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INTRODUCCION

1. ENFERMEDADES CARDIOVASCULARES (CVD)

1.1 Tipos de CVD

Las enfermedades cardiovasculares son la principal causa de discapacidad y muerte prematura
en el mundo® (Figura 1). Los paros cardiacos y los accidentes cerebrovasculares son fenémenos
agudos debido a obstrucciones que impiden el flujo de la sangre al corazén o al cerebro. Las
causas mas frecuentes son la formacion de depédsitos de grasa en las paredes de los vasos

sanguineos, las hemorragias de los vasos cerebrales y los codgulos de sangrez.
Las ECV se pueden presentar clinicamente como:

- Cardiopatia coronaria (CHD): Causada por enfermedades de los vasos sanguineos que
irrigan el musculo cardiaco.

- Ictus y ataque isquémico transitorio (TIA): Causadas por una alteracién del flujo
sanguineo que irriga al cerebro. Pueden ser resultado de un bloqueo (ictus isquémico) o
por la ruptura de un vaso sanguineo (ictus hemorragico).

- Aneurisma aortico: Causado por la dilatacion y ruptura de la aorta.

- Arteriopatias periféricas: Causadas por enfermedades en las arterias que irrigan los
miembros superiores e inferiores.

- Cardiopatia reumdtica: Originada por lesiones del miocardio y de las valvulas cardiacas
debidas a la fiebre reumatica (causada por estreptococos).

- Cardiopatias congénitas: Se presentan por malformaciones en estructuras del corazén
presentes desde el nacimiento, causadas por factores genéticos o por exposiciones
adversas durante la gestacion.

- Trombosis venosa profunda y embolias pulmonares: estas ocurren por la formacién de
coagulos de sangre en las venas de las piernas, que pueden desprenderse y alojarse en
los vasos del corazén y en los pulmones.

- Otras CVD: tumores del corazén, tumores vasculares del cerebro, enfermedad de la

valvula cardiaca®.

El 42.5% de las defunciones por CVD estan relacionadas con la cardiopatia isquémica y un

35.5% con las enfermedades cerebrovasculares (Figura 1).
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Cardiopatia Enfermedades
Otras enfermedades CVD (31%) isquémica (42.59) cerebrovasculares
no transmisibles (35.5%)
(33%)
PRINCIPALES MUERTES
CAUSAS DE POR CVD
MUERTE
LCan’c:iio;:natias
inflamatorias
| S (2%)
Cardiopatias
Heridas (9%) Enfermedades hipertensivas
transmisibles, (6.59%) COtras
maternas, Cardiopatias CvD
perinatales v reumaticas (12.99)
nutricionales  (27%) (19%)

Figura 1: Principales causas de muerte a nivel mundial. Las enfermedades cardiovasculares son la
principal causa de muerte, dentro de las cuales predominan la cardiopatia isquémica y los eventos
cerebrovasculares. Modificado de Cannon et al, 2013*.

1.2 Factores de riesgo de las CVD

Se han identificado 8 factores de riesgo que ocasionan el 61% de las muertes causadas por CVD:
el consumo de alcohol y de tabaco, la hipertensidn, el sobrepeso, los niveles altos de colesterol
y glucosa en sangre, los malos habitos alimentarios y el sedentarismo®. La modificacién de estos

factores de riesgo reduce la morbilidad y la mortalidad en personas con CVD diagnosticadas®.

Varios estudios han demostrado que ciertos factores psicosociales, como la depresion, la
ansiedad, la falta de apoyo social y las condiciones de estrés en el trabajo, incrementan la

. . . . . . . 7-1
incidencia de los factores de riesgo principales y el curso de la enfermedad coronaria’*°.

Una prevencion efectiva depende de la identificacion de los individuos con riesgo a desarrollar
alguna enfermedad cardiaca. Mediante el uso de los factores de riesgo convencionales se
intenta predecir el riesgo global de los pacientes, el diagndstico y el tratamiento terapéutico.
Ademas, se esta implementando el uso de biomarcadores moleculares que permitan predecir
eventos cardiovasculares®®. Asi, actualmente se utilizan biomarcadores de inflamacion, de

disfuncién endotelial, de activacién neurohormonal y de isquemia.
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2. ATEROSCLEROSIS

Las complicaciones de la aterosclerosis se manifiestan en la edad adulta o en la vejez. Sin
embargo, la aterosclerosis, que es el principal proceso patoldgico que da lugar a las CVD,
comienza a una edad temprana y avanza gradualmente durante la adolescencia y la edad
adulta®®. Su progresién se encuentra modulada por la presencia de los factores de riesgo

cardiovasculares.

La aterosclerosis es una enfermedad inflamatoria crénica caracterizada por la acumulacién de
, . . .13 . .

lipidos y elementos fibrosos en las arterias™, que surge por un desequilibrio en el metabolismo
lipidico y por una mala respuesta inmune generada por la acumulacién de macréfagos cargados
de colesterol y la multiplicacion y migracion de las células musculares lisas en la pared
vascular*. Los engrosamientos de las arterias se denominan placas y ocasionan un deterioro

progresivo del vaso y una reduccién del flujo sanguineolz.

Con el objetivo de estudiar la patogénesis de la aterosclerosis se han disefiado varios modelos
animales. Entre los mas usados se encuentra el modelo de ratones deficientes para el receptor
de lipoproteinas de baja densidad (LDLR). Estos ratones presentan altos niveles de colesterol en
plasma y concentraciones de lipoproteinas de densidad intermedia (IDL) y de baja densidad
(LDL) 7-9 veces mas altas que en los ratones silvestres (Wt). Ademas, cuando los ratones Ldlr”
son alimentados con una dieta rica en colesterol desarrollan hipercolesterolemia severa y
aterosclerosis adrtica’. Este modelo junto al de ratones deficientes para la Apolipoproteina E
(Apoe'/') han sido de gran utilidad en la caracterizacién de los procesos y dianas clave en el
desarrollo y progresion de la lesidn aterosclerdtica. En los siguientes apartados se explicard en
términos generales el metabolismo de las lipoproteinas, la anatomia de la pared vascular y las

principales etapas en el desarrollo de la aterosclerosis.

2.1 Lipoproteinas
2.1.1 Estructura y composicion

La alteracién del metabolismo lipidico (dislipemia) es un factor que contribuye al desarrollo y
progresion de la placa aterosclerdtica. De hecho, las lipoproteinas plasmaticas son la fuente

principal de los lipidos que se encuentran en la placa’®. Las lipoproteinas estan formadas por
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fosfolipidos, colesterol libre (FC), apoproteinas y un nucleo interno hidrofébico compuesto por

triglicéricos (TG) y ésteres de colesterol (CE) (Figura 2).

Triglicérido

Ester de
colesterol
Apoproteina

Fosfolipido

Colesterol
libre

Figura 2: Estructura de las lipoproteinas. El colesterol libre (FC), las apoproteinas y los fosfolipidos se
localizan en el exterior de la particula. En el interior se encuentran los triglicéridos (TG) y los ésteres de
colesterol (CE).

Las lipoproteinas se clasifican principalmente en 5 tipos segun su composicién y funcién:
quilomicrones (CM), lipoproteinas de muy baja densidad (VLDL), IDL, LDL y lipoproteinas de alta
densidad (HDL) (Tabla 1).

Lipoproteinas plasmaticas humanas

Quilomicrén VLDL IDL LDL HDL
0.95 0.95-1.006 1.006-1.019  1.019-1.063  1.063-1.210
Composicion (% en peso seco)

2 7 15 20 40-55

Triglicéridos 83 50 31 10 8

Colesterol libre 2 7 7 8 4
Esteres de 3 12 23 42 12-20
colesterol
Fosfolipidos 7 20 22 22 22
(Oelpalele[elela e[ | A-I,A-1I,B-48, = B-100,C-I, B-100,C-l, B-100 A-1,A-II,C-1,
apoproteinas C-1,C-11,C-lll C-I1,C-lll,E C-II,C-111,E C-I1,C-111,D,E
Origen Intestino Higado Metabolismo Metabolismo Intestino,
de VLDL de VLDL higado (CM y
VLDL)

Tablal: Composicidn quimica de las principales clases de lipoproteinas humanas aisladas por gradiente
de ultracentrifugacion’.
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2.1.2 Metabolismo de las lipoproteinas

El colesterol proviene de la ingesta (300-500mg/dia en una persona con dieta occidental) y de
la produccién hepatica (800-1300mg/dia). El colesterol absorbido es procesado en un 50% por
los enterocitos del intestino delgado (duodeno y yeyuno), mientras que el otro 50% es

eliminado en las heces®®*°

. En el enterocito, el colesterol es esterificado por la enzima acil-
CoA:colesterol aciltransferasa (ACAT) e incorporado junto con los TG en los CM. Los CM son
liberados a la linfa y entran a la circulacién sistémica por medio del conducto tordcico. Ya en la
sangre, los CM adquieren algunas apolipoproteinas de las HDL y transfieren su contenido de TG
al tejido adiposo y muscular, donde son hidrolizados a dacidos grasos libres (FFA) por la
lipoproteina lipasa (LPL) y asi, usados como fuente de energia (Figura 3). Después de perder los

TG, los CM interactian de nuevo con las HDL, que los convierten en CM residuales que son

transportados al higado y absorbidos por las células parenquimales hepéticaszo.

En el higado, el colesterol de los CM residuales, junto con el colesterol de sintesis enddgena es
empaquetado en las VLDL y exportado a la sangre; de manera similar a los CM, las VLDL
transportan TG a los diferentes tejidos. Ademas, las VLDL liberan FC, fosfolipidos y
apolipoproteinas que son tomadas por las HDL. Cuando el contenido de las VLDL en la sangre
cambia, estas particulas son transformadas en IDL y LDL, que son los principales

transportadores de colesterol a través de la sangrezo.

En la pared vascular, la internalizaciéon de lipidos aumenta en presencia de altas

concentraciones de LDL en sangre. Una vez internalizados, los lipidos son modificados por
. . . . . 21 , .

mecanismos oxidativos y no oxidativos®". Los macrofagos presentes en la pared arterial

participan en la acumulacién de colesterol como se explicara en la siguiente seccién.

