenir encara uns nivells considerables d’acumulacié de CE (fig 3, article I1).
Mentre que, I’eliminaci6é dels CSPG no modifica significativament els nivells intracel-lulars

de CE (fig 3, article1).
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Pel que fa als fibroblasts, I’abseéncia de LRP en les PEA13 induia una davallada d’un
~53 % en I’acumulacié de CE derivada de la captacio de les LDLag, a diferéncia de I’efecte
de I’abséncia de LRP en les CML que produia una davallada del 80 % (fig 3, article II).
Resultats que concordaven amb 1’adhesio de les LDLag observada en la superficie cel-lular,
per microscopia optica (fig || BE annex, article I1). Cal destacar que, I’eliminacié dels HSPG
inhibia completament I’acumulacié de CE induida per les LDLag tant en les MEF com en les
PEAI13 (fig 3, article I1). Les imatges de microscopia optica corroboraven aquests resultats, ja
que mostraven com la degradacié dels HSPG en les MEF 1 PEA13 era capag¢ de bloquejar
completament 1’adhesi6 de les LDLag a la superficie cel-lular (fig IIDF annex, article II),
portant a una completa inhibicié de 1’acumulacié de CE (fig 3, article Il). Mentre que,
I’eliminaci6 dels CSPG no modificava significativament els nivells intracel-lulars de CE en
ambdos tipus de fibroblasts (fig 3, article11).

Analitzant les dades d’acumulacio lipidica obtinguda dels diferents tractaments en les
diferents linies cel-lulars es pot deduir que, els HSPG poden actuar com a receptors de LDLag
en les MEF, pero no en les CML. En les CML el LRP ¢és imprescindible per la captaci6 de les
LDLag. Tot i aixo, els resultats posaren de manifest que tant en les CML com en les MEF
existeix un mecanisme de cooperacié entre LRP 1 HSPG. Les observacions esmentades es

resumeixen en la taula que s’adjunta a continuacio.

Taula |. Calcul aproximat de la contribucié dels HSPG i del LRP en la internalitzacio de
lipoproteines

CML Fibroblasts
Contribuci6 dels Cooperacio Contribuci6 del Contribuci6 dels Cooperacio6 Contribuci6 del
HSPG HSPG i LRP LRP HSPG HSPG i LRP LRP
1% 26% 58% 41% 25% 12%
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IL. INTEGRACIO RESULTATS ARTICLES I T 1V

En els dos primers treballs (articles| i I1) es posa de manifest la implicacié del receptor
LRP en la unié i internalitzaci6 de LDL modificades (LDLag i versica-LDL). Resultats que
fan pensar que el LRP podria tenir un paper clau en la induccié d’acumulacid lipidica
intracel-lular en les CML, afavorint aixi la seva transformacio en cél-lules escumoses,
esdeveniment clau pel desencadenament de 1’aterogenesi.

S’ha descrit que el LRP té una elevada expressio tant en vasos sans com en lesio
aterosclerotica. Pero, es coneix poc sobre la seva expressio i regulacio en les CML presents
durant la progressié de la placa aterosclerotica en coronaries humanes. Aixi doncs, ens
plantejarem analitzar els nivells d’expressio del LRP en CML procedents d’artéries sanes i/0
aterosclerotiques. D’altra banda, a fi d’establir els mecanismes que regulen els nivells
d’expressi6 1 activitat del LRP en les CML, estudiarem la possible implicaci6 del lipid en la
regulaci6 del LRP, analitzant els nivells d’expressio del LRP en CML humanes en les que
s’induien elevats nivells de colesterol intracel-lular per incubacié amb LDLag. Estudis que es
contrastaren amb 1’analisi dels nivells del LRP en la paret vascular d’animals amb

hipercolesterolémia induida per dieta.

I1.1. Efecte de la internalitzacié de les LDL i LDLag en la regulacié de I’expressio dels
receptors LRP i del rLDL en cultius de cél-lules musculars llises

La incubaci6 durant 48 h de les CML amb LDLag induia uns nivells d’acumulaci6 de
CE d’unes tres vegades superior als produits per les LDLn, les quals tant sols portaven a un
lleuger augment en els nivells de CE intracel-lulars (fig 1, article Ill). L’estudi de
d’acumulaci6 lipidica en CML procedent d’artéries coronaries sanes i/o aterosclerotiques,
evidencia que la capacitat d’acumular CE (per la incubacié amb LDLag) al llarg del temps era
superior en les CML derivades de zones de placa (fig 1, article 1V). Perd no s’observaren
diferéncies significatives entre ambdods tipus cel-lulars pel qué fa a 1’acumulaci6 lipidica
intracel-lular induida per la incubaci6 amb LDLn. Aquesta internalitzacié incrementada de
LDLag anava associada amb uns nivells d’expressio del LRP significativament més elevats,
tant a nivell d’ARNm com de proteina, en aquelles CML que derivaven de lesions
aterosclerotiques (fig 2AC, article 1V). D’altra banda, la incubacié de les CML amb LDLn o

LDLag produi un increment en els nivells d’ARNm del LRP al llarg del temps i de manera
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dosi-resposta (fig 2AC, article 111). Cal dir pero, que la induccié causada per les LDLn fou
inferior a la produia per les LDLag a qualsevol dels temps estudiats. S’assolia un maxim
d’inducci6 a les 24 h d’incubacid, temps en el qual la sintesi proteica del LRP també¢ es veia
incrementada de manera diferencial pel tractament amb LDLn o LDLag (fig 3, articlelI1).
Paral-lelament i com a control, s’estudiaren els nivells d’expressio del rLDL. Els
estudis en CML derivades de coronaries sanes i/0 aterosclerotiques indicaren que 1’expressio
del rLDL era substancialment més baixa que la del LRP independentment de 1’origen de les
CML (fig 2AB, article 1V). A més, es posa de manifest que 1’expressio del rLDL era
significativament més baixa en les CML procedents de lesions aterosclerotiques respecte a les
derivades d’artéries sanes (fig 2B, article 1V). Resultats que concorden amb el fet que
I’expressio del rLDL s’inhibia inclus per la incubacié de les CML amb concentracions baixes
d’ambdues lipoproteines (LDLn i LDLag) (fig 2D, article111). D’altra banda, tot i que, tant les
LDLn com les LDLag eren capaces de reduir els nivells d’ARNm del rLDL al llarg del temps
(fig 2B, article I11), la reduccio produida per les LDLn era ja evident a les 6 h d’incubacio,
mentre que, I’efecte de les LDLag s’evidenciava a les 12 h. Amb tot, s’observa una lleugera

reversid d’aquesta inhibici6 a partir de 24 h d’incubaciéo amb ambdos tipus de lipoproteines.

I1.2. Hipercolesterolemia i expressio del LRP en la paret vascular

A fi de corroborar els resultats obtinguts en els cultius cel-lulars, que mostraven com
I’entorn lipidic pot modular 1’expressio del receptor LRP, es portaren a terme estudis
d’hibridaci6 in Situ amb els que s’estudia si la hipercolesterolémia (en el model porci) pot
modular I’expressio d’aquest receptor en la paret vascular.

Els animals hipercolesterolémics presentaven un increment significatiu dels nivells
plasmatics de lipids respecte als normocolesterolémics (taula, article I11) i una incipient lesid
aterosclerotica a la paret vascular (fig 6AB, article 111). Cal destacar que, els analisis
d’hibridacié in situ demostraren un significatiu increment en 1’expressio del receptor en la
linia intima-mitja (just per sota de les zones de desenvolupament de placa aterosclerotica) en
els animals hipercolesterolémics respecte als normocolesterolemics (fig 6, article I 11).

Els resultats obtinguts en els animals hipercolesterolémics es contrastaren amb estudis
en mostres de coronaries humanes amb lesions aterosclerotiques en diferents estadis de
progressio. Les mostres de coronaria es sotmeteren a tincio per Tricromic de Masson (fig 4AB,
article 1V) per tal de classificar les lesions en: grup I (lesions inicials: baix engruiximent

arterial), grup II (lesions de creixement mitja), grup III (lesions avancades d’alt risc) i grup IV
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(lesions severes). L’analisi immunohistoquimic del lipid present en la paret vascular
(quantificant apoB100 1 per tinci6 ORO) mostra que, en progressar les lesions s’incrementava
significativament la deposicio lipidica en I’intima (fig 3A, article IV). D’altra banda, els
resultats obtinguts en el model porci concordaven amb els obtinguts de mostres humanes on
s’observa un increment de 1’expressiéo del LRP amb la progressio de la lesio (fig 3C i fig 4,

article V).

I1.3. Rellevancia dels SREBPs en el control de I’expressié del LRP

S’ha descrit que el rLDL esta altament regulat pels nivells intracel-lulars de colesterol.
El rLDL, igual que la resta de gens involucrats en el metabolisme lipidic, conté una regio
consens per SRE en el promotor, permetent ser regulat mitjancant proteines SREBPs. El
receptor LRP conté un SRE en una regi6 inusual en ’extrem 5° de la regid no traduida del gen
que, tot i no trobar-se en el promotor, es podria pensar que intervingués en la regulacié del
LRP via les proteines SREBPs. Aixi doncs, ens plantejarem analitzar la possible implicacid
d’aquests SREBPs en la regulaci6 dels nivells d’expressio del LRP.

La incubacié de les CML amb concentracions elevades d’ambdues lipoproteines
(LDLn i/o LDLag) porta a una completa davallada de I’expressié de I’ARNm del SREBP-2
sense alterar els nivells del SREBP-1 (fig 4A, article I11). Els estudis al llarg del temps
mostraren que, seguint el patr6é de regulacio del rLDL (fig 2B, article 111), hi havia un retras en
la regulaci6 a la baixa del SREBP-2 induida per les LDLag (12 h) comparat amb ’efecte que
produien les LDLn (6 h) (fig 4B, article I11). D’altra banda també s’observa una lleugera
reversid en 1’expressié del SREBP-2 a partir de les 24 h d’incubacié amb ambdoés tipus de
lipoproteines, efecte que també s’apreciava en els nivells del rLDL (fig 2B, articlel11).

Per confirmar la implicacié del SREBP-2 en el mecanisme de control d’expressio del
LRP, s’analitza I’efecte d’un inhibidor del catabolisme dels SREBPs (ALLN) en I’expressio
del rLDL i en el LRP. L’increment en I’expressi6 del LRP produida per les LDLn i/o LDLag
es vei¢ completament revertida, per efecte de ’ALLN, tant a nivell d’expressid (nivells
d’ARNm i proteina) com de funcionalitat del receptor (acumulacié de CE intracel-lular) (fig 5,
articlel11). Com a control, s’analitza 1’expressi6 del rLDL observant-se que el tractament amb
ALLN impedia la regulacié a la baixa del rLDL que exerceixen d’ambdues lipoproteines (fig

5AC, articlell1).
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I1.4. Efecte del contingut lipidic intracel'lular en la supervivencia de les cél-lules
musculars llises

El fet que I’elevada acumulacié de CE intracel-lular en les CML, facilitada per una
positiva regulacié del LRP, portaria a la seva transformacio en c¢l-lules escumoses, fa pensar
en un possible canvi en la funcionalitat i viabilitat de les CML. Aixi, ens plantejarem analitzar
els efectes del contingut lipidic intracel-lular en la superviveéncia de les CML.

Els estudis immunohistoquimics en coronaries humanes mostraren una davallada en la
preséncia de la CML en I’intima arterial durant la progressid de la lesio (fig 3B, article 1V)
paral-lelament amb un increment en el contingut lipidic (fig 3A, article 1V). Aixi doncs, es
decidi estudia si ’entorn lipidic i/o el contingut lipidic intracel-lular podien condicionar la
supervivencia de la CML.

Els estudis de proliferacid cellular (incorporacié de [*H]timidina) mostraren que la
internalitzaci6 de LDLn o LDLag no modificava el grau de proliferacié de les CML procedent
de coronaries sanes (fig 5, article IV). Mentre que, ambdos tipus de lipoproteines
incrementaven significativament la sintesi d’ADN en les CML procedents de lesions
aterosclerotiques (fig 5, article 1V). D’altra banda, la preséncia de PDGF-BB incrementava el
grau de proliferaci6é de les CML derivades de regions sanes, perd no es vei¢ modificada la
proliferacié de les CML procedents de regions aterosclerotiques, independentment de la
presencia o no de lipoproteines.

Per corroborar els estudis de supervivencia, s’analitza si la internalitzacié de
lipoproteines modificava I’index Bcl,/Bax, marcador d’apoptosi. S’observa que, tot i que les
CML de zones de placa tenien un index Bcl,/Bax més baix que les CML procedents de
regions sanes, la preseéncia de lipoproteines (LDLn o LDLag) no modificava aquest index en
cap dels dos tipus cel-lulars (fig 6A, article V). D’altra banda, s’empra com a control I’estudi
del gen CPP32, gen que incrementa la seva expressio en estadis avangats d’apoptosi. No
s’observaren diferéncies significatives en els nivells d’expressio6 de CPP32 ni a nivell
d’ARNm (fig 6B, article 1V) ni a nivell de proteina (fig 6C, article V) entre CML procedents de

regions sanes o de regions amb lesio6 aterosclerotica.
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Human Coronary Smooth Muscle Cells Internalize
Versican-Modified LDL Through LDL Receptor—Related
Protein and LDL Receptors

Vicenta Llorente-Cortés, Marta Otero-%Yitas, Eva Hur-Camejo, José Martinez-Gonzalez, Lina Badimon

Absspaer—Nersican-like profeoglyeans are the main comporent of the mtimal exiracellular mainy ieracting with low
dereity lipoprotein (LEL) The sim of this shaly hos been ta investigate the receptors imvolved in versican-medified
LI wptake by human vascular smaooth muscle cells (Y5850, 'We have foumd thot versicon=L L inleraction leads to
the follorwing: | 1) monomeric LI particles that are similar in size and electropharetic mability 1o native LI bt thal
have o higher capsaity o imduce inlracellular cholesteryl ester (ICE) sccumulabion and (20 fused LDL pafickes simalar
i supe to these chiaesd by vortexag. The precipitable fraciron of versca-LOL, composad of 5005 menoneric aml
St fused LD particles, indueed a dose-resporse incrense in the CE comtem of WEMUs Anni-LDL receptor antibady
decreased the CE acenmulation denved from menomeric DL partickss by 88+ 3% and that derived from ihe total
precipitnble fractiom by 43 3%, Inhibdtien of LDL receptor—related prodein expression by antisense olipodeos s le-
atides recluced the CF accumulation derived fram the precipiiable fractsom by 65 £ 28%,, whereas it did rot produce amy
ellect an the CF accumuolabion derived from monemenc LOL. These resulls sugpest thal versican=LDL imduces CF
poctmulanom m homan VEMCOs by e LEDL receplor (nnonmnerss particlest ad LI receplor-relabed probemn | Tused
LIL L {Arrerioscler Pieromd Vase S, 202,12 30T-393,)

Key Wonds: vaacular susooth muscle cells @ LDL receplor-—rebaled prislem @ versican
W choelesters] ester accumubaismn @ amisense adigodeas yonclootnfes

V::-u.'ul.u' prodeoghyveans | PGs | have acommon sirecture of
a core poein e which glvecsamineglyean (G &G
chains are covalently atached. The contemt of versican-like
%56, the main PO simscannng the enirmeellile mairis. is higl‘l
in regions proce o kesion development and increases with
lesgon progres=pon," * lierestuiglv, i has been demsnsorared
that LIXL bind= and is retaicesd by versican-like PCas seoreted
by himan vascilar smoath miscle cellls {VSRO 7
maerophages.t " The hinding betwesn LI anid versican or
bigzlvcan siames 1 be erifamicod mthe prosomes of lipopralin
lipuse® or phaspholipase A% The relevanee of the intemne-
ton between LOL and PG vivo has boon demonsirated 41)
hy the molarion of complexes apoB- W -chandrainin sulfie
18], which iz rich in negatively charged GAGs frivm buman
At |20 |'\-:.. e calocabization of :q'ulH i thie wmana with
CSerich regrons' -2 and (33 by the formation of complexes
e viva between LOL and CS-POs extracted from artenal
wall.!'' Versicam is pne of the PGs with the highest binding
alfmry for plasma LEFL. I s been descnkec] than GACGs
accelerale proteolytic snid exidative moudification of the par-
Tk ™ amd cim = imelues LEEL ageregation and fuswn of the
LD particls under certnin imcuhation comditions. " Fused
LOL=, remarkably simular 1o these foomd e e arenial
wall, =7 ean be abtined by vorexing. '™ We have recently

demorstrnied  that modified LIEL particles generaed by
vorlexing are taken wp throwgh the LDL receptor—relmed
protein (LEP) in baman YEAMC " LRP i3 also the recepior
that ivesclisnes the |H||||l|||.: amd anremvalization of sther mesli-
fied lipoproteins, =och as apoE-enriched VLI lipoprotein
Dipase-rrglveerke—nich  lapopmateis comnpleses, =0 Lpla '
and chylomscron remmants .~ Although LEP is expressed in
marmial vessils and athierosdimane [esaon=, LRI éxprassson
imerenses in rohbal oiheroscleratie kesions: funthermsorne, LEP
sems e play aorole o ) desclopmint ol atherosclonstic
lewinimg. <2 In the preseit stsdy, we report on the chame-
terishics of changes imleosd i the LDL partecle by the
pnteraction with versican, the effect of versican-LOL on
the chalesteryl ester (CE) contert of VEMCOs, and the
mvalvement of LEP in the ugprake e versiean-LEFLs
human WEMO s, Our resulis imddicate thal versican inlemcs
rionn witly LOL lemds g the followimg: (1 moenomerss LOL
pariicles tsimilar to native LDL [nlDBL] in electirophoretic
meh ety ol electrom mecroscopy szl that anter the eolls
through the LOL receptor but are able to induce CE
accumalation gl (2 Tussd LD parmicles (simialar in size
o thiose particles ohtinesd by vareexing) that sre imemal-
vaeil throwgh the LEF. These resulis indicale that verswcan
inereases LDL atherogenicitg.
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For an expanded Metheds sectke, please mefer to the online
supplemont {which cin be acoessed at hep:atvhahajoomals orgi.

VEMC Colture

Frimary culiures of hman VSRICs were olioinsd Brom liamain
coranary areries of eaplanicd hearts gl imeeplanl eperal oms per-
Tvmeal At the Hospital <k la Santa Cren o Sanl Fao, VEMO. were
abaained by o modilcaress of the cpling techneps:, o owe have
describiod provimeh 40

LIV Freparatien

Human LIHs idensity LUTY o L0635 gl wene obizined from
el wera ol mommees b bestie ke vedmitoors, o bilisd By sogon-
Nial whrwentnfipalion, sl dighzed as peevesisly deserheal. ™
wortexed LIML wos prepared by vomexing LDL in PBS 81 rossn
temperime.s” ™ The agpregates formed after vorienmg (LDLs in
Tl form, precipialshe Tt ) can be separated froas the moeg-
pregled LOMLs inonprecipamble frecien) by cemnfugation an
160 0l for [0 s -

Freparation of Versican-1L1V.

versican win solmal frone pig eonos soconding 10 procedures
prevegshy desoribed. 0 The GAG compostiion of the aoriic PGs
warial helweyn 50% el 65% o chomboiln=t-alfaly, beiwgem
167 ared 2475 for chondroiin-d-sultaie, and berwoen 1P and 2100
for dermatan sulfaie. Thes vanates was more related o e origimal
composilion of GAGs in the serda flen fo The solatliom proceshin

Tl diALi=to-pronein raiks varied between 723 and 60, The meodecul ar
size of the 8 MG preparatson by higheperformance liguid chroms.
Fopraph anad the GAG campositen indicated that this proparation of
U5 Pis consisted maidy of the versican 1vpe of P The inberoetion
teiweem verskan and LDL was carmed ol after she ool ion of
LOL amd wersiam in & solulion comining 5 muwel' L. HEPES.
PO gl L Pl il L L, amd T ommal L Mg, pH 7.2

LD and versican o the prodein (propomies PEE] | were moskaniecd
for T hiurs o 2790, Worsican- LD Fike vortoned LD, d6d nol shawe
any clemps mb ckenniunic acel-eaing siibsianes comtenl froan
nl DL st pot showni. The precipiable fraction was sepanmied
from dhe nompeecipitable fraction by contrifugation ag 10 HHe for Dk
w0 el pesispailid moa sebdee conilaining 5 sl L
HEFES, 1530 mmol L MaCL d el L Cacl, and 2 mmalL Mgl
rH 72

Chursclerization of YVortexed LI, wndd
Wersbecan-LIVL

Tha: precypialde sl nonprecgatable fractions of vasian-L0L,
comparal with nLDL msd the precpmable aed onprozipiable
fractions of voriesed LDL, woere analyzed by agarcese pel elocipo
e sl dlecivim i cscegs

Far ereammesimn eloctron microscogyy, e differoss LD were
regaimvely stained with 2% uranyd acetate for | minme and were
ateered o2 Hvtacha odHl AB frareemission olociron microscope.
lisagss wwere digitalized with a Buoscan Gatin camere The estiibs-
tion of e pardicle digweior was performed by using a software
program | RMATE designed by the ceniral Sarvices of ihe Universiiy
ol Rarcekora.

To eliminate large LDL sggregates, the precipaable fraction of
versicane LIFL was fbered throogh a 10.22-0m filier, and ihe pariicles
i e Nlivale were characsenzmed By sgorces gel dedropludias adl
recmd eraturing aorylanseds gradient gel chtrophoresis (GGED GGE
wats perbormed acoording io Michols e al.™ with small medifica-
B, T st ol 2% caml 6% were prepared by usng o skink
solifion of scrylamide meed bisaorylaneds (HP ot 3% oo
linker) ared parsed by using 2 P 1 peredalig pumps (Phamacmb The
alilFerent Fsections Trom verscan-L 0L ¢F wl o O5 1 ) mgimlL i waere
preincubhated for 15 mimees with 10 gl Sudan black @01% [wicvol ]
in ethylersr plveol amd 5 gl saccharose (907 [wisvol]l Ten
mierolilors of thi= misiaee was glesirophopgsagd 51 4790 for Ihminokes
ar kN, 30 panankes @1 TN, sl D Fesies ar 100 Y, Ramls were
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szl By akensilinstey al 295 g, sl LOL =iz was detennined
hy wming a phsma poal containing LOL partsckes of knoon siee
123805, 25202, M l=dl e 845000 nmb as @ stakland.
The diameter of siandard LDL pamickes was assessed by elociron
MIHETOSCops.

Determination of Free and Esterificd
Chobesteral Cenlent
This prescediive s draissal vl Chmpsarybaha pdmalboongl

RT-FCR and Western Blot
This proscedureg is discussed omline Chips atvbaha purnalsorglh.

LEF ODN Treatiment

SRS were oealed wich anliseme: of seoos LR alipadeogmuc:-
otz (EHOME, 10 el L, s presecisly deseribed ™ Thei, nlDL
(precipitable and oageeci ek frcries) from vonessd LOL and
wersic-LIL (80 peiil ) wese adiked 1o resstscaned anel ro aatisdiee
LN sl sriss DIDN-Rralead VEMCs 12 Tors Blins ending the
sicimd 24 honrs of e armesting peemsl, Than the sells e
exhmedively washod aml harvestiod i | mb ol 0000 gL MNaOH
The detenmmirelion of e chidesterol {FC mmd CE cenlent ns
performed as proviessdy descmbad 2720

Resulis
Characterizntion of YVersican-LI¥L

Adfter the imcubatson of LOLs witl versican, the wrbidimenry
of the LIFL preparation {680 nmj increased from undeieciable
lewels to AL 30 nelative unils, indicating the presence of LKL
apgrepabes, Versan-LOLs, vorbend LIELs, and nLIMLS wire
ComtmnPuged | 1O 10 parutesp o parallel andd the precip-
ahle and ||l.1"r|'l|l?¢i|=-l|:||.=l-..‘ Fractims wers analvaed by HITHT TR
el ehertropluoresis (Figire 17 aml elecron micrmseopy (Fig-
wre 2o Partickes of the nosprecapitshle fraction of vorexed
L DL o versican-LIFL bl on eleceraphonetic mobility similar
o that of nL 1ML (Figere 1AL The precipituble fraction of
versican-LIHL was composed of LOL parxkes with an
clectrophoretic mwobility similar o that of nlDL and of
particles that did nol anter mto the agarose gel Tremaiming at
the el argzinl. whaneas the proapmitable fraction of vortcsed
LIL was compsed anly of parsdes that dsl net cnter mie
the agarose gel Too firther charpctenize the moesaneric
particles of the precipambde frection of versican-L0L, we
filleredl this fraction through & 0.22-em filter arel, thus,
ehiaimed o new fractson {flmte) Agarose gel electraphaoresis
shiowed that the Filtrate was composed of momomersc particles
with am electrophoretic mobility that was the same as that For
nLOLsdFigure 1AL GOE sssys (Figene THE shisved hat the
Tt wins cimmpesad of momimmenc partesles ot dimsier
of =262 mma, The relatve proparson of LOL m e fileane
s entimatad as 3005 2% of the precipambsle LDL deither in
protein or cholesterol), Electron microsespic analysis | Figure
2} revealed nlTHL. s menomeric particles {particle dismeters
ranged between 17 and 30 . Figure 2E5 and the precipita-
bl fruction of vorexed LOL as fused LOL (panicle diame-
ters ranged between 77 amd 160 ;. Figore 2% and ZF) In
condrasl, the precgpitable fmction of yerscan=LDOL contained
i anure o fusdd LIPL dpariehs diamters rminge] betaamn
U2 o D60 oy Frgure 207 amd 200 amd mosimrenic pasicles
that were simnlar g those i e sopprecigitable frachion of
versican-LIML amd varexed LDL dFigure 200 and Figure 2B,
respectivelvi amd 1o nlL TN (Figure 2E).
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LHEF and LDL Becepior snd Versbean-1LI0L fn VSMOs

Effeet of Verslean-LIDVL on YSMOC

Chslestersl Contenl

VEMCs were meubatad m pamlle] with mereasing coneéne
trabeois of nLDL and the precipitable aid ndgrocipiih e
Fracties of vomesed LEM, and versicun-1L0L ¢35 Sk, mnd ok
pemLl CF comlent morsasod in VSO inoubaled with the
difterent tvpes of LOL. wheress FC content of the VAR
remainexd unaliered (see Figure I which can be aeosscd
mitlime at bt Uatvhoahsjoumals.org k. nLDL mileced a <hghi
irense i CF coent. However, imononsens particles thal
compose the noogprecpitable frection of versican-LOL and
vomeeed LDL, althengh similar in size 1o nLIL, were able 1w
iesliic i CE pceuimmilation tat was bigher thai that of e LOL
Ther precipitable fraction of versican-LIL induced & signifi-
caml doseslepumdent CTE sccummlatson thal wiis cloae 1o thal
iduced by vortenad LOL (s amlins Frguire 15

Cell Surface Binding of Yersican-LI¥L

WEMC s were incubated with nEIFL, weth the precipitable amil
nonprecipainbde fractivos of vomexed LDL and versicas-LDOL
P41k pg'ml b ond simulianeowsly with differer lgamds, such
¥ lactobemin (ligenid for the LDL recoptar amd the LRP)
polymisinie sl (ligaml for the scvemger recaptony, sl
pnluctose aml Fetuin (ligamds for the nsazloglycoprotein re-
ooplor. As shown in the enline Tabde {which can be accessed
w bpe e nhajourmolaorgl, polvinosmic acud, pabacsose,
snil Feruin did ned change CE accumulstion levels. In con-
trusf, lLclolemm produced a2 stroeng inhibition of e CE
sccamulution desived From all the lipoproteins fested, Thess
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Figure 1. A, Agarcse cleciophoresis al nlDL,
vortesied LOL, and versican-LOL. Vortowed LDOL
and wersican-LOL wera peneraied as describsd
in Methoda, Alter centifuciation al 10 0004, 1
bl o The precipieils cion snd 1 60-
o fram the norgrecipiabls fracton sene
oppied %o the alectrophomess gel. fmow indi-
ciles akcropharnabc ongin B, nafurng
aerylamide GGE of nLDL and versican-L0L, Ths
precipitabde fraciion was 1itersd Thicugh a
W3- Mlied and the il was apoied besds
I total precptable and the norgrecipable
fracticn imo the GGE. The anows indicate tha

positian of bands cormespanding 1o standard LOL
ol knowm dlametar 517,

restilis nwhicate tha scrvenger naepans or ainlapl veoprosom
recepiors were nof - imvidveld i versican-LIH. upuake by
WVEMOs, To invesisgale whelbar the LIDL reéceplor was
imvilved in the aptake of the diffae frctioos of verscan-
LML, WSMOs were incobsted with these froctions and
imcraising concenirations of anli—LIDL recoplor antibody, As
shoam in Figure 11 ¢which cim be aeesssed anling ar hope!
uivh.ashajournuls.orgh, CE scenmulations ikluced by nlLCHL
12721 4.5 tip CF pser milligram proleing, by the Niltate fom
thee precipitabide fraction of veroean-LIL (4736252 ug CF
per milligram preteink, or by the nooprecipitable fructson of
wersicans=LOHL (44,52 + 2.3 pe OF per milligram pratem) wens
alinost abrogated By onte- LD receptor antibady. Hiowever,
the omgi-LIW. receptor anbiboudy only partiollby  inkibaied
1452 3% inbibaiem a1 25 pe'ml) the CE ol
mduced by the precipitable fraciom of serssan-LOL
(R4 2 e OF per milligram peoicing.

Effect of Antisense LEF ODMNs on CE
Accumukation From Yersican-LDIL

To determine the mole of LRF on versican-LIN upanke, we
tested the effect of verscaml DL on LEP ODN-treated
WEMCE, The cormmrrcesd anti-LEP antibody asad o denser
LEF in Western blot analysis was not abde b inlibir LR
function (dita noi shown | Becawse other types of antibodies
et st iRl we sed o modecular approach 1o owest LRP
function. LREF mBRMA tmnsenpton wae bocked by oan
antisenese ODN proviously dosigned by o™ LRF mENA
wgpersAiom (o onlime Figune LA, whedh can b aceessed af
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hopet v ahajeanals. ong b and LET protem exprossion (s
it i Figsire [T1EE) ikl |'l'_|. HAE3 4% anad TR K S0,
respectively, i ostisense ODN—tresiel VEMCs bat ook in
sense CHIMN-treabod YSMCs. LOL mecopior mBEMA expres-
soon 626207 arbeirary wmisd was noel aliered by eather
mnilmse g i setise LEP CHOM freatiisen, As shiows i Figose

I8 ard YA, andisersse LR reaimeni reduced the OF accn-
mmlatgon denved from the precapitable fraction of vorexed
LI aml versizan-LOL by TOR2 | 8% and 65323 5%,
pespectively, i il e shovw any @fTedr on UF acvimi-
lation derived from the nonprecepitahle frachon of versican-
LI ar vamewed LOL [Figure 503

Frgure A0 shows microphographs of representative celis
afer miciubatmiy ol comtiol il Cilb-apeins] VSAs wirk
wersen-LIL. Pictires were taken after the firse "BS wash i
climinate froe versicnn=LDL jnot bound . Az shown, un-
Ireatod % SR ( Figone 318 a) hid sersicansfused LRL boun
{mmowa) on the coll surfaee, whirens anfisenss LR OrN-
rested YSMMOs did not (F g 13, b}, Sense G -trested
WEMMOs (Figure 30, o also hod versican-fused LOL bound &
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Fgure & Electon micrescopy of nLDL
ard ponprecipioble and recipitable frac-
tiores of vorieced LDL ard versican-LDL
Samples wem negabyely staned and
obzarved by shectran microscogy &
descnbad in WMelhods. &, Procpitabio
taciion from vortexed LOL. B, Honpeec-
Ipitabda fraction from voreed LOL. &,
Fracipitabke fractan fiom wesican-LOL
O, Honprecipitabda fraction from sarskcans
LU E, miDL. F, Doutily magnilied ge-
i Troewn paned A O, Doy maceilisd
aedtian Inam panel G, m incleales mono-
rreerics 1, Tusedd; and & sggeegatied

the cell sarlfiee. Treatmen of YVEMMO = wah ODMN: dul not
pindise isoagahalagival '-'||"|||r"'"'"' wfi VSR