En la célula, las LDL son degradadas en los lisosomas y el colesterol es utilizado para sus
necesidades especificas. El colesterol residual es eliminado por medio del transporte reverso
del colesterol. Este proceso lo realizan mayoritariamente las HDL. Las HDL nacientes en la
sangre (formadas por ApoA-1) reciben colesterol y fosfolipidos de las células cargadas de
colesterol de los tejidos extra-hepaticos mediante el receptor transportador con dominio de
unién al ATP-A1l (ABCA1l). EI FC de las HDL es esterificado por la lecitina:colesterol

acetiltransferasa (LCAT) y la HDL naciente se convierte en una HDL madura (Figura 3). Esta HDL
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provee CE a diferentes lipoproteinas en un intercambio por TG y las HDL residuales son

transportadas al higado para su eliminacion por la bilis y las heces.

Otro mecanismo para eliminar el exceso de colesterol es la metabolizacién del colesterol en
oxiesteroles solubles, los cuales salen por difusidon de la célula hacia la circulacién y son

rapidamente transportados al higado para su degradaciéon?.

Colesterol Sangre

endogeno .
voeladieta [

SR-B1

-~

.g. liore
[ 1)
Quilomicrones
HDL ABCGT
i naciente P
Acidos aridos )
grasns rasos \ . {
u i . 4 R/ ® L
/‘\ Tejido 4& = 1 . Y
i > \
Misculo adiposo ) ) ... ? |
colestero) Lipasa hepatica Q
— Dlestero A Lpasaendotelial g
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I \\
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remangntes Macréfago
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Figura 3: Metabolismo de las lipoproteinas. El intestino absorbe los lipidos endégenos y los de la dieta y
los almacena en quilomicrones (CM), los cuales son transportados por la sangre a los tejidos periféricos
donde liberan su contenido de acidos grasos. Los CM residuales son absorbidos por el higado vy
secretados en sangre donde se transforman a VLDL o LDL mediante la adicion de ApoB. Las LDL son de
nuevo absorbidas por el higado a través de LDLR. Por otro lado, las HDL son producidas por el intestino y
el higado. En los tejidos periféricos, las HDL nacientes estimulan la salida del colesterol de los tejidos,
por medio de ABCA1 y las HDL maduras por medio de ABCG1. El colesterol libre (FC) en las HDL
nacientes es esterificado a CE por medio de la enzima lecitina:colesterol acetiltransferasa (LCAT),
creando HDL maduras. El colesterol de las HDL es devuelto al higado mediante la unidn al receptor de
depuracion-B1 e indirectamente por la transferencia de CE a las LDL y VLDL mediada por la proteina de
transferencia de CE (CETP). El contenido lipidico de las HDL depende de las enzimas lipasa hepatica,
lipasa endotelial, CETP y de la proteina de transferencia de fosfolipidos (PLPT). Modificado de Rader and
Daugherty, 2008 .
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2.2 La pared vascular

La pared vascular estd compuesta por tres capas: la intima, la media y la adventicia (Figura 4).
Cada una presenta unas caracteristicas funcionales, bioquimicas e histolégicas especificas,
contribuyendo al mantenimiento de la homeostasis vascular y a la regulacién de la respuesta

inflamatoria provocada por estrés o dafio*.

La intima es la capa mas interna de la arteria y estd compuesta por el endotelio y el
subendotelio. El endotelio esta formado por una monocapa de células endoteliales (EC) que
conforman la interface fisica entre la sangre y el tejido, y el subendotelio, es la lamina basal
compuesta por proteoglicanos y colageno, que limita con la ldmina eldstica interna. Las EC
regulan el paso de nutrientes y componentes de la sangre y participan en varios procesos

fisiolégicos como son la homeostasis, la inflamacion y la angiogénesiszs.

La capa media esta compuesta por las células musculares lisas vasculares (VSMC) y proteinas de
la matriz extracelular (ECM), como elastina, colagenoy proteoglicanoszs. Esta capa estd limitada
exteriormente por la ldmina eldstica externa que permite el paso de sustancias en ambas

direcciones.

La adventicia es la capa exterior de la arteria y estd formada principalmente por fibroblastos,
fibrocitos y fibras de colageno. El grosor de la adventicia depende de la funcion fisioldgica y la
ubicacidn del vaso sanguineo. El coldgeno contribuye a la estabilidad y firmeza de la pared

arterial®®.

Advelnticia Media intima

!

Lamina elastica Lamina elastica
externa interna

Figura 4: Representacion de la estructura de la pared vascular.
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2.3 Desarrollo de la lesion ateroscleroética

2.3.1 Activacién endotelial:

Los cambios mas tempranos que preceden la formacién de la lesidn aterosclerdtica tienen lugar
en el endotelio'. Esta capa estd formada por células endoteliales, que en condiciones
fisioldgicas normales son resistentes a la adhesidon y agregacion de plaquetas, y a la adhesion de
células inflamatorias®’. Cuando el endotelio es activado por diversos factores, como la
dislipemia, cambios en la velocidad del flujo sanguineo, la hipertensién, la obesidad, la
resistencia a la insulina o las dietas y habitos poco saludables, se induce la secrecidon de
citoquinas/quimioquinas y la expresion de receptores de adhesién (integrinas y selectinas) que
aumentan la permeabilidad del endotelio y favorecen la adhesidon y transmigracién de

leucocitos dentro de la pared arterial?’%® (Figura 5A).

2.3.2 Adhesion e infiltracién de monocitos:

Los monocitos son las principales células inflamatorias que participan en la progresion de la
lesion aterosclerdtica. Tras la activacion del endotelio, los monocitos circulantes comienzan a
rodar lentamente por la superficie del endotelio activado mediante su unidn a los receptores de
adhesion (selectina P y selectina E). A continuacion los monocitos se adhieren firmemente a la
superficie del endotelio mediante la unién a moléculas de adhesion celular vascular e
intercelular (VCAM1 e ICAM1). Las quimioquinas (proteinas pro-inflamatorias) generan un
estimulo quimiotactico que induce la migracion de los monocitos hacia la capa intima (Figura
5A) donde se diferencian a macroéfagos y comienzan a internalizar lipidos por medio de la
expresion de receptores depuradores (SR, scavenger receptor) y receptores tipo Toll en la

membrana celular 2//%°,

2.3.3 Formacidn de las células espumosas vy la capa fibrosa:

La continua internalizacion de lipoproteinas por parte de los macrofagos lleva a la formacién de
gotas de lipidos dentro de su citoplasma, generando una apariencia espumosa (Figura 5B). Estas
células espumosas liberan factores de crecimiento, citoquinas, especies de oxigeno reactivas y
otras enzimas que pueden destruir la ECM arterial, como las metaloproteinasas de matriz

27,28

(MMPs) y el factor Ill de coagulacién (F3)*"“". Este proceso estd acompafado de la proliferacién
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y migracion de las VSMC, de la activacién de las células T, y de la adhesidn y agregacion de
plaquetas®®. Finalmente, las células espumosas sufren apoptosis y mueren, liberando todo su
contenido lipidico y contribuyendo al desarrollo del centro necrético®® (Figura 5C). La
proliferacién de células musculares lisas conduce a la formacidn del tejido fibroso aumentando
el tamafio de la lesién y reestructurandola. La lesién estard cubierta por una capa fibrosa,
formada por una mezcla de leucocitos, lipidos y restos celulares, que rodea el centro lipidico y

el tejido necrético™.

Adhesién y
agregacion de
plaquetas

Adhesion y
entrada de
leucocitos

it : i 6n de Adhesién Adhesion de Migracién Formacién de Activacién
endotelial leucocitos endotelial leucocitos de las VSMC células espumosas  de células T

Acumulacién Formacién del Formacién de la Ruptura de Disminucién del espesor Hemorragia en el
de macréfagos centro necrético capa fibrosa la placa de la capa fibrosa interior de la placa

Figura 5: Desarrollo de la placa aterosclerética. La activacion del endotelio estd provocada por diversos
factores que incluyen la hipertensidn, la dislipemia, el estrés de friccidn y las infecciones. El endotelio
activado permite la entrada de lipidos y aumenta la expresion de moléculas de adhesién que facilitan la
migracion de leucocitos en el espacio subendotelial (A). En la capa intima, los monocitos se diferencian a
macréfagos que fagocitan lipidos ocasionando la acumulacién de colesterol y la formacion de células
espumosas (B). Los continuos ciclos de inflamacién, acumulacidon y muerte de macréfagos, junto con la
proliferacién y migracion de las VSMC, llevan a la formacién de la capa fibrosa y a la progresién de la
placa aterosclerdtica (C). El incremento en la liberacion de MMPs y otras enzimas proteoliticas por parte
de los macréfagos degradan la matriz y pueden llevar a una hemorragia desde el interior de la placa o
desde el lumen de la arteria produciendo la formacién de un trombo y la oclusidn de la arteria (D).
Modificado de Ross, 1999%.
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2.3.4 Lesidn avanzada y trombosis:

En el estadio avanzado de la aterosclerosis, las células endoteliales se deterioran y desprenden
creando un ambiente propicio para el desarrollo de trombosis (Figura 5D). La tunica media
reduce su grosor debido a la continua entrada de macréfagos que liberan MMPs y otras
enzimas proteoliticas. Estas enzimas degradan la ECM y pueden iniciar una hemorragia desde el
interior de la placa o desde el lumen de la arteria resultando en la formacién de un trombo y en

. . 12
la oclusién de la arteria™*>*°,

3. INFLAMACION Y DIFERENCIACION CELULAR EN LA ATEROSCLEROSIS

El avance de la aterosclerosis incluye diferentes respuestas celulares y moleculares especificas,
gue en conjunto son caracteristicas de una enfermedad inflamatoria?. La participacién de los
monocitos y los macréfagos en el desarrollo de la lesién y su compleja interaccién con las EC y
las VSMC han sido claves para la descripcion de la aterosclerosis como un proceso

inflamatorio™°.

En el modelo murino los niveles elevados de colesterol en sangre inducen un aumento en los
niveles de células madre hematopoyéticas y su diferenciacién a monocitos y neutrdfilos, que
participan en la progresion de la lesion aterosclerdtica®’. Ademads, las células espumosas
presentes en la lesidbn secretan mediadores de la inflamacién que estimulan la
desdiferenciacién, proliferacion y migracién de las VSMC contribuyendo al desarrollo y a la

2
ruptura de la placa®**3.

La infiltracion de células inflamatorias en la pared vascular y su diferenciacién a macréfagos
juegan un papel muy importante durante todos las etapas de la progresion de la lesion?’. Los
monocitos son clasificados en dos grupos en base a la expresion de CD14 -un antigeno de
superficie que participa en el reconocimiento de moléculas externas como lipopolisacdridos
(LPS)- y de CD16 —un miembro de la familia de receptores Fc (fragmento cristalizable)- en su
superficie celular*®. Los monocitos clasicos, CD14"CD16 representan el 85-95% del total de
monocitos; y los no-cldsicos CD14°CD16" comprenden cerca del 5-15%>>°°. En ratén, los
monocitos son diferenciados en base a la expresion de Ly-6C, un epitopo del antigeno de
diferenciacién mieloide Grl, y son Ilamados Ly—6Chi y Ly—6CIo or Gr1" y Gr1®,

37,38

respectivamente”””". Se ha propuesto que los monocitos de ratén Ly—6Chiy Ly—6CIo son analogos
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de los monocitos clasicos CD14*'CD16 ™y no-clasicos CD14*CD16" humanos, respectivamente®.
Durante la progresion de la lesidn aterosclerética los monocitos cldsicos son mas abundantes y
promueven la formacion de macrofagos en la placa aterosclerdtica mientras que los no-
clasicos, también llamados monocitos controladores (“patrolling”), son menos abundantes,

disminuyen la inflamacién y promueven la angiogénesis®.

A pesar de que la aterosclerosis ha sido ampliamente descrita por su fuerte componente
inflamatorio, las terapias actuales estdan enfocadas a reducir la hiperlipemia y a prevenir la
trombosis*. Aunque se puede observar ciertos efectos pleiotrépicos anti-inflamatorios en
algunas terapias, como la del acido acetilsalicilico y las estatinas, en general las terapias
actuales para el tratamiento de la aterosclerosis no tienen como diana principal la
inflamacion®. El continuo andlisis del potencial de diferenciacién de los monocitos y su funcion
en la inflamacién durante la aterosclerosis puede dar lugar a futuras dianas terapéuticas para

combatir la aterosclerosis y sus complicaciones.

4. FAMILIA DE RECEPTORES DE LAS LDL

Los miembros de la familia de receptores de las LDL son glicoproteinas transmembrana
reconocidos como receptores endociticos de superficie, los cuales se unen e internalizan
ligandos extracelulares para su degradacién por lisosomas*'. Estos receptores participan en
diversos procesos que incluyen: el transporte de lipoproteinas, la eliminacién de complejos
inhibidores de proteasas del plasma, el transporte y la eliminacién de las LDL plasmaticas, y la

.z ~ . s . . . .7 1
transduccién de sefiales bioldgicas durante el desarrollo y la diferenciacion®.

La familia de LDLR esta compuesta por: LDLR, VLDLR, LRP1, LRP2, LRP3, LRP4, LRP5, LRP6, LRPS,
LRP10 y LR11. En relacién a la estructura, estos receptores tienen varios dominios en comun,
tales como los dominios de unién al ligando, los dominios homdlogos al factor de crecimiento
epidérmico (EGF) y los dominios transmembrana y citoplasmatico (Figura 6). Los dominios de
union al ligando son repeticiones tipo A de 40 aminoacidos, con seis residuos de cisteina
formando tres enlaces disulfuro ubicados en el extremo NH,; las repeticiones homdlogas al
EGF, junto con un dominio de hélice enrollada B, estdn involucrados en la disociacion

42,43

dependiente de pH del complejo receptor-ligando™ ™. Los dominios transmembrana participan

en el anclaje de estos receptores a la membrana, mientras los dominios citoplasmaticos, que
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contienen motivos NPxY o PPPSP, participan en la endocitosis mediada por receptor y en las

vias de transduccién de sefales intracelulares*.

LRP1 LRP2 E= Repeticién EGF

| Dominio de unién al ligando

=% Dominio glucosilado

- Dominio transmembrana

B Dominio citoplasmético

(D
(IR

LRp1o LRI11

(I
(UL

LDLR VLDLR

i

LI

Figura 6: Comparacion de los dominios estructurales en la familia de LDLR. Los receptores que participan
en distintas enfermedades cardiovasculares estan subrayados en rojo.

4.1 LDLRy VLDLR

LDLR fue el primer miembro de la familia descrito por su papel en la eliminacion de las LDL y CE
de Ia sangre44. Las mutaciones en el receptor de las LDL son la causa mdas comun de
hipercolesterolemia familiar (FH)*, una enfermedad metabdlica hereditaria, que presenta
diferentes manifestaciones clinicas como aterosclerosis prematura y CHD. Los pacientes con
ambos alelos de LDLR mutados (FH homocigota, HoFH) estdn mdas afectados que los pacientes

con sélo un alelo mutado (FH heterocigota, HeFH)".

VLDLR estd expresado en el endotelio capilar del musculo esquelético, corazdn, tejido adiposo e
hl'gado48, y se une a las VLDL y a los quilomicrones residuales®. La unién de estas particulas de

lipoproteinas a VLDLR es estimulada por APOE y LPL e inhibida por la proteina de 39-kDa
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asociada al receptor 0 En el tejido vascular humano sano, VLDLR estd expresado en las EC y
VSMC. Estudios en ratones deficientes para VLDLR han mostrado un papel importante de este
receptor en la migracién de las VSMC y en la formacién de células espumosas™. De hecho, la
reconstitucién de la expresion de VLDLR en los macréfagos de ratones Vidir”~ aumenta
significativamente el tamafio de la lesion, sugiriendo un papel facilitador para VLDLR de

macréfagos en el desarrollo de la lesién aterosclerética’.

4.2 LRPs

La subfamilia de LRPs participa en el metabolismo de los lipidos, la neurotransmisién, el
desarrollo embrionario, la formacién dsea y las enfermedades cardiovasculares. La importancia
de estos receptores radica en su habilidad para unirse a diferentes ligandos (e.g. glicoproteinas
y lipidos) y de esta forma modular diversos procesos iniciados en respuesta a estimulos de dafio
0 estrés**?°3, Los receptores de esta subfamilia con un papel en la aterosclerosis u otras CVD

son LRP1, LRP2, LRP5, LRP6, LRP8 and LR11 (Figura 6).

La sobreexpresion de LRP1 causa alteraciones en la funcion de las células cardiovasculares

54,55

debido a una acumulacién de lipidos intracelulares®>, al cambio a un fenotipo pro-

56,57

trombético y a alteraciones en el transporte de calcio®®. Por otro lado, la deficiencia de LRP1

provoca un aumento de la apoptosis de macréfagos59 y de la captacién de monocitos en las

59,60

lesiones aterosclerdticas LRP2 regula el metabolismo de las HDL por medio de la

61-63

internalizaciéon de sus componentes estructurales . Estudios poblacionales muestran que

una mutacion de LRP5 (A1330V) ocasiona una reduccién en la interaccion de la proteina con sus

64,65 66,67

ligandos y estd asociada con hipercolesterolemia™"’. Ademas, variaciones genéticas de

LRP6 resultan en CVD y CAD tempranas® y mutaciones de LRP8 incrementan el riesgo de CAD y

69,70

MI prematuros’™"". Por ultimo, varios estudios poblacionales han identificado al receptor LR11

como un biomarcador potencial para la prediccién de la aterosclerosis cerebral y/o coronaria’*
73

37



INTRODUCCION

5. LDL RECEPTOR-RELATED PROTEIN 5 (LRP5)

5.1 Estructura y funcion de LRP5

El gen de LRP5 codifica para una proteina de 1615 aa que contiene dominios conservados
caracteristicos de la familia de receptores de LDL (Figura 7). En su extremo N-terminal LRP5
contiene un dominio que consta de cinco repeticiones de aprox. 50 aa con la secuencia
caracteristica de Tyr-Trp-Thr-Asp (motivo YWTD) seguido por un dominio de repeticién de EGF.
Una unidad, definida por el dominio de motivos YWTD y una repeticidon de EGF, se encuentra
repetida cuatro veces en el LRP5’*. La ultima repeticién de EGF esta adyacente a tres
repeticiones de unidn a ligandos (LDLR), las cuales tienen residuos de Cys conservados y el
motivo Ser-Asp-Glu (SDE). El dominio transmembrana de LRP5 consta de 23 aa. En la familia de
los LDLR las repeticiones LDLR normalmente se encuentran antes de las repeticiones de EGF,
pero en LRP5 y LRP6 este patrdn es inverso. Curiosamente, la organizacién de toda la porcién
extracelular de LRP5 corresponde exactamente a las repeticiones de EGF 7-10 separadas por los
dominios de motivos YWTD y a las repeticiones de LDLR 11-13 en la region extracelular de

LRP1/%7

El dominio citoplasmatico de LRP5 esta formado por 207 aa y estd compuesto por un 16% y un
15% de residuos de Pro y Ser, respectivamente. Es interesante que el dominio citoplasmatico
de LRP5 y LRP6 no muestra ninguna similitud con los dominios citoplasmaticos de la familia de
LDLR y tampoco es similar al de ninguna otra proteina conocida’. Este dominio contiene varios
residuos aromaticos que pueden estar relacionados con la endocitosis’* y un motivo dileucina,
gue podria funcionar como mediador de la internalizacién de un numero de receptores de

. . . . 76,77
citoquinas y del receptor de la vitelogenina’®”’.

|
|
l
|

NH, tHH =SS = COOH
| Motivo YWTD __| Repeticionesde LDLR Dominio
E= Repeticién EGF B Dominio transmembrana citoplasmatico

Figura 7: Representacion grafica de los dominios estructurales de LRP5.
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LRP5 participa en diferentes patologias, como la osteoporosis, la osteoartritis, la
neovascularizacién retiniana, la resistencia a la insulina y la aterosclerosis’®®>. LRP5 funciona
como un co-receptor con la proteina frizzled para las glicoproteinas extracelulares Wnt, que

52,86

inducen la via candnica de Wnt (descrita en el siguiente apartado).