Mscussion
Secneted versicon mokecules T the i i wesisiora] ei-
wark ol e intimal etracellilor space amd ame highly
capressed in lmam areries with bigh susceptibality 1o
il leroas.? Chir resills demonstrite thel LOL-versacin
pilefscnon prodoges strucienl chanpes n il LM IRl
Verscan was able to miduce LKL fusson m o very shor
pnculiisn e {2 Bourslh, with few molecules ol versscn
(prodein serscan=to=prolein LOL b 1SHHE and - aeler
physsological conddoss os repostad By Camapa and col-
beagmies, ' wha desenbed stroctural aliermtions im the apoB-
10HE siiptese strugiune By mesaciong with Ck-Pis e ols-
tined fused particles are simibar in size to those ohtzined by
variesimg'™ aml those &bl i atherosclerolse lesions, ™'
The high capacity of versican e indece LOL fusion seems 1o
B i o the lagh affnety of VEMO-sereted vercan i
LOL.Y Fused LOLs gememied by incubalan  waih
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Fegure A Efect of LAP G0N treaiment on the CE accumulation denved from sorfoced LOL and versican-LOL n VEMCs. Y5MECs wera
ruated with O0Ns as axplaned n Mathcds. Then, ¥EMGs were achaushively washed and harvesied for mansuremen of FC and CE. &,
Trin- lyar ciwomalography showing the FC and GE bands corresponding 1 VEMCs axied with antisansa Q0N (AS) or sanse O0M (Sh
againg] noniraated VEMCE (conicl] and incubabad] with the precipiable racticn B, Ba grapha ahoving guantilicatsan of the CE baekls
I urdrealed VSMCs (Gpen bars) & in antissree (pold bar) and serme halched barm) LRP ODN-Iredted YOGS mcubated Wil e
precmitsble fraclion. C, Bar grapés showirg (he quantibcabon of the CE bands in YSWCs incubaled with the nonpreopitable fraction.
Resulis are expressed as micrograms cholesterol por milligram: prodein and are shown as mean=2EM of 3 independent axpenmants.
[, Effect of COH ant-LAP anlisenss on wesican-used LOL birckng by WERMCs, VSMOs wesn Taaled with LRP Q0N a5 explained in
Ileshnids (A, urirealad VEMCS with vemican-hssd LD hodnd [wmoss| o tha csll sulace; b, antisanss LAP ODN-wealad VEMCS wilh
Pl verscan-tised LOL: &l o, sanes DOMN-Faated VEMCs Wil wermcnn-Tissd LDL Douni Jvoed] o ihe call prlacel Dufing 1he Anal
12 houm ol e arresling period, vericare-LDL (00 wg/mil) was addesd to the mculbafon medium, Then, VEMCE wem washed with PES
and photagraphed |original magnificabion = 1001 &roes indicate versican-fused parlicies bourd 1o The sl surfacs.

versican, contrary to thase penerated by vortesing, were noi reversibility of the aggregntion process, facilsated by the
compkiely separated frnm mocoiene LIFLs by Jow-sposd mcubation cormlitions, aml LOL Besempenemy " maght ¢x-
centrifugation. In feet, LOL vorexing indsced sach sirong plaim the presence of monmmernic amd & few small LOE
sturfwee changes an LOLs that most LDL particles umberasm ageregales bewites fised LIV particles in the precipitshble
firs o, ||||||'|'|.'|.|'||] & i lcar sEpIralbag ol anomeric al fiesesl fractnm of versecan- L0

LOL partickes. In contrast. the LIFL modification indoced by The monomeric particles thal precipitate are simdlar 1o
VT i depsiwls oot The sirenpth of versican-L 1AL imtberation, thiose tiat remnin i the nonprecplalile Tractvinii, accird g 1o
which seems to be doven by the simactural chametenstics of their electrophoretic nuohility, sie, ard capacity i iniduce CE
the LIPL." B our eapenimenital condions, the lamation of pecumidstion, Although monsmene parskes were gble o
wiersican-LIEL complexes was facilimtad by asing a lvw iosic induce higher CE sccamulaian than were nLDL s, they wene
strength buffer. Afferaanl, the precspitshle fmckon was similar an zize anil ebectropharetic mokality to nl.DOLs In fact,
resigspeiikel i b plissiologiesl buffer with inepessel omic the upeske of mosmene LOL panicks was a samrshle
strength. Bivoring separstion of versican from LI3L. The process thaot coulil be completely mhibived by LOL receptor
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aitibonlies, dscaniing that thess piscles soter the ol
through LIV recepiors, Our resnles sne im0 agrecment with
those ahtsned by HunCameje et al™ ond Her et al™ and
differ Fram these of Vijoyagepzal ond oolbmguoes, ™ aho
proposed that the LOL recephor & mol invalved m she oplake
al’ PO-LOL complosies. The differencs comld b dwe 1o the
maturg af the compleoses Foomed mo the difforent stodee;
Mijayagopal e al, differem froim Hur-Camego o al, Ham o
al, or the present sty wsed a hagh vt of PGoto LD and
i buffer thar stabilizes the compleses LDL-PG in the incu-
batien media. The incrcase of CE aocumalation mduced by
monomernc versican-LOL aver nLIL could be explamaed by
the selecnving of verscan for anall dose LOL partehes. ™

I comarast t s wptake of the nongrecapitable fractn, e
wpiake of the precipitable Fraction, composed of monomenic
an Fused panticles, involved a nemsaturable process. Becanse
moraonene parehes mepresend 8% of the LDL in the
procipitabile frsdiom, they are rospansdle for =400 of the
CE sceumibition mduced by the prezipitable fraction, Fus-
thermwre, the percentmge of CFE inhibinan by LDL recepaor
andibaolies fully comresponds w0 that induced by monomeric
LOLs Aocording io our resubis, scavenger and asialoglyco-
pratein recoplors: are nol myvelved in the CF scoumualation
ahervind Trom verscane- LD uplabe. 1o comlrEl, we havie
demoratraral e valvanent of LRP on verssan-LDL
wniermalization by the marked decrease of the LIFL hinding
ad CF sccwmulation derived from versican-LIFL in anei-
sense LEP CRDR-reated WVEMC s Because this ireaiment has
ma effiect on the CE accumulation derived from monomeric
LDL, the ehservid 65% roduction weuld cormespamid 1o the
CE accirnilation madieed By fised LI, Thesse resills e m
agreemert with the high capacity of LEP o kind sl
internalize fused LEHLs generored by vorexing. ™ which hove
i s simdlar 1o thot of versican-fused LOLs.

In sammary, we demonsirate that versscan PGs have a very
bigh capacity o miduce fusion of LKL pariscdles thal ane
anternalized throageh LRF an VEMOS The LEF msaslviensonm
on the wntermalization of versican-fused LIRS fuher en-
barees the impomance of LEP &5 & lipoprotein recepior
invalved in VEMO foom cell formation. Albough monn-
meric LDLs are ake able to indwce CE sccamulation after
interaction with versican with wse of the LIEL receptar, thas
mecoplor = oanly moderiiely expressad an the sasoalar wall
cells, whireas LR s haghly expressed mo nomnal ol
atherasclerobic lessons. 2" Becouse versican & one of the
mainm PG imteracting with LDL, and LEP & one of the main

lipoprodein recoplors in the aferial wall, the uptake ol

wversican-fused LOL through LEP a5 hikely one af the nem
enechanm=nes connbinng ra VSO LDL onermalizanion
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II1.2. ANNEX ARTICLE I (On-line)
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Methods

Materials

Cell culture medium and reagents were from Gibco Laboratories (Renfrewshire, UK). ECL
chemiluminiscent detection system was purchased from Amersham. Anti-LDL receptor antibodies
(LP02) and anti-LRP B chain (clone 8B8 RDI 61067) were purchased from Oncogene and Research
Diagnostics, Inc, respectively. Bovine lactoferrin and polyinosinic acid (57), D(+) galactose and fetuin
were obtained from Sigma Chemical Co. Bicinchoninic acid protein assay were from Pierce
(Rockford, Illinois). Tripure™ isolation reagent, oligodeoxynucleotides, PCR DIG labelling mix and
Expand ™ High Fidelity DNA polymerase were from Roche Molecular Biochemicals. Nytran TM-
plus membranes were from Schleicher & Schuell. M-MLV-RT was from Life Technologies.

Determination of free and esterified cholesterol content

In order to know the effect of versican-LDL on the cholesterol content of VSMC, arrested
cells (48 hours) were incubated with increasing concentrations of LDL (20, 40 and 60 pg/mL) for 18
hours. All the experiments were performed in parallel with the precipitable and non-precipitable
fractions from versican-LDL and vortexed-LDL. Different ligands such as lactoferrin (50 pg/mL),
polyinosinic acid (50 pg/mL), galactose (50 mM), fetuin (100 pg/mL) and the anti-LDL receptor
antibody (12.5, 25 pg/mL) were tested on the CE accumulation derived from versican-LDL and
vortexed-LDL (40 pg/mL). Then, cells were exhaustively washed, twice with PBS, twice with
PBS/1% BSA and twice with PBS/1% BSA/heparin 100 U/mL before harvesting into 1 mL of 0.10
mol/L NaOH. Lipid extraction and TLC was performed as previously described.*”*

RT-PCR

Total RNA and protein were isolated by using the Tripure Reagent™ according to the
manufacturer. LRP mRNA levels were analyzed by RT-PCR. 0.5 png RNA was reverse transcribed in a
15 pL reaction mixture containing 0.02 pg/uL oligo-dT, 20 U RNAsin, 1 mmol/L dANTPs, 20 mM
DTT, 200 U M-MLV-RT, 50 mmol/L Tris-HCI pH 8.3, 75 mmol/L KCIl and 3 mmol/L MgCl,.
Reaction was performed at 42°C for 1 hour. The cDNA obtained was diluted 1:2. An aliquot of 1 pL.
of this dilution was amplified in a 25 pL reaction mixture containing: 2.5 uL. PCR DIG labelling mix,
1.3 U Expand ™ High Fidelity DNA polimerase and 100 ng of each specific oligonucleotides in
Ixbuffer and 1.5 mmol/L MgCl,. The specific oligonucleotides selected were: LRP: 5°-
ccagaagattgatggcactg-3’ (upper primer), 5’-tagacactgccactccgata-3’(lower primer). Levels of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used to normalize results using the
following primers: 5’-ttcaccaccatggagaaggc-3’ (upper primer), S5-gcagggatgatgttctggge-3’(lower
primer). Amplification was carried out by 18 (GAPDH) or 20 (LRP) cycles of 94°C 30°°, 53°C 40>’
and 72°C 1 min followed by a final extension of 72°C 7 min. PCR products (10 uL) were resolved by
electrophoresis in 1.5%-2% agarose gels and transferred onto nylon membranes by standard capillary
technique. Blots were UV cross-linked. Detection of digoxigenine (DIG)-labelled nucleic acids was
performed with an anti-DIG antibody linked to alkaline phosphatase and CSPD was used as substrate.

Western blot

Between 15-20 ug of total protein were separated on 7.5% polyacrylamide gels under non-
reducing conditions. Proteins were blotted onto nitrocellulose membranes at 40 mA for 2 h at 4°C. The
residual binding capacity of the membranes was blocked with 5% non-fat milk in 10 mmol/L Tris pH
7.5, 100 mmol/L NaCl, 0.1% Tween 20. Blots were incubated with monoclonal antibodies against
human anti-LRP B chain (RDI-PRO61067, Research Diagnostics). Bound antibody was detected by
using the appropiate horseradish peroxidase-conjugated antibody. Signals were detected with the ECL
chemiluminiscent detection system on a standard X ray system.
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Figure V.

Effect of the antibodies anti-LDL receptor on the CE
accumulation induced by nLDL and versican-LDL.
VSMC were incubated with nLDL, with the total
precipitable fraction and the filtrate (40 pg/mL) from
versican-LDL and with the non-precipitable fraction
of versican-LDL and simultaneously with increasing
concentrations of monoclonal anti-LDL receptor
antibodies (12.5, 25 pg/mL) for 18 hours. A, TLC
showing the bands corresponding to FC and CE of
VSMC incubated with the precipitable fraction from
versican-LDL and nLDL. B, Line graph showing the
quantification of CE bands of VSMC incubated with
nLDL (triangles), total precipitable fraction
(squares), filtrate (cicles) and non-precipitable
fraction from versican-LDL (diamond). Results are
expressed as pg cholesterol per milligram protein
and are shown as mean = SEM of three independent
samples from one representative experiment.

Figure IV.

Effect of increasing concentrations of nLDL, versican-
LDL and vortexed-LDL on the cholesterol content of
human VSMC. VSMC were incubated with increasing
concentrations (20, 40, 60 ug/mL) of nLDL (squares),
precipitable and non-precipitable fractions from
versican-LDL (circles) and vortexed-LDL (triangles).
After this period, VSMCs were exhaustively washed and
harvested for measurament of CE (solid symbols) and
FC (open symbols) A, TLC showing the FC and CE
bands corresponding to VSMC incubated with the
precipitable fractions. B, Line graph showing the
quantification of CE bands and FC bands in VSMC
incubated with the precipitable fraction. C, Line graph
showing the quantification of CE and FC from VSMCs
incubated with the non-precipitable fraction. Results are
expressed as pg cholesterol per milligram protein and are
shown as mean = SEM of one representative experiment
performed in triplicate.
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Figure VI. Effect of LRP ODN treatment on LRP expression by VSMC. VSMC were treated with LRP ODN as
explained in Methods. RNA and protein were isolated after collecting the cells in Tripure™ isolation reagent. A,
RT-PCR showing LRP mRNA expression in VSMC incubated with antisense LRP ODN (AS) or sense LRP
ODN (S) against nontreated VSMC (control). The bar graph represent normalized values against GAPDH bands
intensities (arbitrary units) of three independent experiments. B, Western blot analysis using specific anti-LRP f
chain (85 kDa) antibodies. The bar graphs represent the quantification of the band intensities (arbitrary units) of

two different experiments.

Table 1. Effect of different ligands on the CE accumulation derived from versican-LDL and
vortexed-LDL uptake in human VSMC.

nLDL Versican-LDL Vortexed-LDL
Ligand precipitable Non- precipitable Non-
precipitable precipitable
None 17.06+2 80.54+3.7 29.90+2.5 176.65+14.9 26.81£13.5
Lactoferrin 4.02+1.2* 38.17+£2.8%* 9.63+1.4* 40.35+11.2* 8.6+1.5%
(50 pg/mL)
Polyinosinic
acid 20.64+1.3 76.02+5.7 33.10+2.2 174.52+10.70 30.80+5.6
(50 pg/mL)
Galactose 19.32+5.0 87.73+£5.9 34.10+£2.0 180.62+13.2 38.45+2.5
(50 mM)
Fetuin 17.35+6 95.05+3.2 33.60+1.6 185.40+6.5 24.80+6.1
(100 pg/mL)

Cells were incubated for 18 hours with nLDL, the precipitable and non-precipitable fractions of versican-LDL and
vortexed-LDL and simultaneously with the different ligands tested. Data are expressed as pug CE per mg protein
and are shown as the meantSEM of triplicate samples of one representative experiment. *p<0.05, vs CE in
untreated cells.
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II1.3. ARTICLE II
Llorente-Cortés VV*, Otero-Vifias M*, Badimon L. Differential role of heparan sulfate

proteoglycans on aggregated LDL uptake in human vascular smooth muscle cells and

mouse embryonic fibroblasts.
* Ambdos autor s han contribuit per igual al’article.
Arterioscler Thromb Vasc Biol. 2002;22:1905-1911. SCI: 6,35.
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Differential Role of Heparan Sulfate Proteoglycans on
Aggregated LDL Uptake in Human Vascular Smooth
Muscle Cells and Mouse Embryonic Fibroblasts

Viesata Llorente-Cortés, ® Marta Otere-Vinas.® Lina Badimon

Ofiective—Low denzaty Lipoprodein | LOL) recepdor—relsted protein  LEPF binds g mvermalices aperegated LD {apl[¥L)
i b vascular sosoth moschke cells 1% SO To analvee the commbunom of proseogiveans (PGS 1o agL DL aplake
i human YS&Cs o owild-type mouse envbevenie fikroblasts (MEF lise), aimd in LREP-deficient mouwse eimbryoine
fibroblasts (FEA LY line)

MWetheds ard Reselfiv—P0s in the mediom and cellular ond eximeellular matrix have been jsoladed by metabolic
mdinlaheling with [Y5 M50, and characienzad by sebactive digestion with beparinase | and 11144 Uml. each) and
chomdroitinase ARC (2 UWmL) To examine the coniribation of POs amd LEPs te agl DXL imlermaliealion, nonexpressing
anid LREP-expressimg cells, maated or nol swith polysaccharidese, were issobated wath agl DXL (25, 50, ang 100 we'ml)
for 18 hours, In human VEMOs, aglDL was unable o awluce chodesseryl ester (CED accumubstson in antisense
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nrl HS-PCr depletion almest campletely inhibited CF sccumulation,