LRP5 se encuentra en una regién cromosémica que contiene dos marcadores asociados a la

74818 i alteraciones en la expresién de LRP5 pueden ser responsables de la

diabetes tipo 1
susceptibilidad a desarrollar diabetes’®. Ademads, LRP5 estd altamente expresado en varios tipos
celulares involucrados en el inicio y progresion de la diabetes, las células beta de los islotes de

Langerhans, los monocitos y las células metabolizadoras de retinoides’®.

LRP5 es un regulador clave en la proliferacién osteoblastica y en la formacién 6sea’®®,

Mutaciones en este receptor causan el sindrome de osteoporosis-pseudoglioma (OPPG), un
transtorno autosémico recesivo muy poco frecuente caracterizado por anormalidades oculares
que causan ceguera congénita o que aparece durante la infancia y provoca osteoporosis juvenil

798 Estas mutaciones de LRP5S ocasionan una pérdida de

severa con fracturas espontaneas
funcién del receptor y consecuentemente una reduccion de la masa dsea. Por otro lado, un
aumento de la funcidn del receptor causado por el cambio del aminodacido de glicina por una

valina (G171V) ocasiona el sindrome de alta densidad ésea (HBM)®°.

LRP5 tiene un papel esencial en la destruccién del cartilago en la osteoartritis®. De hecho, la
expresion de LRP5 estd aumentada en el cartilago articular de pacientes con osteoartritis®* y
este aumento se correlaciona con la sobreexpresién de factores catabdlicos (MMP3 y MMP13),
con la inhibicidn de la sintesis del factor anabdlico colageno tipo Il y con la estimulacion de la
apoptosis en los condrocitos, que contribuyen al desarrollo de la enfermedad®. Estos efectos

se producen por medio de la sefializacién de Wnt/B-CATENINA®,

Recientemente se ha descrito que LRP5 también participa en la neovascularizacién de la
retina®. Asi, ratones deficientes para LRP5 presentan una vasculatura intraretinal
subdesarrollada asociada a la acumulacién y reduccién de la migracién de las EC®, mientras
que los ratones deficientes para VLDLR presentan neovascularizacion en la retina®. Los ratones
deficientes para LRP5 y VLDLR no presentan neovascularizacion en la retina demostrando que
LRP5 es necesario para este proceso. Estos resultados sugieren que LRP5 puede ser una diana

efectiva para prevenir y tratar enfermedades de la retina causadas por la neovascularizaciéon®.
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5.2 Via de seiializaciéon por Wnt

Las proteinas Wnt son una familia de glicoproteinas modificadas por lipidos conservadas a

93,94

través de la evolucion™”". Las Wnt son de gran importancia en la regulacién de procesos de

959 En adultos,

desarrollo como el modelado de tejidos, la proliferacion y la migracion celular
la via de sefializacién por Wnt es clave para la homeostasis de los tejidos ya que regula el
mantenimiento de las células madre®’. Su desregulacidén esta asociada con varias patologias

humanas pero donde extiste mas documentacién es en cancer™.

Existen dos vias de sefializacidon por Wnt, la via candnica (dependiente de B-CATENINA) y la no
candnica, activadas por diferentes ligandos Wnt y receptores™. La via de sefializacién no
canodnica se divide a su vez en dos tipos: la via Wnt/Ca®*, qgue estimula la liberacién de Ca®
intracelular y la activacién de quinasas dependientes de Ca®* y esta mediada por proteinas de
sefializacion G; y la via de polaridad planar celular (Wnt/PCP), que participa en la organizacion
del citoesqueleto, en la motilidad celular, en la gastrulacion y en la orientacién de células
sensoriales, por medio de la activaciéon de pequeias GTPasas, incluyendo RhoA, Rac, Cdc42 y

JNKs (quinasas c-Jun N-terminal)'®.

La via de sefalizacion Wnt/B-CATENINA controla multiples procesos celulares como la

diferenciacion celular, la inflamacidn, la carcinogénesis, la fibrosis y la angiogénesis®®'®*. E

n
ausencia de Wnt, B-CATENINA es fosforilada por un complejo compuesto por AXINA, APC
(poliposis adenomatosa coli) y GSK3B (glucdégeno sintasa quinasa 3 beta), y degradada por

100102 | 5 unién de

ubiquitinas manteniendo asi unos niveles bajos de B-catenina citoplasmatica
Whnt a sus receptores Frizzled y LRP5/6 estimula la fosforilacion del dominio citoplasmatico de
LRP5/6 mediada por CK1 (caseina quinasa 1) o GSK3BlO3. LRP5/6 fosforilado actia como un sitio
de anclaje para AXINA, lo cual permite la disociacion de [B-CATENINA del complejo de
degradacion dependiente de Dishevelled (Dvl). Estos eventos resultan en la acumulacién de B-
CATENINA en el citoplasma y su posterior translocacion al nucleo, donde se une a los factores
de transcripcion TCF (factor de células T) y LEF-1 (factor potenciador linfoide 1) y activa los

104

genes diana de la via de seializacién por Wnt™" (Figura 8). Entre los genes diana de esta via se

encuentran ciclo-oxigenasa 2, c-jun, conexina 43, ciclina D1, osteopontina (OPN) y la proteina

morfogénica ésea-2 (BMP2)1%>7110,
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Via inactivada Via activada

= (%9 Lipidos
extracelulares

Frizzled LRP5/6
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4 B-CATENINA
APC
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Degradacion proteosomal

Figura 8: La via candnica de sefializacién por Wnt se activa por la unién de glicoproteinas Wnt a sus
receptores LRP5/6 y Frizzled evitando la fosforilacion y degradacion de B-CATENINA por parte del
complejo de GSK3B. B-CATENINA se acumula en el citoplasma y se transloca al nucleo donde
interacciona con los factores de transcripcion LEF1/TCF para activar la transcripcion de los genes diana.

5.2.1 Participacion de la via candnica de sefializacion por Wnt en la aterosclerosis: inflamacion y

diferenciacion celular.

La via candnica de sefializacion por Wnt ha sido caracterizada como un regulador de la

111-113

proliferacién, supervivencia y diferenciacion celular . Participa en la diferenciacion de

células madre mesenquimales, en la osteoblasteogénesis e inhibe la adipogénesis en

79,114
humanos’®

. La via candnica es una de las primeras vias moleculares de repuesta al dafio
celular™; sin embargo su papel en la inflamaciéon no esta definido todavia. De hecho existe
cierta controversia sobre si la activacion de la via candnica induce un aumento o una
disminucién de la inflamacion local. Asi, se ha descrito que IL-1p y LPS causan una acumulacion
citoplasmatica de B-CATENINA en las EC vasculares humanas™*® Yy que se observa una activacién

de los genes de la via canénica Wnt en las EC de un modelo murino de trasplante de rifion'"’,

sugiriendo la implicacion de la via en la respuesta inflamatoria.

Se ha demostrado recientemente que la via candnica participa en la resoluciéon de la

inflamacién por medio de la regulacion de genes anti-inflamatorios. Asi, inhibidores de la via
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candnica de sefializacion por Wnt, como el GSK3[, aumentan la expresién de genes pro-

118,119

inflamatorios en células endoteliales (EC) y en monocitos activados , Y por el contario, la

inhibicion de GSK3B en macréfagos murinos disminuye la secrecién de TNFa, IL6 e 1L2*%°. La via
candnica de sefializaciéon por Wnt también parece regular la diferenciacién de las células T** ya
gue TCF1 y B-CATENINA son necesarios para la diferenciacion de las células T hacia células T

efectoras Th2'%%,

Los niveles de expresion de B-CATENINA activa en las placas aterosclerdticas vulnerables son
mayores que en las placas estables, sugiriendo que la activacion de la via candnica contribuye a

12 . . . .y .
3. Sin embargo, niveles bajos de expresion de LRP6 en las lesiones

la inestabilidad de la placa
aterosclerdticas de cardtida humana podrian indicar que una reduccién de la senalizacidn
s . , . . 124 s . . . .
candnica de Wnt estaria contribuyendo a la aterosclerosis™". Ademas existen datos indicativos
de que el efecto protector de la via candnica podria involucrar la resolucion de la

inflamacion®'®1%°,

Se ha descrito también que la via candnica de sefializacion por Wnt promueve la calcificacion

125 Dicha sefalizaciéon estaria

vascular por medio del aumento de la expresion de BMP2
estimulada por factores de riesgo aterosclerético como la hipertensién y la diabetes'?. BMP2
junto con las especies reactivas de oxigeno genera sefiales paracrinas que promueven la
expresion vascular de los ligandos Wnt3a y Wnt7a, activando la via candnica de sefializacion

por Wnt vy la calcificacidon vascular'?®?’.

5.3 Participacion de LRP5 en la homeostasis de lipidos

Los estudios de la funcion de LRP5 en el metabolismo lipidico comenzaron con el
descubrimiento de la unidn LRP5-APOE. APOE es un componente importante de varias
lipoproteinas plasmaticas, como los CM residuales, las IDL y las VLDL'®. La unién de LRPS a
APOE parece indicar que LRP5 participa en la eliminacion de aquellas lipoproteinas que
contienen APOE. Ademas, conejos Watanabe con hiperlipidemia hereditaria (WHHL), presentan
mayor expresion hepatica de LRP5 que conejos normales, sugiriendo que la expresion de LRP5

podria ser regulada por los niveles de colesterol in vivo'®®,

Estudios con ratones deficientes para LRP5 (Lrp5'/') mostraron que este receptor es necesario

para la homeostasis de la glucosa y el colesterol®. Asi, ratones Lrp5'/' alimentados con una
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dieta hipercolesterolémica (HC) presentan niveles de colesterol elevados en comparacién con
ratones Wt alimentados con la misma dieta, debido a una menor eliminaciéon hepatica de CM
residuales. Adema3s, los ratones Lrp5'/' alimentados con una dieta normocolesterolémica (NC)
presentaron una menor tolerancia a la glucosa resultando en una secrecidon reducida de
insulina®. El cultivo de islotes de Langerhans de ratones Wt con medio condicionado
conteniendo Wnt3a, un activador especifico de la via, estimula la secrecién de insulina inducida
por glucosa mientras que este efecto no se observa en los islotes de Langerhans de ratones