Canchirstors—In MEF, H%POs can function alme as receplors that bind and inlemnalize agLDL in the absence of LEP,
but o humem VEMOs, although H5-PGs @olitape aglDL binding 1o the cells, LEF s essenial e oaglDL
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mazaliveely Charpdd GAGH charns ol the Ps ™4 Tha GALS ol LEF famisinsa: LRP-alygodeasymie e [O0RMN |-ireansd
versican induce altemariess in the LDL particle that leod s the VAMOsLST and LEP-deficiemt mouse embrvo fihroblosts
Tormrateom oF lsed amd ageregated LEL ol DL WVEMOS (FEATI line " in parallel with LRP-cxpros=ang cells taither
alsn svnthesize heparn sulfare (HS-PGs, which can be treated e not wwih polvsacchoridass) were incubaied with
seereled (perlecan) or shed frin the cell sarface (perbecin, inereasing cancentrations of gL DL (25, #= and 100 ex'ml ).
W T, u]”'lil.'.ll'll YE I eantrast o OS-POs, wisich |'||:|'_|. W have Ffousd that in VSKCs OS5-Pls are the negor
a magor mole in LDL retention and modification in arferial companent of cellular matrix arsl ECML In contrast, 5= PG
pntwinta, HS= PO iy agt as pstentel oeptors for atherageine are more absimdant than O5-PGe i ol luler and FUR froe-
lipaprobeine" ' or fecilitahe the uptake of ligands by o process tions of wild-type mouse envhryonic fibroblasts (MEF ling).
colled lgand transfer 1o hpaproden meecpors, sigch as the Albwiiggh H=sL& D sond ChABC trcarme conpletely di-
LOL receptor-related protein (LEFLS " We previeusly grasles HS-PLas and C5-Pls, respectively, only HS-PG cleay-

Reservad Jeme 18, 2007 revistion acvepied dugust 2, 3407

Froms ghe Uardimoscelar Bescach ©ender, Institet de Bovercn, Barce ks, =pain
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age has consequences for agl DL infernalization i boih cell
mypes. However, thers are narked differences in the role of
HE-PGs beracen human VEMOs aml Dbmshlass, In fibro-
blasts, H3-Ps alone can lanction as receptors hal bind and
infernalize agl XL in the shsence of LEP In conimst, in
By VSRS, altheugeh H5-Pis faeilime the agL DL bingd-
g o the eells, LRI w o esmentead Tor apll TEL anternahizarnom

Al et hids
Saterials

Coll culims: woaliim and peagails e from GIHCO Labor o
MEF 1CEL-22040 and PEALY (CRL-2216) fibroblasis were from
Aagrican Type Ciilbere Callécnoi. Benfmnuline-HOL, Tribo
M-I, eaming caprodc ackl preredniom-HCL DA, eetylpyndin-
ini chilimude, heparmsase |ihepann Tyese 1, BC 32271 hepaninase

(ChABC hvase, EC 4.2 240 were fooon Sigma Clicanscal o HiTrap
3w exchange columns and [ TS S0 {1 mCvmmeld were
oo Aameerslam Flurmecn Bestech, Bacielwetinic scikl prodom
avays wene rom Piorce, Foor percent 4o 12% Tris-ghoeme el amd
Swpre Ruby protedn gel slaisiey  wers  Trend Bie-Rad amd
ER'HAMCE | REFUSIGE nris from ME™ Like Sciemoes,

Cell Culiure
Promary ciltures of owean VEMCs wene oblainal Bom Ineian
coromary ateres of explufold bt al transplani operateons per-
Fowned ar (e Higaral ke 1o Soera Crea o Sond Pai. WSMOs wene
ohigmad by o meddication of the explam dechmigue shat we de-
seribed previoneh. 7 Explats were weutatal @ 3770 in & humid-
el smsesphere of ¥ OOy, Chkgromm cells were suspersiod = a
sl o by pain BT A amd saibeuiliired. They grew an monedayens
m DMEM supplemengad with 0% FOS, 1% lmsan sorom,
2wl L -ghmiming, 1O Ll pemicillin G, aned 169 pgiml
sirepiommyein. VE,Cs were used bebwem paesapes 2 and 0. Nones-
pressinng LEF hiiman VSR were obaainad b mesteen of due coll
with mtpsgnse LRP-CDN= as previonsly described 7

MEF and PEAL S wore growm in DME M supplamemed wirh 1175
FC%, 2 mmal' L -glotamine, 196 Lmb peniet in e, el 100 gl
sITEHOTIVE N, e frevesisly disseried =

EOCM Ulirastruciore

Cells groom oo coverslips were remied o mol wely heparinase [ i@
Wmbli or ChABC (2 Wnki &1 37 for 2 howrs, They were then
fixed with ghismbkelsde (] 6%, vashod, coopreesiod in 110G
il el cryolined By eojection agalicd o coppet Bk conled
By Dposd pitpasgsy | — 1570 wath the use ol Cryeoosenblock e
Reichert-Jung i Letea i The frozen samples were sorad 51 = 19670 in
Baguinal niteagen il sulfeoguonl e, Saiples were Paeze-driad aml
coaled with placsum and carbon by using o freezsseiching it
Prnsd | BUAF (b A L-TEC ), & rotatery sbowkowing of the expesad
surface wis made by cvaporaiing 10 mm of cobon ovaporated at
TE" angle, The seplica was separaliad frsem the sotvarsdip by immer-
s 1% hysdofluome seid, washed twice modistilled water, and
digestid wigh 3% amlive Inpochlonte for 5t [ mivees, Faally,
thae replivas were washed several times @ distilbad waier, lroken ingo
sitiall preces, and preked s o coppaen mds coatad with plastie Tor
elecron mecroscopy. All eleciron micrographs were obtained by
using a1 clecimon secroscope [Himehi HU -0 operatag o 75 kY.

Radiduleling and Digestion of POs

Cells were synehirenized in medives cotammg 1.2% FLUS for 2 days.
Theai the nicduiin was remwael el diedh DMERD (10%, FOSS
containmg 3wl iml [N S0, was sddied and maimamed for 2
darvs lo Tessyntheically label FGs as grevioisl describal . *F C5-Pls
aned HS-POs were dhigesed by adding a mistore of HELEILT i4 UimL
cachiioe ChARC (2 10mb, mespedtiets, ne e moabaesn ieds Tin
2o B bours, Contrl cells withoad PGoonaymadic digestion wore
presesiad o paralizl

Movember B2

Isolation of Piis

Al the L dayw of ek ling, the coltuee niedaim Troen calls reated o
el Wilh engymes Tod Ior I8 Do m the afecsis of presaice of
apl DL ek pgimby were ranstemeal fo fibes. Prolease |ndbaton
o pdded 1o o fingl eoicemration of 10 mmalL ELTA, 10 punsl L
g=amine caprok scid, and | mg'ml EercamidineHCL ol de
medinm was stored s — 200 il use,

Cells were washod with PES combrining 500 ggml bemann for 30
mireslys al roons lomperafwre, The heparineeontaining dler was
momeaed, amil the ok wene derkasd 1 s with PES sdhian
Feepurm awl lissolved by T oenmactesis (F ml sschh of Bl
coiaiiing 1% Taton X-HHL 015wl T BaCL 00 nesesd L Tiis,
el Mgl 2 mmol'L EDTA, 0255 mimsd' L daliothrziol,
and | pmol L AEHSE. pH 7.2 Afier incubation For 30 mimetes wnder
perile shaking. the cellular exoract was remoed and sorad ar — 250
bl use. The remammg mains was wished wih PES el sobabs
lizsd by 2ewiractions (5 mbL eachiolf 8 mol L oo 2 meed L EDT A,
5% Trtom X-1EL and 20 peecd L Tee-HOT ipH 751 confammg
prokeies inhibives 11 egml bengsmmadme-HOT aml 100 punol L
e-amineec-caproic senl i The wells wene ki ovamipht ot £50 Befie
The ECH enmract was collecial with o cell seraper.®’

The culiune seedia and cellula and ECR extrects wore dishaed
agamsl binding butfer 12 mol L wrea, T el L EDFTA, 0085 Trinn
oo 10k, and M0 mmolL Tris-BC1, pH 7250 for 49 bours o8 457 and
wiwe thon chromsnographed on s HiTrap £ 13=ml 1 column squile
bratesl with banding buffer o a fleew rate of 5 mbU'mo The
Ve labbod PU=contammng (ractiore worg colbectod afler ol with
a lirezar MaCT predient (035 B0 3 mol/L PMaC T el dialyged ar 4750
apamisl waksr

PG Characterlzation by SDS-PAGE
Eqpual amoemnts off profein froen ¥ =50 and fihroblasts wore kodeil
o e gl 4% b 1 2% Treeglvsing pels, anid S0E-PACE was mun
fier T hevrs al &0 W, The peolems wore Then ivial with nethaal
acchie aeml, st warli Svpeo Rulsy prstein gel slain ool clsorval
wtaben 1 light o <ol che agual proten kading.

The gels were anpregrmead with EN'HANCE before dryiing. The
dried gek were placed for amoredography g =80 for 14 days
brfore dheey were devekopad,

LI Freparution and Maodification

Huran LOLs padermmy LOIW e LT gl ) were oldiinal fom
Pl serm of nomsschadeserodemie volimieers, solamed by soquin-
tial ulmacenmtezation. s dialyzed The model syston of sl
wars peneraled by voriesing as previossh described o024

Determination of Intrucellular Chidestersl Content
Arreial VEMCY of fifeobblisls wes wmiirsasd o el wilh
HEREI ) DVmal cachn o ChAED 42 Lol Bor 2 howes befoe dhe
sddlition of incredsing comentrations of agLIL (2%, 80, 10 ppil )
o the mosbation medium contmining the mevmes. Afier 15 hors,
colls were exhavstively washed and hareested o | mL of €000
el L B L Lipid extrecion and thin-layer chromaiography i TLE )
wiwe pavformeid as provesusly deseribad =729 The gpuats comespromsd-
g B Tree cholestirol aeld dudietery ) esdirs (OB wore quanhifel
By kasilonkly agoirel e dsalied caee ol dioletend il
chakesiernl paliatale, fepocively, Iy dsiing & comping dosefoii-
atier (Ml lecular Dynaiiics).

Hesulis

Characterization of PGs Syntheslzed by Human
VEMCs and MEF

Humran YERCs and MEF were melabodically labelod with
["SMasy T 3 adays, amd PCis rone e medinm arel
cellular and ECMW Fracisons were pumifisd from wnireased or

118



RESULTATS

Llremie-Cwriés ei al

H5-PG Raole in agl. DL Upiake in Human Y550 Cs and VEF

g7

R&-Pas and CE5-Fhs Conlent of the Medium, Cell, and ECM Fraction From Human

WEM5 and MEF
linbreated Cell HESEIR- Trealed Calls ChABC-Treated Cells
LH Mz H5-Phe H5-Phs s C5-PG C5-PG
Fracin | Tkl Pominmgl  lgessd | (Remaising Digesiady
i WEMT2
Madin
a 16 TE=2.20 IT33x1.30 0.00=040 rgonr R02.10
b fL1] 100=8 =5 a3 =3
Cdl
a T AR=1.85 HAFIE 1S-007 BEIDAM EETH206
L] im EUET ] Th=35 ot o] el
ELM
a BAE=042 2h2=002 0MI=020 11800 21204y
b 1 TH*15 =15 Wb iy
MEF
Madin
a 1502=0.49 1663z 000=0E AEFTDIs TR 18 1
[] 1 A[HIESH =& HSE115 MHECLS
Call
a HIA5=4.36 118610 BSA=102  1ATsddEE 33020
L] 1 BR=1.5 Arh=215 EhzsRG MEE11.5
ELM
a 1 A6=10.06 GE0xiiG 086 =00 LR (1| =T ol 1)
b 1H 413 S=3 iT+55 frkat Y

o, Eemiks ore wgeessed as Be ana ol Be peaks moopm = 10 and ane shosn s e mean of

pne apetiment performed n duploab:

b, Femdts e eqwessed as @ percamage ol Ihe peak arees oblaised bom ewary IRction of

el relk

eravme-treatod ocll= Enzymabie irealment was porlommad by
miubating the colls with HSI (4 Uil cch) or ChA B
(3 Wby for 2 s Tooogest il moitenanee of the
ervmatic setiviny dusing the agL DL neubarion peried, we
also tested the patbern of PGs after |8 hours inthe absence or
presence of aglDL. Online Figure 1 favailable at hitp:

www hapourmal=orgr shows e eluon paflerns of PO
sy sl by smircined oclls amd cells reated sngvirancally
fior 2 eaars, In B VEMOs gral MEF, PUs elused as o
siiigle ik Berasn |oaid 15 imal'L Ma] The inajority of
syirhesimed |50 AGs were coll-nssocimed (35% im human
VEMCs 2l 507 in MEF) Approsimately 36% amd S of
the newly senthesized [“S]GAGs were secreted in the cellus
Lar e i boman VEMO < and MEF, nespiactively, and thi
rernien g ey syollesdod GAdes swers m O ECR 7% mn
Fnean WEMOs g 4% im MEF)L As shown s the Table,
H5-Pis seem to be absent from the eell maedinm of both cell
mypes. The percentage of H5-PO= in the cell and ECW
fractions is higher in MEF compored with buman VS&Cs
(325 % 1.5% versas 1.5 22.5%, mespectively, in the ool Frac-
e 595 2% versns 245 30580, pespecnvely, mothe ECR) Cn
the comtrary, the perccitape of C5-Plic i hagher an all the
fractions From human % SMCs compared witly thase obrained
fromn BIEF (37= 5% vepss 2482 | 15%, respechively, in
medium; ThE 3% versus 345 25.5%, respectively, in the cell

lrctiom; anmel 63 2 T% verss 3255452, respoctively, i T
ECME These resules mncicate significant aifferaees in tha
CiALi comparsatom of Fls symlssized by human YSMCs and
MEF. Mo seatistically significam differences in GAG clwo-
matogriphic patierns were observed between 2 and 13 bours
of enzymatic ineatment {in the absence or presence of agLIELp
inany cell Bpe.

Thir aursrashiszraphie amly=s ol the clubs) PUis { Frgure 1)
reveaked diiferences e the pamem of bands susoepible
heirg degracks] by HSWEIT sl ChABL betwesn lwamain
WSENC s amd MEF, T hurnan VS50, chere is @ defined hand
at the begnnang of the polyoerylamice gel in the cell and
ECK fractions thet was degraded by HSLEI trestment and
That, accarding L is sese, sauldd b perlocn. 2= In MEF, 1k
nin botds deproded By Bl 00 sedn e b mosaly syrke-
cars, T Adhhinicnally, there are bigh anmonines of bands that s
siscepiible o being degraded by ChABC; these bands were
empecinlly shunsdsnt im the cell friction and were different in
stz for himan YAMOs and MEF, Probsin bmding was
determined 1o be equal for enzymatically treated and un-
triatiod ¢l

A sk it Frgure 20 nhe peneel ik matns was abserved
as g tangled nerwark of thin Gilaments in bt W SMCs Figane
240 and MEF {Figure 2BE Heparninese | rreatment i snapied
the pericellular muins in human VSO (Figare 20 and
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b

MEF dFipure 2I¥ Similar pholographs were obtinined by
ChaBl treaiment of the cells.

Rl of PCis amd LEPs om ol 1ML Infernalizafion
in Human ¥Y5MOs and MEF

To reiwal the role of HS-PGs aml C5-MGs on splDHL
imlernalizunon, HSPGs and C5-Pls were selectively de-
graded in human VE3MOs and MEF. It has been previowsly
demonstrared that keparimese treamment did ot infloence
LEP-binding capasaty i fibeoblasts, = gl DL micrnalesibon
expenments were performed by incubatmg LR Peexpressing
WEMCe amd MEF amd nos—LBPexpress=ing clls (ankisenss
LEPODM-treated VSO and PEA LY, respectively ), either

Moy emileer X2

Fignare 1. Characterzalion ol PiGs by
HE-PAGE. Representabive sulorckog-
raphy of the PG in the medium and n
oallular and ECM fraciions fom
umreated. HSEI-reated, and ChaBl-
treated cofls.

anzynslically treated or net, with mersising concentrations
of agl.DL For |8 hours.