Lrp5'/ 82

La participaciéon de LRP5 en la progresién de la lesidon aterosclerdtica se ha sugerido en un
modelo de ratones transgénicos deficientes para Apoe y Lrp583. Los ratones Apoe'/' alimentados
con una dieta normal presentan hipercolesterolemia y desarrollan aterosclerosis espontanea™®.
Tras la eliminacién de Lrp5 (Apoe'/':LrpS'/') los ratones presentan niveles de colesterol aun mas
altos que los ratones Apoe'/'. El efecto deletéreo de la ausencia de LRP5 también se evidencia
en el tamafo de las lesiones aterosclerdticas, las cuales son tres veces mas grandes que las

observadas en los ratones Apoe'/'83

. Sin embargo, los niveles de colesterol extremadamente
altos de los ratones Apoe'/':Lrp5'/' (~750mg/dL) podrian estar enmascarando los efectos de la
ausencia de LRP5. Finalmente, estudios poblaciones en China y Japdn han mostrado que un
polimorfismo en el dominio extracelular de LRP5 (A1330V), que causa la pérdida de su funcién,

estd asociado con altos niveles de colesterol en plasma®®®’.
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6. FITOESTEROLES ESTERIFICADOS (PSE)

6.1 Estructura y mecanismos de accion

Los esteroles vegetales son alcaloides esteroideos de origen vegetal estructuralmente similares
y analogos funcionalmente al colesterol, con capacidad de reducir los niveles de colesterol en
sangre13°'134. Las principales fuentes de fitoesteroles y fitoestanoles son los aceites vegetales,
las margarinas, el pan, los cereales, las frutas y los vegetales®. Los fitoesteroles mas
abundantes son el sitosterol, el campesterol y el estigmasterol, y en una menor proporcién se
encuentran el brassicasterol, el 5 y 7-avenasterol y el ergosterol®'. Al igual que el colesterol, los
esteroles vegetales se presentan principalmente en forma libre y esterificada. Los fitoesteroles
y los fitoestanoles se diferencian del colesterol por tener una cadena lateral unida al anillo de
esterol (Figura 9). Los fitoestanoles son esteroles vegetales saturados sin doble enlace en el
anillo esterol, debido a esta saturacién, tienen una menor absorcion que los fitoesteroles™®.
Cuando son empleados como ingrediente alimentario los esteroles vegetales y los estanoles
son esterificados con un éster de acido graso para incrementar la solubilidad en la matriz
alimentaria, dando lugar a los fitoesteroles esterificados (PSE) y a los fitoestanoles

esterificados™®"1%,

El principal mecanismo que utilizan los PSE para reducir los niveles de colesterol es mediante la

139-141
. L

inhibicion competitiva de la absorcidén del colesterol en los enterocitos del intestino 0s

fitoesteroles tienen una alta afinidad fisicoquimica por las micelas resultando en una absorcidn

142
menor de colesterol**

. En el enterocito, una gran parte del colesterol y otros esteroles son
esterificados por la enzima acil-CoA:colesterol aciltransferasa-2 (ACAT2) y liberados en la linfa
dentro de los CM. Y otra parte es excretada de nuevo hacia el lumen del intestino por
heterodimeros de los transportadores con dominio de unién al ATP, ABCG5 y ABCGS, que se

encuentran en la parte apical del enterocito™****.

Otro mecanismo por el cual los PSE
disminuyen la concentracién del colesterol plasmatico ocurre a través de la ruta de excresion
transintestinal del colesterol (TICE), la cual presenta un sistema activo en la parte proximal del
intestino delgado e implica el transporte del colesterol presente en la parte basolateral y apical
del enterocito hacia el lumen intestinal******. Se ha descrito la participacion del heterodimero
ABCG5/ABCGS en la ruta de TICE, provocando un aumento de la movilizacidn del colesterol

hacia el lumen del intestino para ser excretado por las heces™ .
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Colesterol cms Fitoesterol

CH3
7

HO

Fitoestanoles

Figura 9: Estructura quimica del colesterol, fitoesterol (sitoesterol), fitoestanol (sitoestanol) y fitoesterol
éster. Los fitoesteroles y fitoestanoles se diferencian del colesterol por tener una cadena lateral unida al
anillo esterol. Los fitoestanoles son esteroles vegetales saturados sin doble enlace en el anillo esterol.
Debido a esta saturacion, tienen una menor absorcidn que los fitoesteroles. Cuando los fitoesteroles son
utilizados como suplemento para reducir los niveles de colesterol se esterifican con acidos grasos de
cadena larga para aumentar su solubilidad y absorcién, dando lugar a los fitoesteroles esterificados
(PSE)BO'BG.

6.2 Propiedades de los PSE en el desarrollo de la aterosclerosis

Durante los ultimos afios se han realizado muchos esfuerzos para elucidar el papel de los PSE
mas alld de su capacidad de reducir los niveles de colesterol en sangre. Estudios iniciales del rol
de los PSE en la progresion de la lesién aterosclerdtica se han realizado en ratones Apoe'/'
alimentados con una dieta HC suplementada o no con fitoesteroles derivados de aceite de pino.
Se observa que el consumo diario de los fitoesteroles reduce la formacién de lesiones
aterosclerdticas y los niveles de colesterol en plasma148. De forma similar, hamsteres
alimentados con una dieta pro-aterogénica suplementada con PSE, presentan un drea de
células espumosas en la aorta menor que los que sélo recibieron la dieta pro-aterogénica,

confirmando asi el efecto benéfico de los PSE en el desarrollo de la aterosclerosis®*.

Ademas, los ratones LdIr’ alimentados con una dieta aterogénica durante 33 semanas seguida
de la administracién de atorvastatina, PSE o fitoestanoles durante 12 semanas muestran que

los animales alimentados con dieta suplementada con PSE o fitoestanoles y aquellos
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alimentados con PSE o fitoestanoles y atorvastatina tienen una inhibicidn de la progresién de la

130 Debido a sus efectos sobre el colesterol, los

lesidon e incluso inducen una regresidn de esta
PSE tienen propiedades anti-inflamatorias’*. En modelos murinos se ha observado que el
consumo de PSE produce un descenso en los niveles de citoquinas pro-inflamatorias, como IL-6
vy TNFa (factor de necrosis tumoral alfa) y un incremento de citoquinas anti-inflamatorias, como
IL-2, IL-10 e IFNG (interferén gamma) asociado a su reduccion en los niveles de colesterol

Za: 151,152
plasmatico™*>2,

En algunas situaciones los PSE no mostraron ningun efecto, como en ratones LdIr” con niveles
de fitoesteroles 20 veces mas altos que lo normal debido a la inactivacion de los genes
ABCG5/8, los cuales alimentados durante 7 meses con dieta pro-aterogénica, no mostraron
diferencias en el tamafio de la lesién en comparacion con los controles (ratones alimentados
con la misma dieta pero sin la mutacién)*®®. Mientras que en algin caso se han descrito efectos
nocivos. Asi, ratas espontaneamente hipertensas susceptibles a presentar infartos (SHRSP)

154

demuestran un efecto negativo de los PSE ". Se ha descrito que los niveles elevados de

fitoesteroles en plasma incrementan la rigidez del eritrocito y acortan la vida media en las

154

ratas—". De hecho, la sitosterolemia es una enfermedad genética caracterizada por presentar

altos niveles de fitoesteroles y colesterol en plasma que cursan con la aparicion de CHD

143,155

prematura . Estudios epidemioldgicos en pacientes sin sitoesterolemia sugieren que un

leve aumento de los niveles de fitoesteroles en plasma puede ser un factor de riesgo adicional

16157 Ademas, ratones alimentados con dieta normal suplementada con

para desarrollar CHD
PSE (2%) presentan disfuncién endotelial y un incremento del dafio cerebral durante la

. .1
iIsquemia 58.

Finalmente, la Sociedad de Aterosclerosis Europea (EAS) ha determinado que el consumo de
PSE puede ser considerado beneficiosos en individuos con niveles altos de colesterol plasmatico
y con un riesgo cardiovascular medio o bajo que no requieren farmacoterapia; en pacientes con
riesgo alto o muy alto, que son intolerantes al tratamiento con estatinas o similares como una

133 Sin embargo

terapia farmacoldgica auxiliar; y en adultos y nifios (mayores de 6 afios) con FH
se incentiva a continuar con estudios para establecer con seguridad el efecto beneficioso del

consumo de los PSE.
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7. RESUMEN DE LA INTRODUCCION

Las CVD son la primera causa de discapacidad y muerte prematura en el mundo®. La

19 Esta patologia cursa

aterosclerosis es el principal proceso patolégico que da lugar a las CVD
con altos niveles de colesterol en sangre y esta caracterizada por la acumulacién de lipidos en la
pared vascular®. Las lipoproteinas son la fuente principal de los lipidos que se encuentran en la
lesion aterosclerdtica y estan formadas por fosfolipidos, FC, apoproteinas, TG y CE'. Las
lipoproteinas son absorbidas por el higado vy los tejidos periféricos a través de los receptores de
LDL®. LDLR ha sido ampliamente caracterizado por su participacién en el metabolismo de las
lipoproteinas y mutaciones en este receptor alteran la homeostasis del colesterol provocando
enfermedades como la FH*. Recientemente se ha descrito la participacién de los LRPs, una
subfamilia de los receptores de LDL, en diferentes patologias cardiovasculares. En particular,
LRP5, descrito inicialmente por su papel en la osteoporosis y en la neovascularizacién de la

8283 pe hecho, un

retina, también participa en la homeostasis del colesterol y de la insulina
modelo murino deficiente para ApoE y LRP5 presentd mayores niveles de colesterol en sangre y
mayor tamano de las lesiones ateroscleréticas que los ratones deficientes sélo para ApoE83. Sin
embargo, el estudio aislado del efecto de LRP5 en la progresidon de la aterosclerosis y de los
mecanismos implicados en su funcién no se ha realizado aun. LRP5 es un correceptor de la via
candnica de sefializacion por Wnt®, que controla multiples procesos celulares como la

86,101
, por lo

diferenciacién celular, la inflamacidn, la carcinogénesis, la fibrosis y la angiogénesis
cual su modulacién podria regular los procesos celulares que ocurren durante la progresién de

la lesion aterosclerdtica tanto a nivel sistémico como vascular.
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HIPOTESIS Y OBJETIVOS

La aterosclerosis, caracterizada por la acumulacidon de lipidos y elementos fibrosos en las

139 En el desarrollo de esta

arterias, es el principal proceso patoldgico que da lugar a las CVD
patologia participan la diferenciacion, la proliferacion y la migracién celular, dando lugar a
diferentes respuestas celulares y moleculares, que son caracteristicas de una enfermedad
inflamatoria®®. La internalizacién de lipidos por las células de la pared vascular es crucial para la
progresion de la lesién y es realizada en parte a través de los receptores de las LDL®. LRPS5, un
miembro de la familia de receptores de LDL y correceptor de la via candnica de sefializacion por
Wnt, se ha descrito por su participacidon en la homeostasis de I|’pid0583. Nuestra hipdtesis de
trabajo es que LRP5 participa en el desarrollo de las lesiones aterosclerdticas humanas, y que la

modulaciéon de la via candnica de senalizacion por Wnt es clave para su funcidn. Por lo tanto,

nos planteamos los siguientes objetivos:

1. Investigar el papel de LRP5 y de la via candnica de sefializacién por Wnt en las células

inflamatorias.
2. Investigar la participacién de LRP5 en la formacidn de la lesidén aterosclerética.