We have previously demonstroned thar il iscresse in CE
conlem ohservel m VEMOs rellects e chodesiernl tha
enters the cell as LDLAY An imital period of prolooged ool
siipfoes contect, Factlitaeed by coll PGs, i which CF bvdro-
Iysis eaceeds protein depgrsdastion (selective uptakeh, hos
previonsly been deseribed in pacrophages ©° & samalor pro-
cesa gunnod ke oncloded in OF socamulstion mduced by
agL DL m human YEMCs and fibroblasts. As shown in Figune
34, alibough agll DL anibsced s Bigh wirecel lular chiolestemnl
accumulation in 8 doae=lependent manner im bamon VSR
{lroeem £4.87= 1,77 g CE peer millligram prodein s 23 apiml

Flgure 2, Effect of haparinasa Eaatmen
an tha ECM uBrasiuciug in hiiman
VEMGCs and MEF. Monanzymalically
treabed] humian WEMCs (4] and MEF {8
el Faparmass | [HE0-eabe] W50
451 vl TEF (00 e Qroavn o coyel-
Hipe. Cole wers than vershed, fxad, and
precsaisd Tor Isapi-ceing and meplca-
lian in sleciron mecroscapy ae dearibed
in Mallicos, Phologeaphs were Taksn by
slscimn micreecopy Hitschi HU-A00G,
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sglDL (sg'ml) 15 53 |m%

E —

% 15w n
wpLIML {pgfmi)

AS-LRF treated

H5-Piz Hale i agl DL Uptake in Hamas YS%00s and MEF Ty

DL (ghet) o R S e
' J l MEF

mgL.DL. {jegimly

Fegiire 3. Role ol PGE &5d LAPs an CE accumulston deivesd by aglDL in hivman VEMCs and MEF. Hiiman VEMI2anlsenss LAP-
CiDk-treated VSMCs and MEF/PEA D wers noreraymatically freated or incubalesd with HEAR & LIVmL) or CRABC 12 Wmil) for 2 bours
bedom addton of agLDL AHer 18 hours, cells wene exhausinely washed and harvesied. and the bpid extrac! was snalyeed by TLG. A
TLZ showing the efect of increasing conoentations of agLDL (25, 50, and 100 pgiml) an the GE acoumulation inducod by ugLI:ILm-
WEMC s amisansa LAP-O0N=treated calls (kit) and MEFPEATS fighi]. B, Lirna graphs shoswng quantitication of CE in VEMGCsMEF

[salid symbois) and anisanss LAP-DON-raated VEMGRPEATT (open symbal) afthar nananzymal

ically ¥walad (rhombusas) of realsd

wil HSIRIN (squanes) of GhABRG irlangies), Redis are sxpraksed &8 microgmms GE s miligram proen and ae shown as A

i = SEM ol 3 edrgles froim 2 diBersn] expaimants,

to BLRI= L6 pg CE'mg protem st Wil pe'mL L agLDL was
anhle to imduce CE aeoumlinon i aibisiss LRECN-
treated WEMCOs, in agreement with previeus  resufis®7
H5-P0 depletmn Bads oo rehictson m e Uk sccumalsison
derived from aglDL at each annbyred concentration
(ILAREZ vy BT pg CE'mg profon s 25 pg’
iml. 45973 versns 64, T2 202 jp CEmg protesi of 4
geg'ml, amd 51023 versus 81812 L6 pg CE'myg proteim al
100 pgermll ), Token topether, thaese meanlts mdicane ton LEP
i mesentiol For agl DL imiemalomtion in YSMOs and thm
HE-POs fcilimse the prooes, In mouse fibnohlasis, the
mechanism sees e be dilfferemi. wasmuach as PEALS
shovaed zignificantly bower, bt il considernble, CF accu-
miilation csnmpanad wirh MEF (3226 varsus 445825 up
CE'mg protein, respectively, ot 25 papml; 4728 versus
TTET 3 g CEfmyg protern, réspechivgly, af S ppimls; and
=4 yerss 55 5] 24 pg CE 'mg pratein, respectively, at 1
pp'ml; Fizure 381 In adkhifion, HS-PO depletion almiesd
competely inhshited the CF aconmulation indocad by agLIL
m MEF and PEALY, CS-PG depletion, in contrast 1o HE=PG
depletsn, dhd mal shew any sigmilsam offed on CE accu-
mulaticn derived from agl.DHL o any ol ovpe.

A previously shown, agL DL (1K pe'ml) indoced a CE
aceumailaton of BT 060 g CEmg profen n husan
VEMCs amd 95.5] =4 pg CE'mg proteen in MEF. Coasider-
g the conmbution of peiboys midependent of LEFs anil
HS5:<PGs im human WVEMOs (42075 pp CE'mg protem ) and
SMIEF (7205 pg CE g proteind, LRI alone @ responsable
fowr inigacellular CF secummloisn m HSWE N -menied WS40
(5112246 pg CE‘mg prodeing and in HSL& T treated MEF
(V8T g CEmg proteing, =385 and 12% of CE ageumu-
lation in humsn VYSMCs amd MEF, respectively. In the same

121

wiry. comsidlenng the role of HE=PGs alose as responsdle for
inrracellilar ©F secuminlation s arisense LB P-000MN-tremed
WEMCs (4592 L0 peg CE'mg proleing amd PEAL (4029 ug
CE'mg profen . HS-MG6s wooiild aecoinil For = 1% aiwd 41% al’
ithe CE sccunmilabion in luman YSMOs and MEF,
respeciively,

By sibtroctivgg LEMmsshioted CF aeoiiilatoin aml HS-
P mediaied CE accumulation from the ol CE scommuls-
Tt o percentage of 6% i bnian VERC and 25% m MEF
i b ascribed i accusniibition that s accommplshed by &
coopermtive mechanism (hath pathwarysp

Chalime Frgure 11 (availalsle an hipwoaonabagoweals ong)
shows phodemicrogmps of representative unsreated  and
HEL&Itreated haman V5MCs and MEF meubated walh
aglIHL. Memires were mken after the Ties wash wal PHS 1o
climimate npl DL that was mot bound. As shown, antreated
Timian ¥ SeACS online Figure 1A or unensited BEF | Figire
I} had many oggregates of LOL bousd (orraws}poan the cell
surfoce. In comtrast. HSIEIdreated VSMMCs | Fagure 1CH
bl less aggeregats Bsaniisl, aml HELEI-reared MEF sl pist
show any appregnte bound (Figure [0V As obsarved in ke
phiczogmaphs, HSEE N reamtmont did sl malige <hanges i th
morphedopy of wwy cell ype.

IMscussion
W recently demomsiraned that LRI ie responsible for splEHL
uptaee in humon YSMCx These oells bave very high levels
aft LRI* expiession arml s imable e accinmlate chidssterl
from gl DL im the shsence of LREP.* 17 Becouse i has been
propesed thint PG iy play & mle mothe mtemalizahon of
certam LRP ligamds in hopane amd orepal cells,® ' we
cnplared the role of HSMos amd C5-PGs on gl DL inter-
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nalizarion m hussn YSECs and MEF by degrinding PUis with
specific polvsaccharidas:. Chromalcerphic aml autoradio-
graphes mesilts indicate soime differeinces i HS-PGoamd
C5-10 compositsn Brwees VRO and MEF, especially m
thee cellular and ECK fractions. The amouant arsd neslecular
weight of O5-POs were ligher o VSMOs than i MEF,
HS=10 e mes abambant im MEF compansd sl husan
WahiCs, Additionally, although perlecan was the main
HS-G nsmocisted willh YShACs, synilecans were most abun-
danr i MIEF, O resulvs an i agrermenl wth the patiem of
Plas preveously described @ Abroblast="" and VSR
Far funher amalysis. we hive assumed that synihesized Pls
by ther parental MEF lice and the sclectod PEALS line anc
idemtical, HSR&ID amd ChARC remtmend completely de-
groled HS-Plis and C5-Ple respecrively, and also disrupaesd
e pericellular matnx i bath cell tepes, bol anly HS-PG=
clesvage has consequences on agl. DL miernaligation by the
celln These resules suppsor a specific meke of HS-Pis an ol
updake wwechamizms, in agreemsemt avth provieus  slodies
describing the rode of H5-PGs in the arerial wall® Howewer,
there pre differences modhe mole of H5-POs o aglDL
imternalizaion m YSMOs and fibroblasi=, According o ouor
resulis, H5-PGs can bend and internalize aglDL in the
abeice of LRPs, a5 demorsirated e PEALT filsnoblasrs,
HS-Mo= seem to be essential for CE accumulaiion in fibro=
hasis, nlthough LEPs com focilimie agl. DL intemalizadicn.
O pesalts ane e agreement waith thi prosence of an LRI
irddepenident pathway invelving HS-Ps as receptors im fibro-
Mast=™= ard in mocrophoges "% Howeser, in humsan
WERCw, HS-Ps dix ol play o role as nocepiars Far agL DL
because they de nol mienalie agl DL in the ahsence of
LEPs. LR alome smermalize mest of the agL.DLs althmsgh
as i librablass, thene is a corain synergi=m betaven LEPs
and HS-PGs. The HSPG and LEP cooperation that we
iheserved Tor J.‘L[]I_'\-\. o hsman YSACs amd Bbrobslests has
been previewsly described For o owide variety of LEP li-
gands. 2 1= The differential role of HS-POs on aglDL inter-
alizanion by fibseblasts and lweman YVEMOs conld b par-
tally related 1o the higher amount amd spocies of HS:POs
associzted with fibroblasts comparsd with human YEMCs. In
filsroshlaars, e maie HS-Is associatal witk the cell Fraenan
ane symrledane, which ane vory oot ino imtemalization
processes, whereas the main HS-PG associabed with WSO
15 prerbaiin. whech has b desenibeal o be Parly imeificem
al anlernalieang Baund matenal, bot it coopaerates anth LOL
recepeor family members = Addstionslly, in ihe fibrohlas
b, wath o sparser LEP dh=anbonien, H3-Ps oo o
b imlpensable far the binding of aglDL. 2 mulimaeric
liganid chat likely reguires exiensive bimding o many cell
siprface mokeculkes @ ance, [n contras, the sheer quasticy of
LRPs oo the WVEMO coll membrane'™ may be sufficent for
apLTEL hinding. Smaller ligamls, such as tissue Fachor path-
vy inhibater, can be miernalized theeugh e LRP sdepen-
dently of H5PGs in fibroblasis™* suggesting that the nafure
of the ligand might also be imporiant in detemmining the
relamve poke of LRPS snl HS-1Gs i bgand iotermalizanam,

Therefore. an importasd role is played by H5PGs in
imtracel lular chaolesteral aceumuloion in heman YVS8Cs and
MEF. However, the ahiffremees o H5-PO aonmbuain

agLOL smternalezation make exerapsalation from one cell typs
to another nod suitable For targetspecific cell imernalcmtion
mechaniams The mam mechansm for agLDL iiernalizton
in human YVERCs is mediated by LRPs
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I11.4. ANNEX ARTICLE II (On-line)
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Figure 1. Representative chromatography of PG synthesized by human VSMC and MEF. PG of the medium,
cellular and ECM fractions from untreated (romboid), HSI&III-treated cells (squares) and ChABC-treated cells
(triangles) were applied onto an anion-exchange column equilibrated in a buffer containing urea 8 mol/L, Tris 20
mmol/L, 0,5% Triton X-100, pH 7,5. PG were eluted with a linear NaCl gradient at 0,5 mL/min and fractions
(2,5 mL) were collected. Total counts in each fraction were determined. Y-axis scales are adjusted to the counts
obtained in each fraction.

Human VSMC MEF PEA 13

No enzyme

HSI&II

Figure II. Effect of HS-PG depletion on agLDL binding by human VSMC and MEF. Non-enzymatically treated
VSMC (A), MEF (B) and PEA 13 (E) or HSI&III (4 U/mL)-treated VSMC (C), MEF (D) and PEA 13 (F) were
incubated with agLDL (100 pg/mL) for 18 hours. VSMC were then washed with PBS and photographed
(magnification x 100). Arrows indicated LDL aggregates bound to the cell surface.
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Figure III. Characterization of PG by SDS-PAGE. Representative stained gel of the proteins in the medium, cell
and ECM fractions from untreated, HSI&III-treated cells and ChABC-treated cells.
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II1.5. ARTICLE III
Llorente-Cortés V, Otero-Vifias M, Sanchez S, Rodriguez C, Badimon L. Low-density

lipoprotein receptor-related protein expression in vascular smooth muscle cells.
Possible involvement of sterol regulatory element binding protein-2-dependent
mechanism.

Circulation. 2002;106:3104-3110. SCI: 10,25.
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Low-Density Lipoprotein Upregulates Low-Density
Lipoprotein Receptor—Related Protein Expression in
Vascular Smooth Muscle Cells

Possible Involvement of Sterol Regulatory Element Binding
Protein-2-Dependent Mechanism

Wicenta Llorente-Cortés, Phl); Marta Otero-Yitas, MS; Sonia Sinchez, M5:
Cristing Bodrguez, PhLY, Ling Badimen, FhD, FESC

FBackgranpmd—Low-density lipoprogein (LIDL) receptor—related protin (LRF) is highly expressed in vascular smaoth
muschke cells (VSO s) of both normal aml atheroscleratic lesions Flowewer, littke is known about LREP regulation in the

wascinlar wall.

Mevtils ard Besrth—We analyzed the regulation of LRP expression in vitro in buiman YSBC s cultured with native LOL
il L or agpregated LOL (gL by semigquantimtive reverse franscripinse—polymemnse chain reaction, real-time
palymernss chain reaction, aed Western blt amd o vive dunng dieteindoced  hypercholesterolemia by in situ
bivbrichzanen., LEF eipressen e buman VEMCs 5 mereased by nLDL and agLIFL o a e and dise-dependent
rnarmer, Maximsl induction of LEP mBEMNA expression was sheerved afler 24 hours of exposure to LIL, However,
agLDL induced higher LEP mBENA expression | 30-fold) than nLCL 00, 7o-feldk LET mBEMA oprepulation wnos
associated with an merease on LEP protein expression with the greatest induction by agl. DL, YERMO-LREF upregulation
muduced by nLIFL or apl DL was reduced by an inhibiter of slerol regulatory element biching prifem (SEEBP)
catsbalisin @ ¥-aceryl-leucyl-kueyl-mrleucinal b Inosini hybridization analvses mdicabes thar there s o higher YShaC-
LEP gxpression in hypereholssterolemie than in pormaechelesteralemie pig aortas

Carclusiors— These resuhs indicate that LEP expression in ¥YSMOs is upregulated by imtravascular and systemic LT

PO rcadativan. 2002 163 0043 111k )

Key Words: arterivsclerosics B lipoproleins @ receplors B hypercholesteralemia @ vasculome

Lmu—-j_‘uxllﬂ; lipoprateim recepdor—pelated prowein (LEP) s
m rype | membrane protein (800 kD) tho has a shea
Celermunal sabninal (LEP-855 amad a large M-lermmal subsimt
(LREP-515p thet contains most of the extrmoclluler portion of
The pialecule and basds to gl kepewrs LET hgands" * LRI Bas
bezen showm 1o act as an endosstoscs-medhating receplar For
severnl ligands, including  frombospondin.'  proteasc—anti-
proleass compleaes,” s Bctor pathway indonbalor {TFMLY
ared plamma lipoproteins such as apelipoproicin E-enriched
VLOL, ™ lipoprotein lipese, hepoiee lipase and lipopratein
lipase-tmglveenide-rich. lipoprocin comphowes,*'™ chykomi-
e remnaid,' . and lipeprotein o' We recemly demon-
siratid that in homan vascolar smath moscle colls (YSMICs),
LEP mediabes the imemalization of aggregated LIDL
{agLDL) penerased either b vortexing'' or by incuhation
wilh versacan,™ ane of the mam prideoglycans mleneting
with LD in the arteril wall'® LR F-peedinted agLDL upanke

cohl b oewe of the mam mechamsms For mtracelbular Tgpid
necumulmion in Y SACs. Indeed, sn increase in LRP expres-
wrin b biren descnibead i advanced atherasclorots: plagiaes='
and in patients with coronary ohstruction.'™ These resulis
it that LR woght play o mole me albsimosd lerass poe-
pressin, ilthough hetle 1= krown aboul low LERP = opreg-
laved. In muscrophages, i1 has been deseribed that LRP mBEMaA
lewvels are mimcascd by colemy <imulabing Bctor-1 il
imsuling =" whereas they were decrensed by transfarming
growaly fecsor-{4 amd LPS ™7 Despite the strong sequence
homeslogy of LEP amd LIL receptor,®® they have lik
samalority in the promoter region. = LOL receptor, like other
pens invalvad i lipad metabohsm., amBims e consc s
sterol regulavory elements | SRE) in e promener, allowing is
regulation throsgh SKEE-1 kending progeins (SREERP:=p=
SRE=1 cam bimd 3 aliflerenl tramseripion faclors SEERP- 1o
SREBRP-1c, el SEEBP-2.° Althcagh LEPF dees not comtain
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Fromy ithe 4 mwdossasc o Bessarch Uender, NCE(CSI0 21000, Bandkam Spom
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Lbkoremie-Cariés el al

an SRE i the promsoler, an inbmguimg SREE-1 =ile has been
foumd in the unsunlly long 3 -uritrons Lited regson of LR

Thi annn ol Bos work was o analvde e offect ol agLDL
vin LEP cxpression in vitre in cultured human V3OS and in
vive ina bypercholesteralemic pereine model. Here, we show
that aglI¥L wpregulates LREP expression in o dose- amil
time-dependent maner in hwman VEWOs In ogreema,
LEP esprossion saas sgenilmamly onhanced i the vascolar
willl of hy perchelesteralemic animals.