3. Investigar la implicacion de LRP5 y la via candnica de sefializacion por Wnt en la

modulacion de la inflamacion in vivo.

4. Investigar el efecto de altos niveles de colesterol plasmatico en la expresién de LRP5 in

vivo.
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1. NOMENCLATURA

Las abreviaturas de los genes y de las proteinas siguen las pautas establecidas por el “Comité
Internacional sobre Nomenclatura Genética Estandarizada para Ratones”
(www.informatics.jax.org) y el “Comité de Nomenclatura de la Organizacion del Genoma

Humano” (www.genenames.org), resumidas en la siguiente tabla:

Lrp5 LRP5

LRPS  LRPS

Tabla 2: Nomenclatura usada en las abreviaturas de los genes y proteinas utilizados.
2. CULTIVOS CELULARES

2.1 Células musculares lisas vasculares humanas (HVSMC)

Los cultivos primarios de las HVSMC se obtuvieron a partir de arterias coronarias humanas
procedentes de corazones extraidos en los transplantes de corazdn realizados en el Hospital de
la Santa Creu i Sant Pau de Barcelona, siguiendo la técnica de explantes establecida por nuestro
grupo™®. El protocolo de obtencién de muestras fue aprobado por el comité ético del hospital
en concordancia con el tratado de Helsinki. Las coronarias se extrajeron del corazon
explantado, se abrieron longitudinalmente y mediante el raspado de la cara interna se eliminé
la capa de células endoteliales. A continuacion, se separd la capa media de la adventicia y se
corté la media en explantes de 1-2mm?, estos se distribuyeron en placas de cultivo con medio
M199 (Gibco) suplementado con 20% de FBS, 2% de suero humano, 2mM de Glutamina,
100U/mL de penicilina y 100U/mL de estreptomicina e incubaron a 37°C con un 5% de CO,.
Cuando las VSMC migraron de los explantes hacia la placa se tripsinizaron (Tripsina/EDTA) y

subcultivaron. Estas células se incubaron con nLDL o agLDL como se describird mas adelante en

la seccidn de tratamiento con lipoproteinas.
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2.2 Células endoteliales de la vena umbilical humana (HUVEC)

Las células HUVEC se compraron a ATCC y se cultivaron en medio M199 (Gibco) suplementado
con 20% de FBS, 2mM de Glutamina, 2mM de Hepes, 2mM de Piruvato, 1% de Heparina, 1% de
suplemento para el crecimiento de células endoteliales (ECGS), 100U/mL de penicilina y
100U/mL estreptomicina. Las placas se trataron con gelatina al 1% durante 30 min antes de

sembrar las células. Para los experimentos con nLDL o agLDL se usaron HUVEC entre los pases 1

y 5.

2.3 Aislamiento de monocitos humanos (HM) y macréfagos derivados de monocitos humanos

(HMDM)

Las células mononucleares de sangre periférica humana (PBMCs) fueron obtenidas a partir de
residuos leucocitarios (15-20mL) de donantes sanos y aisladas por centrifugacién por gradiente
de densidad utilizando Ficoll-Hypaque. La sangre se anadié sobre 15mL de Ficoll y se centrifugd
a 300g durante 1h a temperatura ambiente. Se aislé la capa leucocitaria que corresponde a la
banda central blanca del gradiente y se hicieron de 3-4 lavados con 1X PBS centrifugando 5min
a 300g. Las células se resuspendieron en medio RPMI1640 (Gibco) suplementado con 10% de
suero humano AB (Immunogenetics), 100U/mL de penicilina y 100U/mL de estreptomicina. Se
realizé el conteo de monocitos en un contador Coulter (250-350x10°células) y se sembraron en
placas de 100x20mm (20x10°células) y en placas de 6 pocillos (4x10°células/pocillo). Los
monocitos sembrados en placas de 100x20mm se utilizaron al dia siguiente de su aislamiento
para la transfeccién de LRP5 y posterior analisis de la adhesién y diferenciacién celular. Por otro
lado, los monocitos cultivados en placas de 6 pocillos se incubaron durante 7 dias para permitir
su diferenciacién a macréfagos (HMDM) y se usaron para la transfeccion de LRP5 y los ensayos

de migracion.

2.4 Células promielociticas derivadas de leucemia humana (HL60)

Las células HL60 (human promyelocytic leukaemia cells) son una linea celular inmortalizada que
proviene de leucocitos de sangre periférica de una paciente con leucemia promielocitica aguda.
Estas células se diferencian a macrofagos tras el tratamiento con PMA (phorbol 12-myristate

13-acetate). Se caracterizan por la expresidon de proteinas presentes en macréfagos y por la
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capacidad de realizar actividades tipicas de los macréfagos como la fagocitosis, la actividad de

1617183 1 as HL60 fueron cultivadas en el medio

esterasas inespecificas (NSE) y la adhesion
RPMI1640 (Gibco) con Glutamax, suplementadas con 10% de FBS, 100U/mL de penicilina y
100U/mL de estreptomicina, e incubadas a 37°C con un 5% de CO,. En esta tesis estas células se
usaron para los ensayos de sobreexpresién y silenciamiento de LRP5 y su efecto en la adhesion,

la diferenciacién, la proliferacion y la apoptosis celular.

2.5 Células PC3 y US7MG

Las células PC3 son derivadas de cancer de prostata humano y las U87MG de glioblastoma. Se
cultivaron en medio DMEM/F12 suplementado con 10% de FBS, 2mM de glutamina, 100U/mL
de penicilina y 100U/mL de estreptomicina, e incubaron a 37°C con un 5% de CO,. Estas células

fueron usadas para la transfeccidn de LRP5 y posterior analisis de la proliferacién celular.

3. MODELO DE RATONES TRANSGENICOS

3.1 Obtencidn y caracterizacion de la colonia de ratones deficientes para Lrp5

Ratones heterocigotos para Lrp5 (Lrp5+/') fundadores de la colonia fueron cedidos por el Dr.

164-166

Bart Williams . Se estabularon en jaulas con temperatura controlada (21+22C), en un ciclo

de 12h luz/oscuridad y con comida y agua ad libitum.

Al cumplir 4 semanas de edad los ratones se genotiparon. Para ello fueron sedados con
isofluorano y se les tomé una biopsia de la cola (0.5cm). Esta muestra se dividié en dos
segmentos, uno se almacend a -20°C y el otro se utilizd para la extraccién del DNA. El tejido se
incubd con 400uL de buffer (0.1M Tris pH 8; 0.3M NaCl; 0.4% SDS; 5mM EDTA; 100ug/mL
Proteinasa K) toda la noche a 55°C en agitaciéon constante. Al dia siguiente se realizd6 una
agitacion vigorosa, seguida de centrifugacién a 13.400g durante 5 min a temperatura ambiente.
El pellet se descartd y el sobrenadante se incubd con 400uL de isopropanol y 40uL de 3M
acetato sddico durante 30 min a -80°C. Se centrifugd a maxima velocidad durante 15 min a 0°C
y el pellet resultante se lavd con etanol al 70%, se volvid a centrifugar y se evaporaron los
restos de etanol a 95°C. El DNA se diluyé en agua destilada estéril y la calidad y concentracién

se determinaron con el Nanodrop ND-1000 (Nanodrop Technologies, Inc., Willington, DE, USA).
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La PCR se realizé con la Taq polimerasa “Expand High Fidelity™”®> PCR System” (Roche), los
cebadores utilizados fueron S17 (GGC TCG GAG GAC AGA CCT GAG), S23 (CTG TCA GTG CCT
GTA TCT GTC C) e IRES31 (AGG GGC GGA ATT CGA TAG CT) (Tabla 3). Los productos de la PCR

fueron analizados en un gel de agarosa al 2%.
g g

|| Tiempo [ Temperatura(°C)
2 min 92
0% s
30 seg 58 .
— ciclos
30 seg 72
Elongacion Final 10 min 72

Tabla 3: Condiciones de |la PCR para analizar el genotipo de los ratones.

3.2 Administracion de dietas

Los ratones Wty Lrp5'/' fueron alimentados con una dieta normocolesterolémica (NC, Tekland
diet, Harland Labs) durante 10 semanas y posteriormente los animales de cada genotipo se
dividieron en dos grupos para ser alimentados con la dieta NC o hipercolesterolémica (HC,
TD.88137, Harland Labs) durante 8 semanas mas (n=8-12 ratones/grupo). La composicion

detallada de las dietas utilizadas se muestra en la Tabla 4.