Mlethasds
VEMO Culture

Privary cisliords o ez WSS W altal Trong ol ro-
scheroie aress of macroscopizally healdyy sscending aonas of
explantedd hearts removod From monischome comliomyapsihy pa-
lignds tnaiisplaiiled a0 the Hospital de 1 Sairn Cesis 0 Sail Pail willi
the pematston of the ethics committee of the Hospial. Histodogical
e e Mlieoin Tomclsoimie sBond of s ez dul o dom
peheroscherots: changes, athough prearmerisclerofic modecular ob-
mommahlios in Besr homsan atenes canmol bBsr esclinkal, VERCs
were obtmined by o modificsion of the explant lechngue & we
desenbad previomshy 9 VEMCs were sdontificd morphologically
using hght mieraesopy aml By Swie grosth bdues ol e
chammcicrized by immusedogical saining of cyloskelown proteins.
Primary sl subsuliored VERKCs with a bow vkt age hail a
el le-chiageed appeanames. Confliiem VERE culiunes sliowed the
charscierisiie “hilland=valley” growedh maiion. Mowse mosos knal
anbibanlios spoeil For bemwen oe-55%0 adin Colene | &40, homan ven
Willshromsd icred (chas FRBS), amd homan Peeohlasr surface
protein dckone TR0 were psal, VAMOs wone wed bebween pos-
sagers T bl 4. Cells shevmanl posilivg immiieEaiing with ant=-ShicC
ie<dCli. Mo staining wos observed with antibodses ogainst o human
fibwoblast cell=urface anhigen or von Willehrand fetor, Cells wene
srrestial 45 hetis im MPHE supplosentad with 002% FCS il
incubated wabs Sriferen concenirmiions of nL L and agl DL for dhe
imlicata] tewws (0 D 45 hinrs), Tsosomws capenmmenis, colls waere
treabd for 14 howrs s Noaceryl-Ri-Bi-nofkucaal (ALLM) {15
pmal Ly

Anlmals

Feermle jrigs (Bady waight & ailsition, 3224 Kk were v idkal wilo
e grospe:. monmiociodestzrobimic animalk in=6L which were fsd a
nommnal choee i, aml vperchodegoskmic animalks (n= 105 which
wwere Tod & cliodesmerakrich dien 12% dslesternl, 195 chslie acrl M.
beel millowi for 100 davs " Afer 10 days, the animals were Killed
will o hiopsitall evgmib, Placare cholestend kuels aml lmato-
logical paramerers were measiwod ol boseling and of dearh. Becanss
the porcine mede] of atheresclorosis inilially develops beskors inihe
aBslivnimal gk, mings Troen This vl wese oollectod sl Toed in
2% paraformaldelyyde in PES 000 mollL ipH 741 crvoprotected in
Mrte spccharose m PES 0 mol'L ApEl 740, oobaddod m Q0 T, anl
eoFen o aiy o Al procedige: were i acconlaie: with s
liomal goidelines aned flkowed the Amgrwan Physiobogeal Sockely
ghikbehiie= For anal qescarchi.

Plasma soeal cholesterod was detenmmed with an auiomats: ana-
Iy gy (Raoskeck Ebtchem DT Svataml Plasaia LD chakestaral was
s vzl usimg the valilaied methods of dwe Lipid Besearch Cling:
Proegram™ amdd guntifsed  specirophedomaeirically o Kesiron
Iewdriimenisi

1131 Fn:ruru.l!lnn and Determimution of the Free
Chalestersl and Cholesteryl Esters Content

Humian LI Gl oo prml b W obtainsd gesd nnolilfied as
mrevioushy described. - LDOL proparstions were < 22 hours old,
mormssidizgd 10 1.2 mmal mabsslialilchwle'mg protein LDL), aml

LI Upregulastes LRP Expression im V3308 J1a%

wilhimd ddedable kvels of aldolosm | Linilus Smebacis Lyvsale
rest, Bio Whamkerp

Aareslied ol wime imnbalal with nL DL <o sl DL 010850 jop'mll i
dor 12 24, and 48 hours. In some expenments, cells were
pretresed for 24 bears wath ALLM 23 gmol Ly before adding LDL
5 DHE gl . Cells were thén xlaustive v waslil ared hasvesred
whe | oml of 000 W o, Lipid estrction and TLE wiore
prearfmnied as revesisly deseribed.

Semlquullil'.u!h'l:- amd Beal-Time PCR

Amedgd colls were imwubatad with nLDL o agL DL for o, 11 24,
aned 48 haiirs. BMA amd proein wees i=olaced By oo the Tripiee
olstion Boagent (Roche Mobkscular Bechemicalsh acconding 1o the
mmmfactuner, LR oed LI revaptor mEMA Rk worne amliged
by somkcpmntiiatne RT-POR as previcsshe descnbod ™ The speofic
chgonkleduks T SREBP: wire SRERP-1 Gevan] i 5=
algragnegniggeciigog=3" SREBF:1 roverse primer 3'igigaccs
B pmpsikiiage- 1) SREBP-2 [oiand preva 5 -lggpecdaliil e daina-
3 and SREBP-2 reverse primer: B e oo 5, Levek of
glveormkbdpide-phogrmie delpdmogerse (GAPDH were wal o
nonmmalize resulks Amplificanon was camied o by 20 1GAPDHL 20
(LRTL 25 (LD rogephor), 20 0SRERP-0 0, aal 22 0 SRERF-Ti svekes
POR prealibets f 10 ull ) weere mesolved By decmoplioeesis in 1595 10 1%
apmresr pels amd tnirefomed oo mden membmanes by e stndaed
capilliry sachsague. Blos were UV crosslinked Detection of Sposi-
gonine | [HGEEbeld nuckes: aouls was performed with an ani-D1G
anblusly Tkl e akedes plueplotee, aul CEPD Dk 24-
mathoxisping 1, 2-diogesane-5.2"-1 5" =chlopo ) incvele [25.0.077)
devanid-5l plensdplespien: (Rocle Molecuke Brchommals) wis
sl i spbswane.

Taghan Mesréscent Réak-Time FUR primers oml prabses (i FAR-
WGHEE for LEP and LDL recepion were desigred by e of Primer
Express soffvare from PE bwsvsioms aml were s follows; LRP
Torwanl: S -papiigaaccicgeeing-37) LEF eeveme 5 -guinpacaiip-
gomligpalae-1 0 LRP probe: 5 -ngecatgyipacacip-37 LIFL receplior
Torwanl: 5= gacantgmoicoccang ey -3 LOL recepor revirse 5
cheacgehactppgenicitei=53"c amd LDOL  recoptor proks: 35
clpeapcaicglog-3°. Huinsh geysdl (432631 TE)D wie il as erwlog-
e conirel. The specificry and the opteval primer and probe
wimreniralisns diere ksl Tagman walreve PCR was peerfonmaed
wilh Zplowell of BT prodicts {0 pg ol ERMAY @ 15 gl of
Taeghlam FOR Blader Mix (PE Beeyatemi with the praiicss ar 30
nannd L and the prokse on 200 nmol L. PUR wos perfoned ab 500 for
1 mimes (e AmphTag Gold actisabiont apsd hen run for 46
cycles at 290 Tor 14 seconds md 8090 for | mimee on the
ABIPRISRED THHE Dvtechion Sysdan. The threshakl cvele (8] values
were detenibaied amd nonsahized re e Bolsckecping paie gapdl,
Begiznrsy ghe Barprts have samabor ampdi Do efficwmey as ancdg-
ek codirols, we lave ke The comparateee OF sl Cdelm e la
o pertorm relaive auandificatien of LEP and LDL recopor.

Western Bl Analyvsis

S PAGE W mun as preyiomshy desenbed ' Blots were incubaned
with mensbenal antibadies againg human LEFP { <hain: Feseanch
Mhagnestics, cheie #BE RDD 61067, diliisea DA T e aqusl
prodem kending For i dfferent sampdes, BHots wore sl incubated
witli moneclonal amibosles apaved B a-achine (Chesimion
Imiermatsonal, MAH 1952, dilifion 12100005

LIEF In Sitw Hybridization
Abdosisal sofa sections (n=3) from the sane segien of nonme-
choksicrolemic and lyporcholesterolemic ammals were analyzed.
oty cilemian] Berlolkogy (Wi Trehomnel was perfoosss] to
sy the kesion bps

Fouo nlsypuobe pnillisers, himan LR cDINA coreypsailing oo
puckotides 2221 40 2768 1544 merk vas ckomed mplismid vecions
Uiy slimbdeend echeegiies. Antiseise aml senss niboprolss wens
svnthesed using T5 and T7 BNA podyimerss (Promega), repecs
Ervgly, ol DIG-labwbal mckoikes (Bogchs Midocular Beshemi-
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i L] il i) M o B
Time (howrs)

Figure 1. Thin fayer chromafography of the VEMMG intaceiulr
chiolesferol accumudation induced by nlDL and aglDL WS
weemn incubaled with nLOL irangles) or aplDL doncles| (100
ug'mii fer inoreasing times. Filled symbois indicate Chalestong
esters (CEL open symbols, ree chakestorod (FCL Resuls are
eupressed as microgram of cholestaral per miligram ol prolain
and arg shown as meansSEM n=21

calsi, In ssw Bohridicanon sudies weee poformed o o sl of
I i b, Bectinin Waic Nial heloid Teiiy poamncablize]
by protwinase K. Projemss K wis ten deactivated umd the section
wore il with TEAL postfinml again, anil hlockal with 2 mg'ml
ghycise: w6 PES Afier washi with S507% 2 cevtiors were prehyheid-
ol wrth a salirim of S0P fommramide, S50 3, 30 ppml beparn
5 ditimn illale, BIN%S08, Tesliandi™s pelitlion = 5, 10 gg'ml
polyAmdBNA. 28 pgml tEMA, 25 ug'mbl salmon spenm DN A
Spctions wore them incubaled wiih the prebe ot | pgml m the
preliybeiliznion adinion evesnight ar 23°C, Digosipenin bibeled
nuckodides wore detectod by s alkaline phosphaiase conjogaied
ardbigosiginin anhiboly preddid by the Dhig-bibaled mwminode-
wiredt ki, wssg NETHCIP as substrate (Veolor Laboneody

Rezzaills were evalisted il s Ol yvopis Vanod (s cacsnee iiasnoe-
soope. Images were digliabized vsing w Sony 300 Dcoomern. Conirols
wrg performed By il incubatsen of the section with e sipss
wibsproste anal witl e compty-phismil ribopnees

ata Amnalysis

Devta were enpressed as paan= S0, & statview (idicus Concepisi
slibeRical puckage o Hie Mucailosh cotiijiing sy dain s s o
all amalvsis, Muliplk groups wore comparesd by nonpaomeinc esis,
Wilcoman, eo Menin-Whimiey UL e peadal. Smnsical signifacasice
wirn pofsiiderald when fons,

Resulis

ALV and agl.DVL Downregalate LI Receptor
and Upregulate LRF mENA Expression in a
Time= wind Dise-Dependent Manner
[nifererres in chidestery] ester (CE bevels between VSR
icubass] with LDl or agLDL were bugldy sipnifiane
1P lL05) (Figure | YEMOCE accumulason derived from
apl DL mereased from unideteemble beveds 1o 105237 pg'ng
proteen ol 4% hoars, O the contrary, VEMC-CE accunmlo-
tian from nl 0L wos slighdly inercosed | from undetectable
lowels b 3Z2T3 060 ppig profem af 48 higsd, sscling o
labzau sfter 12 hours of incubaison. Free chodesteral content
wita il chaged by eitber agl DL on nlLDL

LREP was slightly opreguloted by nLIFL and stronply by
agl DL o vinee-dependend dFigure 240 sl dose-depemnlent
(Figire 20 mmner, ApLISL was able o apregulate LRP
cxpresssan b the lowess concentration tested (30 pg'ml)
Blanpmal LR diduction by bork gl DL and agl L 110
pz'mLi wos observed after 24 hours: however, oplDL
indiiead o musch hagher LRP expression than nlL DL (gL,
F2MA2 versus nlDL, 1762032 PSR In ohamee of
LOL jcontrod , LREP expression remained wnaliered along the
teeted times,

Biky nL DL amd agLDL shownrepuiakd LDL  pecepror
mBMA expression in oo tme-dependent (Figure 2B asd

18

udk Figure 2, Tirme and doss nesponss ol LRP

ard LOL receplor (o nlDL and aglDL
WSMCa were incubated in he shuence

(il m 2w
PaI] ViHm ol

[ecjuaresp or presence of nLDL iirangles) or
aglDL icrokes) (100 pg'mil) lor moreasng
lirmes: (8 or ircubated with noreasrg
concomtrations ol nlDL finanales) or aglDL
joroies) dor 24 hows (. D). A and Z, Peal-

. s B ftmePCR qunbhicaton of LR mANA. B
} T » =L and D, Rea-time PCR guantificaban of LOL

Y E ecapbor mPtLh, Data wore procossed with
- 1 Z n spacally designed sattware program
&3 -I. . based on G walues of asch sampla and
1 " = % nomaitzad to gapct mAKA jn=3)
(-9 e = i
1 L — bs i 7

¢ L ] (L s L] = E

Lk dppfml.j LDL djpfml.)
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] . nlL.IL agl.I,

=actinin

LEF ([} chaim) protein
% of eomiral)

Comtrsl

nl.IVL agL.DL

Figure 3. Westam blol showing LAF (G=chain) and s=actinin
proten lavals i VEMCs incubated with nLDL ar 20l O (100
uymLj. Resils are oxwessed a5 a pacantage of cantral cells
fincubaled n atisence of LOL) and are showm a5 mean® SEM
im=ay

ahrst=deperakenl (Figure 20 manesr, The lowis) concimi-
Ao tesdedd of both pL0L ainad ‘FI-[H- M jey ml I.-\.'|.|||||1||.'I|.'|:|.
reduced LOL recepior expression. The time-course aasmys
porfommed with the highest LI concentration (100 pge'mL )
alisived o ot LIFL pecepaor dawnregulalion afler &
howrs with LD and after 12 hours with agllDl A slight
reversim of the LIDL dewnrepulation was observed after 24
srul AR heviirs of LEFL ancaibsibun T ibssoree o LIL feontrol b,
LDL receptor expression remaineil unaltered along the nested
times.

Wistern: blal snalysis shawo thar both nlL I and apL L
I el 24 lwasp were gbde 1o gmbuge LEP protgim
svighesis, However, aglDIL imduced higher LR proiein
capression than mlOL jaglDl: ®3+012 versus nlDL:
A0S, PO ) (Figare 31

nlL DV and agl. 0L Downrepulated SEERP-2
mAEMA Levels n g Times and Dises

Depenident Manner

W evilumed SEEBP= mBMA NG s levels m Yshits
expo=ed 1o increasing corkentrations of nLDL and szl
arsl although SEEAP- 1 remained mnalicred, SRERP-2 levels
wre dovprepibates uh o dose=dependent (Feglire 4580 nmd
time<depemlent |Figure 4H1 monner, The lowesl concemtre-
tion tested of bath nLDL amd agLDL 150 pemml) decrased
SREBP-I mBMA ecxpreaion by =500 and o complete
SHEBR-2 IIIF'I'«I'|I'I.""I|III|HI|| wne olheeryed ai TEHI i ml. The
time-course asnvs performed wah tbe highest LOL concen-
traticm { 100 permbl ) shoawed rhat, s abserved with the LD
meveptor mEMNA expresaion, lwre was s delsy on ik
SRERE-2 dowwregulaon imiluced by sglIH. (12 hirsp
compared with that mduced by nlL L (6 hoursi. In addition
sipibarly 3 the LIEL sécoplon @xpréssion, & slight névérsiin ol
the SRERR-2 downregubation was obsared after 24 wml 45
hours of incubation wrth nl.BL or agl DL

LOL Upregmlates LRE Expression (n YSMOs Arer

)
- '™
7.l
FEACTI
Ex ool
A :'-..-\-"-"'.'_ —4

Tinse {Wowrs)

Figura 4. Efoct af nLDL and aglDL on SREAP mANA levals. A
VEMCs ware incubaloed with incransed conoenirations of nlOL
Hnanpks) or aglDL icicks) for 24 hours, and SAESP-1 [open
symbokk) or SREBP-2 filked symbois) mANA kvals wane deto
mined by RT-PCA. B, Time-coursa reguiation of SREEP-2 by
NLOL and agLOL [#00 uo¥mL). Rasuls wera nommalized by
ganat mANA kvl and are aipeessed a5 pertendnags of conols
=

ALLN Prevents the LIV Receplor
Dowmregulation and the LRF Upregulation
Causasl by nLIML ool apl 3L

To pmalvae the possible myolvement of SEEBPs in LDL-
mechmted nupregulanoe o] LER ERIES O, W -'|l|:|',?|}|| the
eifieel of ALLM (25 pmaol/Ly an inkibstior of SEEBT catab-
ilism. on LEP mEMNA levels, ALLN blocked LEP upregala-
teinn il by LOL mor onky ot mBMA (Figure 38 but also
m the profom level (Figun: 5D As eapeciksd, ALLN almost
completely prevestad the downregulstion on LEHL recepior
B eoxpression imduced by el DL ool agl D0 § 1000 jegimil,
24 hwwwrs) (Frgore 50 ALLM alse doirzassl the CF acommu-
lition derived firom sl DL by 30=8% ag 30 pe'ml aglL 0L sl
by =t o 100 ey mal. agl.DIL. i Figure 2EL indiesting thas
LEF fimition s alloctal by ALLM. Taken wpather, these results
suggest the invelvement of SEEBRP.I on the LEF upregulobon
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T el

+ +

nlL
r

ALLN

— aglil.

Ll e T ——

5

Figures 5, ETect al 8LLN an LAP upregi-

. -

lalign indeced by nLDL &l aglDL

E
i

ﬂl—-l-ﬂl—"——-h“-

VEMCs wern incubated with nLDL or
agiDiL (P00 pymb and ALLN |25

;

r—l-—l--- — o ————

pmalfL) dunng 24 hours. A Acan

i

Ii-

II!Hhﬂrlll.-ﬂll

A

L ml AL el

-FhlﬂJ_

mphy showing LAP and LOL receptor
AN, axprassion hvels cbianad by
aamiguantitalive AT-PCA. B, Aaal-time
PR guanlilcsatin af LEP mBEla o
abssrce (apen bars) or presence
(closed barsl. O, Roalbme PCR guantif-
cation af LEL recaphor mPlA, in ALLR
abrsanca jopsn bars| o presencs (Clossed
g, Data wins procassa wiih & we-
cialy ckaigned soltweem prooran baeed

g ) dri TR
sy Wi mlaias e

o emirsl

ALLN Comunl, _nLUH,_ _splIKL

RN " ]

r— —— — _-_]".jﬂhh

LE L B N L]

E— L
—

M i

====1n

-,lﬁl.

an G valuas of aach sample and nge-
makied 1o gapah mERS, =20 0, Wiest-
ern biot sheowing LAP |#-chaini and
ar-aotinin protein lavels. E. Thirelayer
chmmalography shasing Bha FC and CE
nands of VEMC. Bar graphs showing tha
quanication of CE bancle in absancs
fogesn Ll or presencs iclosed barsy ol
ALLH Resudls are sxpresiad a8 micno-
gram ol cholesteral per miligram of pro-

i E & B

Larbirrary aniish
|| T PTG

LHF i o hadm s f s L S i
A Tmils=taas | mlors

W0l !

Cowird  nlDL mgliil

coisesd by DM and agl D s LK did noe shisw any effeo on
SREBRP-2 mBMA expressiom i cwsml o LIML-incubated
VEMCz {Figare 5A)

LRF mHEMA Levels Were Higher in VSMOs ol

Hy perelhidesteralenile Plgs

T determine whather hypercholesterclemia mfluenoes LET
expressean in WS im vive, we performed i sin hyhrid-
wrakioen mnalvsis, As shown i the Table, omimals el the
by perchodestierslemic diet showed higher chalesterol plasma
fevels. Mosson Teschromee smining shows very  mcipien
kesizna in bypercholesterolemic pizs (Figure SBE Inosro
bbidization snalysis revesled thar there i an incresse i
LET ¢xpmession darross) m the mirer-mcdin lawer (just
kel dloveloping plaques) of haperchalesteralensic | Figane
G0 companal wilh nonrochesierolemic pags (Figune 600
Comrols with sense nboprobes were negalive for normoche-
besterdermie (Figure 6B aml bvperchokesieralemic (Figane
G § pigs

Piasma Ligid Profle in Mormolipemic and Hyperfipemic Pigs

Mool Hppalipe ik
Trdal chebstrsl, mphl GBS 4R A
LI cholesierl, mgdl et iR 1] 33+ 121

Bsailln e mean =50
“FCN v pamolipank: sl

] 1oin and ane =howm as the maoan of wa
exparimants parformod in duplicals
ideaiatbs 5% of 1k rmean do nal
appaar n e compuer-oiginated
graphs)

T

[Mscussion

In hwmion VSMCs, LRF = the bipoprotan mecepior tha
imernalizes agl M. obisined by vosexing'' or incubarion
wikh verscin 4 Because vorlexing gemimiles agLOL ssmalar
1o s psolsdeed Troan che arterial wall™ and versican is ome of
the main protecglyoans miberacting with the LDL in the
aricral imiemi the LEP-madiated apll DL uptabe could have
u cnscaxl role in VSAC-lipel deposition in atherosclerotic
maguies.

Im this work, we demorsirate that agl.DL stronghy wpregu-
late= LRF sl trmnscnplonal kool The weremse on mRERA
LEP motsenpion leads ooa large mersess m LEP profem
expressimn In these cells, bath nll 2L, und sgLDL completely
downregulaie LIL recoplor expression. Comsequently. by
imducing LRP expression in lwiman VSMO, aglDL could
leinl b o prggressive intmee halar sccwmulation of cholestensd
im these celle The equal capacity of nLDOL anl sgLBL
downregulate LOL recepior expression can he explained by
therar hemticnl capacity te doannegulone SREBP-I mithig
lewels, LOL receprar downregulation i prevented by ALLKN,
an inhibitar of SREAP-2 cambolizn. confiming the expected
responae af cefls b cholesterol loading, Imeresiinghy, Al DL
and agl DL were unable to upregulase LR expression in
ALLM-areanead WEMOS, Funthermore, LRI upeeyalition. |ike
LIN. recepdor downregulatson, seems to be depenilem on
SREAPR2 dwsmregulatsm. However, other factors besides
SREBP-2 mise b wmvolved on LEP upregulstion, becase

135



RESULTATS

Liboremiv-Cariés o al

agL DL has march mose capacily than nLDOL te e LREP
capiression  levels, wherens bodh  lpoproteins  have  equal
capacity o completely downregalate SEERP-2 kvels These
resalis sugpest thit the bage amount of chodesteral miermal-
imed Fram aglDL into cclls conld msadulme other fronscripe
fiemn fictors Tikely imvalvad i the LEP ipregolation. Ak
theagh the LEP gome does not have SEE-| seguenoss in ils
pricaoter, i SEE-1 site o the unisaally boog 5 b laned
region has been described . Otber genes such as micrasomal
irigtveerile transfer pralein™ o To-haslrosy e ™ have b
desonibed b0 be upregaloled through SEERPs downregois.
tiom, Char results ohlinned im human VSRS are in sgrecment
with thise obamined m mocrophages, because LRP upreguls-
tiom has been ohservel mocells incsbated with chalestarol and
Ha-hydrogyehaolesteral 2 In addition, the LR upregulation
aharrved in vitm ke boon domebaraled i vive: in sia
bvbridizaion analysis revealed thar LEP expression = up-
regulaled inthe vessel wall of hyperchodesiendemic animals.
LEF upregudstion in hypercholesterolemes aistas i coneoi-
itant with the SEREREP:I downregulation proviously described
by oiir prowp, ' Our eesilts i vive oee inagrisment with
those ohigined in blood moneeuclear cells, m which dietary
cheilessenal has bom shown o menmse LRP mBRA Revels,™
und in norias of Watanahe rmbbits, although the main codlulsr
compemint af both carly anil late stages af atfsesclenasas o
thiz amimal madlel are infilirated macrophages.

To owir E'nl:l‘u'tlutvllgl.:, e = the fesl dermansdration it
caposare o high LDL concentration smd cellalar sccomuols-
tiom of CE increases LEP expression in VSO Oher resulis
aliggeest that hpercholesterodeias might increiss the capaary
af VEMCs 1o take gp LDL from the intima by regulating
cellulie: LRP kevele I slidstion, LRP ipeagilabon ny

LIL Upregulates LRP Expression is VAMOs

Aruy

Flgusre B, In sliu Fybridization anakss of
LAPF anpraesion in roemosholasharemis
fwel Fyperetodesierclemic pige. Matson
Iris hiormis alain of ssamgdes from aExdomi-
nl #orla al formocholssteroksmic (&)
and Fyppecholesteclamic (B pigs. In situ
wizatian with LAP anbiserse nbo-
proib in normochokesteralemic (S and
hyperchakstarckmio (0 pigs. Conlrols
with UAP sanse nboprobs in nomacho:
lesiarcdamiz (B s
amic F) plgs. Arrows indicats LRP
mANA axprestion Magnilicaticn = 100,

mlluence other mthwiays mvilved moolbemathromboss, be-
couse LRF medistes the degradstion of moleculur complesces
imvedved im thrombogomess amd Dbnmofvap 455
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Abstract

Background Vascular smooth muscle cells (VSMC) regulation during atherosclerotic
plaque progression is determinant for plaque stability.

Aims To study lipid accumulation, Low density lipoprotein receptor-related protein
(LRP) expression, and cell survival in VSMC isolated from non-atherosclerotic areas (normal
VSMC) and advanced atherosclerotic plaques (plaque-VSMC) of human coronaries.

Design Normal or plaque-VSMCs were obtained from the intima by a modification of
the explant technique.

Results. Aggregated LDL (agLDL) (100 pg/mL) internalization induced higher
intracellular cholesteryl ester (CE) accumulation in plaque-VSMC compared to normal
VSMC (89.2846.1 vs 60.34t4.1 pug CE/mg protein; P<0.05). This internalization was
associated to LRP expression since plaque-VSMC show higher levels of LRP mRNA
(6.06%0.55 vs 3.87+0.28; P<0.05) and LRP protein expression than normal VSMC. However,
plaque-VSMC showed lower proliferative response than normal VSMC (65361636 vs
111514815 cpm [’H]thymidine; P<0.05) and did not respond to platelet derived growth factor
BB (PDGF-BB) stimulus. In agreement, Bcl,/BAX ratio was significantly lower in plaque-
VSMC compared to normal VSMC (0.14+0.05 vs 0.514£0.07; P<0.05) and it was independent
of lipid loading.

Conclusions These results indicate that higher intracellular lipid deposition in plaque-
VSMC is related to higher LRP expression levels. However, LRP-mediated agLDL

internalization is not directly related to the reduced survival of plaque-VSMC.

Keywords Human vascular smooth muscle cells, aggregated LDL, Low density
lipoprotein receptor-related protein, DNA synthesis, cholesteryl esters.

There are several receptors that may contribute to intracellular cholesterol
accumulation in the vascular wall, mainly scavenger receptors (SRs), VLDL receptor, LDL
receptor and Low density lipoprotein receptor-related protein (LRP) [1,2]. With the exception
of LDL receptor, the other receptors are highly expressed in atherosclerotic lesions [3-5]. SRs
mediate the uptake of many negatively charged ligands including oxidized LDL [6,7]. In
contrast, LRP has been shown to act as an endocytosis-mediated receptor for different plasma
lipoproteins such as apolipoproteinE-enriched VLDL [8,9], lipoprotein lipase, hepatic lipase

and lipoprotein lipase-trygliceride-rich lipoprotein complexes [10,11], chylomicron remnant
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[12], lipoprotein (a) [13]. We recently demonstrated that aggregated LDL (aglLDL), one of the
main modifications of LDL in the intima arterial [14,15], is bound and internalized through
LRP, receptor that is upregulated by agLDL uptake in human VSMC and by
hypercholesterolemia in the vascular wall [16-19]. Furthermore, LRP-mediated agLDL
internalization could be considered as one of the main mechanisms for VSMC intracellular
lipid deposition. VSMC are the main cellular component in the healthy vessell wall and the
lost of VSMC content is a key factor determining vascular wall stability during
atherosclerotic lesion progression. VSMC number has been described to be regulated by
proliferative [20,21] and apoptotic mechanisms [22]. In advanced atherosclerotic plaques,
apoptotic VSMC have been detected [23] and there is higher apoptotic rate in VSMC isolated
from advanced lesions [24]. Besides a wide variety of growth factors identified in
atherosclerotic plaques that induce apoptosis [25], oxidized LDL also seems to induce VSMC
apoptosis [26]. In contrast, lipid accumulation derived from agLDL, highly present in the
arterial intima, prevent apoptosis of macrophages [27]. It is unknown whether agLDL uptake
regulate VSMC survival. This study has analyzed agl. DL internalization and LRP expression
in VSMC derived from healthy and atherosclerotic coronary vessels. Our results indicate
higher LRP expression levels and higher intracellular cholesterol accumulation derived from
agLDL uptake in plaque-VSMC. However, LRP-mediated agLDL internalization was not
associated to the lower DNA synthesis and the lower Bcl,/BAX survival ratio of plaque-

VSMC.

Methods
Coronary artery sampling

Human coronary arteries were obtained from explanted hearts immediately after
surgical excision at transplant operations performed at the Hospital de la Santa Creu i1 Sant
Pau.All procedures were approved by the Institutional Review Committee. Coronary arteries
were dissected, immersed in cell maintenance media, examined under low magnification with
a zoom stereo microscope and classified in two categories: areas with or without
atherosclerotic as deduced from absence of fibro-fatty tissue or visible plaques [28,29]. At this

point, samples were used either for immunohistochemistry or cell culture.
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Immunohistochemical analysis

Immunohistochemistry specimens were immersed in fixative solution (4%
paraformaldehyde in 0.1 mol/L PBS, pH 7.4 overnight at 4°C), sectioned into blocks,
cryoprotected and frozen [29]. Vessels were cross-sectionally cut and consecutive sections (5
pum  thick) were collected on chromopotassium-gelatin  coated slides for
immunohistochemistry or conventional staining and stored at —20°C until tested. Masson
Trichromic staining (performed in representative cross-sectional preparations from each
block), allowed to classify the lesions into group I (initial lesions, arterial intimal thickening
(AIT), n=8), group II (mild growing lesions: type I-II and III, n=15), group III (advanced high
risk lesions: type IV-V, n=8), group IV (severe lesions: type VII-VIII, n=10).
Sections were thawed and blocked with PBS-1% bovin serum albumin (BSA) for 1 hour at
room temperature. After washing in PBS, sections were incubated with primary antibodies
diluted 1/50-1/10 (depending on the antibody) during 3 hours at RT or diluted 1/100-1/400
overnight at 4°C. As secondary antibodies, horseradish peroxidase-conjugated rabbit
antimouse IgG alkaline phosphatase-conjugated rabbit antimouse Ig diluted 1/1000 were used.
The antibodies, their specificity and source are detailed in Table I. Several sections from
independent blocks were processed. Incubations with only primary or secondary antibodies
were simultaneously performed as a control of the immunostaining procedure. Controls using
nonimmune sera from mouse and rabbit were also carried out. Nuclei were counterstained

with Hoechst 33258 colorant.

Table I. Characteristics of the antibodies used in immunohistochemical studies

Antibodies Specificity Source Type Acquisition
Anti LRP a2 LRP a2 Mouse Monoclonal ~ Research Diagnostica
Anti LDL receptor LDL receptor Rabbit Policlonal Amersham

Anti a-actin Smooth muscle cells Mouse Monoclonal Dako

Human coronary VSMC isolation

Primary cultures of human VSMC were obtained from human coronary arteries of
explanted hearts at transplant operations performed at the Hospital de la Santa Creu i Sant
Pau. Normal or plaque-VSMC were obtained from the intima of non-atherosclerotic areas

(n=5) or advanced atherosclerotic lesions (group III) (n=4) respectively, by means of a
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modification of the explant technique [28,29]. In three cases,VSMC were obtained from
normal and atherosclerotic segments of the same coronary artery (Table II). Cultures from
individual patients were maintained as separate cultures and cells were not pooled.
Subconfluent cells were passaged by trypsinization. Cells derived from 2™ passage were used
in order to preserve most of their in vivo properties. VSMC were growth in medium 199
containing 20% foetal calf serum (FCS) plus 2% human serum, were arrested in medium with
0.4% FCS for 48 hours and then incubated with LDL in absence of FCS or lipoprotein
deficient serum (LPDS).