En los estudios con PSE los ratones Wty Lrp5'/' fueron alimentados con la dieta NC durante 10
semanas y posteriormente los animales de cada genotipo se dividieron en tres grupos para ser
alimentados con la dietas NC, HC 6 HC suplementada con fitoesteroles esterificados al 2%
(HC+PSE) durante 8 semanas mas (8-12 ratones/grupo, Tabla 4). Los PSE fueron suministrados
por DANONE y tienen un contenido de esteroles totales de minimo 73%, del cual el 60% son
fitoesteroles esterificados y el 40% son acidos grasos. Teniendo en cuenta estos datos se
calculé el volumen necesario para conseguir un consumo diario de PSE del 2%. Los PSE se
suministraron diariamente en cuadritos de gelatina de 0.5cm? La administracion se realizé
mediante la preparacién de forma convencional de gelatina Royal sin sabor baja en grasa
(2,32g/mL) con agua estéril. Cuando la gelatina estaba totalmente disuelta se afiadian los PSE
(9.3mL/100mL) y se mantenia en agitacion hasta que se disolvieran completamente. Después
se dispensd 1mL de la gelatina en moldes de plastico de 1cm? se guardé a 4°C toda la noche y
al dia siguiente los cuadritos se extrajeron y cortaron por la mitad (volumen final 0.5mL). A los

ratones alimentados sdlo con dieta HC se les suministré la gelatina sin PSE.
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Composicién Dieta Dieta Dieta
P NC HC | Hc+PSE
Grasa total % 3,5 22 22

Colesterol % 0 0,25 0,25
Sacarosa % 4,3 34 34
Calorias provenientes de las proteinas % 18 17 17

Calorias provenientes de la grasa % 11 40 40
PSE % 0 0 2

Tabla 4: Composicién de las dietas normocolesterolémica (NC), hipercolesterolémica (HC) e HC
suplementada con fitoesteroles esterificados (HC+PSE).

Al final de los experimentos los ratones fueron anestesiados con una mezcla de medetomidina
y ketamina (dosis 1mg/kg y 75mg/kg, respectivamente). Cuando no se observaron reflejos
podales se realizd puncidn cardiaca y la sangre obtenida se utilizé para los analisis bioquimicos
y la extraccién de mRNA. Los drganos de interés para el estudio (aorta, higado, bazo, intestino)
se recolectaron en nitrégeno liquido y después se almacenaron a -80°C. Aortas de cada grupo
experimental se utilizaron para la extraccion de mRNA, otras se fijaron en paraformaldehido
(PFA) para posterior andlisis inmunohistoquimico y otras se tifleron para analisis de la lesion

aterosclerodtica.

Todos los protocolos realizados durante la manipulacién de los animales fueron aprobados por
el comité de investigacién animal de la institucién (ICCC051/5422) y siguen la guia para el usoy
cuidado de animales de laboratorio publicada por el Instituto Nacional de Salud de los Estados

Unidos.

4. LiPIDOS

4.1 Aislamiento y modificacion de lipoproteinas humanas

Las lipoproteinas utilizadas en los tratamientos celulares (LDL) fueron obtenidas de sueros
normolipémicos de donantes del Banco de Sangre y Tejidos de Barcelona. El método utilizado
consistio de una serie de ultracentrifugaciones que separan las fracciones de lipoproteinas

sanguineas en base a su densidad™®’ (Tabla 5).

59



METODOLOGIA

LIPOPROTEINAS DENSIDAD (g/mL)

Quilomicrones (CM) <0.96
0.96-1.006
1.006-1.019
1.019-1.063
1.063-1.210

Tabla 5: Clasificacidn de las lipoproteinas en funcion de su densidad.

Se prepararon tres soluciones de distinta densidad para el aislamiento de las fracciones, la
composicion de la solucién de densidad 1.006g/mL se muestra en la tabla 6. Las soluciones de
densidad 1.019g/mL y 1.063g/mL se prepararon afiadiendo bromuro de potasio (KBr) a la
solucién de densidad 1.006g/mL. La cantidad de KBr afiadida para alcanzar la densidad
correspondiente se calculé a partir de la formula X=V(df-di)/(1-V’'df), donde: X=gramos de KBr;
V=volumen de la solucién en mL; df=densidad final; di=densidad inicial y V'=volumen especifico

parcial de KBr, que para las fracciones de 1.006g/mL, 1.019g/mL y 1.063g/mL es 0.290mlL,

0.291mLy 0.299mL respectivamente.

Concentracion
COMPOSICION Solucion en H,0 destilada,
pH7.4

15.5mM
02M
1mM
0.8 mM
0.1 mM

Azida de sodio 8 mM

Tabla 6: Composicion de la solucidn de densidad 1.006g/mL para el aislamiento de lipoproteinas
humanas.

4.1.1 Aislamiento de LDL

El suero se centrifugd a 117.791g (Rotor Beckman Type 50.2Ti) durante 30 min a 4°C y se
descarté la fase superior blanca menos densa que corresponde a los CM. Se anadié la cantidad
correspondiente de KBr al suero para llevar su densidad de 1.006g/mL a 1.019g/mL y se
distribuyé en tubos de ultracentrifuga. Sobre el suero se afadié la solucién de densidad
1.019g/mL lentamente y se centrifugd a 117.791g durante 18h a 4°C. Se recogid la fase superior

blanca que esta compuesta por VLDL e IDL, se elimind la solucién de densidad de la parte
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superior de los tubos y se juntaron los sueros restantes. Se afadié KBr al suero para llevar su
densidad de 1.019g/mL a 1.063g/mL y se distribuyd en tubos de ultracentrifuga. Sobre el suero
se anadio la solucién de densidad 1.063g/mL lentamente y se centrifugd 117.791g durante 18h
a 4°C. Se recolecto la fase superior que corresponde a las LDL y se almacenaron protegidas de la

luz a 4°C.

Una vez aisladas, las fracciones lipoproteicas se dializaron en tampdn de didlisis 1X (150mM
NaCl, 20mM Trizma Base, 1ImM EDTA disodio) durante 2 horas a 4°C, se renovd el tampdn de
dialisis 1X y se dializaron durante 18 horas mas. Finalmente, las fracciones lipoproteicas se

dializaron en 150mM NaCl durante 2 horas a 4°C.

La cuantificacion de las lipoproteinas se realiz6 mediante el kit de Pierce de determinacién de
proteina que utiliza el dcido bicinconinico (BCA) y se basa en el método de Lowry'®®. La recta
patron de albumina bovina (BSA) y las muestras diluidas se incubaron durante 30 min a 60°C
para romper las estructuras lipoproteicas y permitir que el BCA reaccione con los aminoacidos
produciendo asi un compuesto coloreado que absorbe a una longitud de onda de 562nm. La

absorbancia se leyd en un espectofotémetro usando el programa SoftMax.

4.1.2 Modificacion de LDL a LDL agregadas (aglLDL)

La modificacién de las LDL por agregacion se realizé de forma mecdnica como hemos descrito

169 Las LDL nativas (LDLn, obtenidas en el aislamiento de LDL sin

previamente en nuestro grupo
modificaciones) se llevaron a una concentracion de 1mg/ml con 1X PBS en tubos eppendorf de
2 mL y se agitaron en un vortex a maxima velocidad durante 4min a temperatura ambiente. A
continuacion se centrifugaron a 10.000g durante 10 min, el sobrenadante se recolecté en otro
tubo y el pellet (compuesto 100% por agLDL) se resuspendié en 400uL del sobrenadante,

obteniendo agLDL a una concentracién final de 1mg/ml*’**"*,

4.2 Analisis bioquimico de lipoproteinas en suero

La mitad del volumen de sangre extraido de los ratones por puncion cardiaca (~350uL) se utilizé
para calcular los niveles de lipoproteinas en suero. La sangre se centrifugd a 1.200g durante 20
min a 4°C y el suero se recolectd en otro tubo para posterior andlisis. Los niveles de colesterol,

triglicéridos y HDL fueron medidos enzimaticamente con kits disponibles comercialmente
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(GERNON®) en un espectrofotémetro (MC-15 SOFT; RAL). Los niveles de LDL fueron calculados
indirectamente con la férmula de Friedewald (LDL=CT-HDL-(TG/5)*".

4.3 Tincidn de lipidos con ORO y Dil

Tras el sacrificio, cada raton (n=6-8/grupo) se ubicd en un estereoscopio para limpiar la grasa
perivascular y extraer la aorta que se corté longitudinalmente ubicando la superficie luminal
hacia arriba y se fijo toda la noche con PFA al 4%. Al dia siguiente se lavé con ddH,0 durante 1h
con agitacién suave y se tifié con “Oil Red-O” (ORO) durante 30min. Se lavd con etanol al 70% y
ddH,0, se hizo el montaje en un portaobjetos y las imagenes fueron captadas en el microscopio
Nikon Eclipse 80i y digitalizadas con la cdmara Retigal300i Fast. Las imagenes se cuantificaron
con el programa Image J y los resultados se presentaron como porcentaje de area cubierta por

lipidos / area total de la aorta.

Para el marcaje de lipidos con Dil, los HMDM se fijaron con PFA al 4% durante 20 minutos, se
bloquearon 2 veces durante 15 min en 1X PBS/BSA1% y se incubaron con 5 pl/ml de Dil (30
mg/mL en DMSO, Sigma) durante 1h. A continuacion se lavaron y el montaje se realizé con el
reactivo Prolong Gold Antifade. Las imagenes fueron captadas con microscopia confocal (Leica
TCS SP2-AOBS), en un formato de 1024x1024 pixeles con un set de datos espacial (xyz) y

procesadas con el programa Leica Standard TCS-AOBS.

4.4 Analisis del contenido de lipidos en los HMDM y aortas de ratones por cromatografia en

capa fina

El protocolo de extraccién lipidica que se utilizé es una modificacién del método descrito por
Bligh and Dyer'”. Se afiadié 1mL de 0.1N NaOH a 5mg de tejido pulverizado de aorta o a las
células recolectadas en tampdn de lisis (10mM Tris HCI pH 7.5; 150mM KCl; suplementado con
el complejo inhibidor de proteasas, Roche) y se almacenaron a -20°C. Al dia siguiente se
afiadieron 3mL de diclorometano-metanol (1:2), se agité intensamente en un vortex durante
10seg, se anadié 1mL de diclorometano y se repitid la agitacidon. Esta mezcla se centrifugé a
1.500g durante 15min y se observaron 2 fases separadas por la fase proteica: la fase acuosa
(superior) y la fase organica (inferior). Se recogio la fase orgdnica, que es la que contiene los

lipidos, en un nuevo tubo. A la fase acuosa se la afiadié 1mL mas de diclorometano, seguido de
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agitacion y centrifugacion a 1.500g durante 15min. La nueva fase organica se junté con la
anterior. La muestra se concentrd evaporando el solvente organico bajo una corriente de N,

para evitar la oxidaciéon de los lipidos.