Table I1. Patient characteristics

Age Sex Clinical status

Normal VSMC
H92 25 M Motor vehicle accident
H95 59 M Ischemic cardiopathy
H108 57 M Ischemic cardiopathy
HI110 14 F Nonischemic cardiopathy
H112 25 F Nonischemic cardiopathy

Plaque VSMC
H95 59 M Ischemic cardiopathy
H108 57 M Ischemic cardiopathy
H79 61 M Nonischemic cardiopathy
HI112 25 F Nonischemic cardiopathy

LDL preparation and determination of the free and cholesteryl ester content

Human LDLs (d1.019-d1.063 g/mL) were obtained from pooled sera of
normocholesterolemic volunteers and modified by vortexing as previously described [30].
LDL preparations were less than 48 hours old, non-oxidized (less than 1.2 mmol
malonaldehyde/mg protein LDL) and without detectable levels of endotoxin (Limulus
Amebocyte Lysate test, Bio Whittaker). Quiescent normal or plaque-VSMC from H95, H108
and H112 patients were incubated with increasing concentrations of native LDL (nLDL) or
agLDL (50,100,200 pg/mL) for 24 hours. Then exhaustively washed and harvested into 0.10
mol/L NaOH. Lipid extraction and thin layer chromatography (TLC) was performed as
previously described [30].
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Real-time PCR

Quiescent VSMC were incubated with nLDL or agLDL (100 pg/mL) for 24 hours.
Cells were washed with PBS and total RNA and protein were isolated by using the Tripure' ™
isolation Reagent (Roche Molecular Biochemicals) according to the manufacturer. LRP and
LDL receptor mRNA were analyzed by real-time PCR as previously described [19]. TagMan
fluorescent Real-Time PCR primers and probes (6'FAMMGB) for LRP and LDL receptor
were designed by use of Primer Express software from PE biosystems. The specificity and the
optimal primer and probe concentrations were tested. Bel, (Hs00153350) BAX (Hs00180269)
and CPP32 (Hs00263337) were used as “assay on demand” (PE biosystems). Human 18S
rRNA (4 319413E) and gapdh (4326317E) were used as endogenous control (PE
Biosystems). Tagman real-time PCR was performed with 2 pL/well of RT products (1 pg
total RNA) in 25 pL of TagMan PCR Master Mix (PE Biosystems) with the primers at 300
nmol/L and the probe at 200 nmol/L. PCR was performed at 95°C for 10 min (for AmpliTaq
Gold activation) and then run for 40 cycles at 95°C for 15 seconds and 60°C for 1 minute on
the ABIPRISM 7000 Detection System (PE biosystems). The threshold cycle (Ct) values
were determined and normalized to the housekeeping gene gapdh or 18S rRNA as needed.
Since the targets have similar amplification efficiency than endogenous controls, we have
used the comparative Ct method (delta delta Ct) to perform relative quantification of LRP,
LDL receptor, Bcl, and BAX.

Western blot analysis

SDS-PAGE was run as previously described [17]. Blots were incubated with
monoclonal antibodies against human LRP (B-chain, Research Diagnostics, clone 8B8 RDI
61067, dilution 1:40) or against human CPP32 (Transduction Laboratories, clone 19, dilution
1:1000). To test equal protein loading for the different samples, blots were also incubated

with monoclonal antibodies against human a-actin (Dako, clone 1A4, 1:10000).

DNA synthesis

Proliferation assays were performed in VSMC (2™ passage) obtained from normal and
atherosclerotic plaque areas of the patient H95 and H108. VSMC DNA synthesis was
measured by [*H]thymidine incorporation. VSMC were seeded in 24-well plates at 20.000

cells/cm” and grown to confluence in the current medium. After 48 hours, the growth medium
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was replaced by an arresting medium containing 0.2% FCS and maintained for a further 24
hours. At this time, nLDL and agl.DL (100 pg/mL) were added to the culture medium and
maintained for 24 hours. Then, cells were exhaustively washed and cultured in a medium
containing 1 pCi/mL [*H]thymidine in the absence or presence of 10 mol/L PDGE-BB for
24 hours. At the end of this period, the cells were washed with PBS, fixed with cold methanol
95% for 5 min and incubated with 10% trichloroacetic acid (TCA) for 10 min in an ice-bath.
Then, the cells were dissolved in 0.10 mol/L NaOH and the amount of [3H]thymidine

incorporated was determined by scintillation using Microbeta 1450 (Trilux).

Image analysis

Results were evaluated with an Olympus Vanox AHBT3 microscope and digitalized
by a Sony 3CCD camera. The expression of LRP and a-actin proteins were semi-
quantitatively assessed by scoring the proportion of staining [31,32]. First, the entire section
was systematically scanned at 200x magnification and five non-overlaping fields were
selected to perform the analysis. The percentage of positive staining with each specific
antibody was determined, by using the Visilog 4.1.2 Image Analysis System, dividing the
area of the target protein by the total area of the field. In some cases, results were normalized
by the total nuclei number in each field. The results were expressed as percentage of positive
areas and are shown as the meantSEM of semi-quantifications from a minimum of five

sections each, from coronary lesions processed in independent immunostainings.

Statistical analysis
Comparisons among groups were performed by parametric (one factor ANOVA) or
non-parametric (Kruskal-Wallis, Mann-Whitney U test) analysis as needed. Statistical

significance was considered when p<0.05.

Results

Comparison of cholesteryl ester accumulation from LDL in normal and plaque-
VSMC.

In order to test whether VSMC-agLDL internalization plays a role in the lipid
accumulation associated to atherosclerotic lesion progression, normal and plaque-VSMC,

obtained as described in Methods, were incubated with increasing concentrations of agL.DL
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(50,100, 200 pg/mL) for 24 hours. In three cases VSMC were obtained from normal and
atherosclerotic segments of the same coronary artery (Table II). Both normal and plaque-
VSMC show undetectable levels of CE (<0.5+£0.2 pg CE/mg protein) when cultured in
absence of LDL. Since the CE content of control VSMC was negligible and LDL reduced
endogenous cholesterol synthesis to undetectable levels, the increase in CE content observed
in VSMC reflects the cholesterol that enter through LDL uptake [30]. No significant
differences were found in CE increase induced by nLDL in plaque versus normal VSMC
(1.5£0.42 vs 1.35+0.31 pugCE/mg protein at 100 pg/mL). However, agLDL induced higher
intracellular CE accumulation in plaque-VSMC compared to normal VSMC (89.2846.1 vs
60.3444.1 at 100 pg/mL agL.DL, P<0.05; 97.86%6 vs 63.243.5 at 200 pug/mL agL.DL, P<0.05)
(Figure 1). nLDL or aglL. DL did not alter the free cholesterol (FC) content of normal or
plaque-VSMC (data not shown) [16,17,30].
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Figure 1. Thin layer chromatography analysis of intracellular cholesterol accumulation
induced by nLDL and aglDL in normal and plaque-VSMC. Line graphs showing
quantification of CE bands incubated with agL. DL (closed symbols) and nLDL (open symbols)
from TLC in normal (romboid) and plaque-VSMC (circles). Results are expressed as pg CE
per milligram protein and are shown as meantSEM of two independent experiments performed
with VSMC from H95, H108 and H112 patients. *P<0.05, versus normal VSMC.

Comparison of LRP expression in normal and plaque-VSMC.
LRP, receptor that binds and internalizes agl. DL [16-18], and LDL receptor mRNA
expression were compared in normal and plaque-VSMC obtained as described in Methods. In

three cases VSMC were obtained from normal and atherosclerotic segments of the same
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coronary artery (Table II). As shown in Figure 2, the levels of LRP mRNA expression were
much higher than those of LDL receptor mRNA either in normal VSMC (LRP: 3.87£0.28 vs
LDLr: 0.5740.16; P<0.05) or plaque-VSMC (LRP: 6.06+£0.55 vs LDLr: 0.39+0.15; P<0.05).
LRP mRNA expression was significantly higher (P<0.05) in plaque-VSMC than in normal
VSMC (Figure 2A). In contrast, LDL receptor mRNA expression was significantly lower in
plaque-VSMC (P<0.05) (Figure 2B). VSMC from normal and advanced plaques obtained
from the same patient followed the pattern described for the rest of samples, there was higher
LRP expression in VSMC from atherosclerotic lesions. Western blot analysis (Figure 2C)

showed significantly higher LRP protein expression in plaque-VSMC than in normal VSMC.
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Evolution of lipid deposition, a-actin positive cells, and LRP expression during
atherosclerotic lesion progression in the human coronary arteries.

Immunohistochemical analysis of lipid (measured as apoB100 and ORO staining),
VSMC (measured as a-actin) and LRP was performed in the 4 groups of plaques previously
described in Methods. Image analysis quantification showed a significant increase in intimal
lipid deposition in group II and group III versus group I (Figure 3A). Figure 3B shows the
results of the percentage of intimal surface occupied by a-actin. A marked decrease in the

VSMC a-actin positive cells was observed with atherosclerotic lesion progression.
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Figure 3. Image analysis quantification of lipid, VSMC content and LRP staining in group I,
group II, group III and group IV lesions. A, Bar graphs showing the percentage of apoB-100
(open bars) and ORO (closed bars) B, Bar graphs showing the percentage of intimal area
occupied by VSMC. C, Bar graphs showing the quantification of LRP positive cells in the
vessel wall. Results are expressed as the percentage of marker positive areas and shown as the
meantSEM of semi-quantifications of five sections each, from coronary lesions processed in
independent immunostainings. *P <0.05, versus group I; 1P<0.05, versus group II.

Concerning LRP expression, there was a moderate increase on LRP expression in the

vessel wall with lesion progression (Figure 3C). Figure 4 shows a representative group I
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(panel A) and group III (advanced high risk lesions) (panel B). In group I lesion, LRP was
highly expressed in the intima and adventicia with minor expression in the media (panel C).
However, in high risk lesions, LRP expression was highly detected both in the plaque and the
internal tunica media (panel D). LDL receptor expression was low and homogeneous both in

group I (panel E) or group III lesion (panel F).

h?

Figure 4. Representative Masson Trichromic staining in group I (A) and group III (B) lesions.
Representative LRP immunostaining in group I (C) and group III (D) lesions. Representative
LDL receptor immunostaining in group I (E) and group III (F) lesions. 1, lumen; i, intima; m,
media; c, lipid core. Bar: 100 pm.
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Effects of agLDL loading in normal and plaque-VSMC survival .

In order to know whether LRP-mediated agLDL internalization was responsible for
the decrease in VSMC number during atherosclerotic lesion progression, we analyzed DNA
synthesis and Bcl,/BAX ratio, index of VSMC survival, in normal and plaque-VSMC. As
shown in Figure 5, plaque-VSMC showed lower DNA duplication rate than normal VSMC in
absence of LDL (65361636 vs 111514815 cpm [*H]thymidine; P<0.05). Neither nLDL nor
agLDL (100 pg/mL) exerted any significant effect on the proliferative rate of normal VSMC.

However, both nLDL and agLDL significantly increased [*H]thymidine incorporation of

plaque-VSMC (P<0.05).
PDGF-BB efficiently increased the proliferative rate of normal VSMC (P<0.05).

However, PDGF-BB  did not significantly alter [*H]thymidine incorporation of plaque-

VSMC independently of the absence or presence of nLDL or agL.DL.
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Figure 5. [’H]thymidine incorporation analysis of VSMC DNA synthesis. Normal and plaque-
VSMC were incubated by nLDL or agLDL (100 pug/mL). Then, VSMC were exhaustively
washed and incubated with PDGF-BB (10° mol/L) and [*H]thymidine (1 uCi/mL) for 24
hours. Bar graphs showing quantification [*H]thymidine in absence (closed bars) or presence
(open bars) of PDGF-BB stimulus. Results are expressed as cpm [*H]thymidine x10°
incorporated and are shown as mentSEM of 2 independent experiments performed with
VSMC from H95 and H108 patients. *P <0.05, PDGF-BB versus no PDGF-BB; 1P<0.05,

LDL versusno LDL; &P<0.05, agLDL versusnLDL.

As shown in Figure 6A, Bcl,/BAX ratio was significanlty lower in plaque-VSMC
compared to normal VSMC (plaque-VSMC:0.14£0.05 vs normal VSMC: 0.51£0.07; P<0.05)
independent of the presence of nLDL or agL.DL. No statistically significant differences were

found in CPP32 expression levels at mRNA (Figure 6B) or protein levels (Figure 6C)

between plaque and normal VSMC.
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Figure 6. Real time PCR quantification of Bcl,/BAX mRNA ratio (A) and CPP32 mRNA (B)
expression levels in normal and plaque-VSMC incubated in the absence (solid bars) or
presence of nLDL (open bars) or agLDL (hatched bars) (100 pg/mL) for 24 hours. Data were
processed with a specially designed software program based on Ct values of each sample.
Results are shown as men+SEM of 3 independent experiments performed with VSMC from
H95,H108 and H112 patients. B. Western blot analysis showing CPP32 protein and a-actin
levels in normal and plaque-VSMC incubated in the absence (solid bars) or presence of nLDL
(open bars) or agl. DL (hatched bars) (100 pg/mL) for 24 hours. Results are expressed as
meantSEM of 3 independent experiments performed with VSMC from H95, H108 and H112
patients. * P<0.05, plaque-VSMC versus normal VSMC.
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Discussion

In agreement with the role of LRP on VSMC-aglLDL internalization previously
described in our group [16-19], plaque-VSMC LRP over-expression was associated to
increased intracellular CE accumulation from aglLDL, one of the most important LDL
modifications in the arterial intima [14,15]. The results obtained in vitro are in agreement with
the increase in lipid accumulation and LRP expression during coronary atherosclerotic lesion
progression observed by us and others [3-5]. These results are also in agreement with the
effect of hypercholesterolemia upregulating LRP expression in the porcine vascular wall [19]
and in blood mononuclear cells [33]. Taken together, these results indicate that LRP mediated
agl.DL internalization likely contributes to lipid accumulation recruitment in the arterial wall.

According to the described reduction of the intimal VSMC number with plaque
progression, we found that plaque-VSMC proliferate less, have no response to PDGF-BB
stimulus and have lower Bclp,/BAX survival ratio. Although these results indicate that plaque-
VSMC have higher tendency to apoptosis, they are not apoptotic in cell culture since they do
not show CPP32 overexpression. The higher tendency to apoptosis and limited proliferation
of plaque-VSMC are phenotypic characteristics that seem not to be lost by subculture and
they are an intrinsec property of these cells [22,24,25]. In fact, some of the genetic differences
underlying these properties have been elucidated such as an inability to phosphorylate RB
(blocking proliferation) [34] and defective IGF-1 signaling in plaque-VSMC [35].
Additionally, a role for the LRP receptor limiting cell proliferation has been described in
different cell types [36-38]. In fact, LRP1 cytoplasmic tail contain residues that can be
phosphorylated by both protein kinase A and protein kinase C (PKC). Phosphorylation by
PKC seems to be a key mechanism for LRP mediated signal transduction [39]. Considering
that PKC is a key regulator of proliferation and apoptosis, the regulation of LRP cytoplasmic
tail phosphorylation might be a key event determining VSMC fate.

However, the lower proliferation and survival rate associated to plaque-VSMC were
not due to higher capacity of plaque-VSMC to internalize agL.DL through LRP since agLDL
increased the proliferation rate of plaque-VSMC in absence of PDGF-BB and agL.DL did not
alter the survival rate Bcl,/BAX or CPP32 expression levels. The lack of pro-apoptotic effects
of agLDL on VSMC survival is in agreement with the results demonstrating the inhibitory
effect of agLDL on macrophage activation-induced apoptosis [27] and those obtained by
Knockx et al that demonstrate how agl.DL induces death associated protein (DAP) kinase in
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human VSMC but not apoptosis [40]. Our results indicate that LRP mediated agL. DL uptake

could be one of the main pro-atherogenic mechanisms increasing intracellular lipid deposition

in VSMC. However, LRP mediated agLDL uptake seems not to be responsible for the

reduced survival of plaque-VSMC.
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