Las muestras concentradas se resuspendieron en 100ulL de diclorometano, se agitaron en un
vortex y se cargaron en una placa de silica de cromatografia (DC-Fertigplatten SIL G-24 UV). En
cada placa se cargd un estandar de FC, CE y TG con concentracién conocida para cuantificar las
muestras. Se corrieron dos fases moviles: la primera, compuesta por una mezcla de heptano:
dietil-éter: acido acético (72:21:4) separa los lipidos; y la segunda, compuesta de heptano,
arrastra posibles contaminantes con el frente. Se dejé que el frente subiera 4cm por encima del
frente de la primera fase moévil. Las placas se dejaron secar y se tifieron con una solucion de 5%
acido fosfomolibdico y 5% acido sulfurico durante 2min. Posteriormente se ubicaron en un
horno a 100°C durante 7min. Las imagenes de las placas se captaron por densitometria con el

Chemidoc XRS (Bio Rad) y se cuantificaron con el programa Quantity One (Bio Rad).

5. BIOLOGIA CELULAR Y MOLECULAR

5.1 Tratamientos con LDL

Tras el aislamiento y cuantificacién de las lipoproteinas humanas, las células HUVEC, HVSMC,
HM y HMDM se incubaron con 100 ug de nLDL o aglLDL durante 24 horas. A continuacion, las
células se lavaron exhaustivamente (dos lavados con 1X PBS, dos lavados con PBS/1%BSA, dos
lavados con PBS/1%BSA/100U/mL de heparina, dos lavados con PBS/1%BSA y dos lavados con

PBS) y se recogieron para la extraccion de mRNA y de proteina.

5.2 Ensayos de migracion in vitro: cierre de la herida y cdamara Boyden

Los ensayos de migracién se realizaron en los HMDM previamente transfectados con siRNA-
LRP5, siRNA-LRP1 o siRNA-Random. 24 horas tras la transfeccién, se realizé una herida con una
punta amarilla de pipeta estéril de 200uL. Las células se lavaron con 1X PBS y se incubaron con
o sin agLDL en medio sin suero. Las fotos fueron tomadas en el momento de hacer la herida
(t=0h) y 24h después en un microscopio invertido (Nykon) equipado con una camara digital

(Spot Diagnostic Instruments, Inc., Sterling Heights). La motilidad de los macréfagos se calculd
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como la proporcién del drea libre de células a las 24h respecto al drea del tiempo inicial (t=0h)

mediante el programa Image J.

Los HMDM transfectados se sembraron en cdmaras Boyden de 24 pocillos (Corning Costar
Corporation). Este sistema consiste de dos camaras, una inferior y otra superior que contienen
una membrana de policarbonato con poros de 8um. Los HMDM se tripsinizaron, se lavaron tres
veces con 1X PBS y se sembraron en la cdmara superior durante 24h en medio sin suero. El
medio de la camara inferior tampoco contenia suero, con el fin de descartar posibles
interferencias provocadas por las multiples proteinas presentes en el suero y ver un resultado
irreal debido a las proteinas del suero y no al efecto de la sobreexpresion/inhibicion de LRPS.
Tras 24h, se eliminaron las células de la membrana de la camara superior con un bastoncillo de
algododn, y el fondo fue tefiido con Giemsa. Las células que migraron hacia la camara inferior se

contaron en un microscopio de luz con un aumento de 20X.

5.3 Transfeccion de las células HL60, HM y HMIDM

Se utilizaron diferentes métodos de transfeccion para el silenciamiento y sobreexpresion de

LRP5 en los tipos celulares estudiados.

Células HL60: El silenciamiento y sobreexpresion de LRP5 en HL60 se realizd mediante
nucleofeccion (kit Nucleofector®, Amaxa Co). Las células se mantuvieron en crecimiento hasta
alcanzar una densidad de 5-7x10°células/mL. 4x10° células se resuspendieron en 100pL de Cell
Line Nucleofector® Solution V, se afiadié el plasmido o el siRNA correspondiente y se transfirié
a una cubeta de nucleofeccion. El programa utilizado en el nucleofector fue el T-019. Para el
silenciamiento de LRP5 se utilizé el siRNA-LRP5 (s8293, Applied Biotechnologies) y como control
de la transfeccion el siRNA-Random2 (4390843, Ambyon) ambos a una concentraciéon de
300nM. La sobreexpresion de LRP5 se realizé con el plasmido pcDNA3-LRP5 y como control de
la transfeccién el plasmido pcDNA3 (0.4ug/cubeta). Las células nucleofectadas se colocaron en
medio completo pre-calentado a 37°C y se incubaron el tiempo especifico segun el
procedimiento a realizar, ya fuese el analisis de la proliferaciéon, de la apoptosis o de la

diferenciacion celular.

Monocitos humanos (HM): 24 horas después del aislamiento de los monocitos a partir de la

muestra de leucocitos, fueron despegados con 0.53mM EDTA en 1X PBS durante 10min a 37°C.
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1x10’células/mL se nucleofectaron con 0.25ug de cDNA o 300nM de siRNA, con el programa X-
001, seguido de 48h de incubacién en medio completo y recoleccidn para extraccion de mRNA

y de proteina.

Macréfagos derivados de monocitos humanos (HMDM): Los macréfagos obtenidos tras el

cultivo de los HM aislados a partir del residuo leucocitario fueron transfectados con liposomas.
Los ensayos de sobreexpresion se realizaron con Metafectene® Easy® (Biontex) siguiendo las
instrucciones del fabricante. El silenciamiento se realizé mediante la transfeccion de 100nM de
cada uno de los siRNAs con el reactivo HiPerfect (Qiagen), siguiendo las instrucciones del

fabricante.

La eficiencia de los diferentes métodos de transfeccion fue verificada 48 horas después por

medio de PCR a tiempo real de LRP5 y normalizada con el gen r18S.

5.4 Ensayos de proliferacion en las células HL60, PC3 y US7MG

El efecto de LRP5 en la proliferacién celular fue evaluado por medio del kit BrdU Cell
Proliferation Assay (Calbiochem). Las células se transfectaron y ubicaron en placas de 96
pocillos. 24h después se afiadieron 20uL/pocillo de una dilucién 1:2000 de bromodesoxiuridina
(BrdU). Tras 24h, las células se lavaron dos veces con 1X PBS, se fijaron e incubaron con el
anticuerpo anti-BrdU durante 1h, seguido de tres lavados e incubacién con el conjugado
peroxidasa Goat anti-mouse IgG HRP durante 30 min. A continuacidn la placa se lavé con dH,0,
se adicion6 el sustrato y una solucidn para detener la reaccién (stop solution). La intensidad del
color es proporcional a la cantidad de BrdU incorporado por las células, la cual se cuantificé en

un espectrofotémetro a una longitud de onda de 450-595nm.

5.5 Apoptosis en células HL60

48h tras la transfeccion las células se colectaron, lavaron y tifieron con Annexin V-isotiocianato
de fluoresceina (AV-FITC) y yoduro de propidio (PI) siguiendo las instrucciones del fabricante

(BD PharmingenTM). Las células fueron analizadas por citometria de flujo (FACSCalibur).

65



METODOLOGIA

5.6 Ensayos de adhesion y diferenciacion en HM y en células HL60.

24 horas tras la transfeccion, las células HL60 se recolectaron y contaron en la camara de
Neubauer para sembrar la misma cantidad de células en los diferentes tratamientos (sin
transfeccion, pcDNA3, pcDNA3-LRPS5, siR, siLRP5) y se trataron con 10nM PMA (Sigma) durante
24h. Se recolectaron las células en suspension y las células adheridas al pocillo, y se contaron

en camaras de Neubauer.

Un dia después del aislamiento los monocitos se nucleofectaron y se incubaron durante 7 dias
con medio completo a 37°C para su diferenciacion a macréfagos. Al dia 7, se captaron imagenes
de los macréfagos y se contd el nimero de células por campo de visidon para el analisis del
efecto de los diferentes tratamientos en la diferenciacidon. 48h después de la transfeccién un

grupo de células fue utilizado para extraer el mRNA vy verificar la eficiencia de la transfeccion.

5.7 Inmunofluorescencia en HL60, HMIDM vy lesiones ateroscleréticas humanas

Los HMDM vy las HL60 diferenciadas se lavaron dos veces con 1X PBS, se fijaron con
paraformaldehido al 4% durante 20min y se permeabilizaron 5min con 0.5% Tween 20/1X PBS,
seguido de bloqueo con 1% BSA/1X PBS durante 15 min 2 veces. A continuacién se lavaron con
1X PBS, se afiadié Signal Enhancer durante 30min y se lavd de nuevo. Las células se incubaron
1h con los anticuerpos primarios para LRP5 y CD68 (Abcam), seguido de 2 lavados con 1X PBS e
incubacién con Alexa Flour anti-mouse 488 IgG, Alexa Flour anti-rabbit 633 IgG y la tincién de
nucleos (Hoechst, 33342) durante 1h. Se realizaron dos lavados con 1X PBS y el montaje con el

reactivo Prolong® Gold Antifade (Life Thechnologies).

Las arterias coronarias humanas fueron obtenidas de corazones extraidos en los transplantes
de corazén que se llevan a cabo en el Hospital de la Santa Creu i Sant Pau de Barcelona. El
protocolo de extraccion de muestras fue aprobado por el comité ético del hospital en
concordancia con el tratado de Helsinki. Las lesiones de las arterias coronarias humanas fueron
caracterizadas por la tincion tricrdmica de Masson de acuerdo con los criterios de la Asociacion
Americana del Corazén'’®. Las lesiones se clasificaron en tres grupos: grupo | (lesiones iniciales,
tipos | y Il, n=7); grupo Il (lesiones leves en desarrollo, tipos -V, n=6); y grupo Il (lesiones

avanzadas de alto riesgo, tipos VI-VIII, n=6).
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Las aortas fueron fijadas, incluidas en OCT y cortadas en secciones de 5um de grosor. Las
secciones de aortas se incubaron con los anticuerpos mouse monoclonal anti-human
macrophage (HAM56; Dako) y rabbit policlonal anti-human LRP5 (Abcam). A continuacion se
incubaron con sus correspondientes anticuerpos secundarios, Alexa Fluor anti-mouse 633 IgG,
Alexa Fluor anti-rabbit 488 I1gG y con la tincidon de nucleos (Hoechst, 33342). Las imagenes
fueron captadas con microscopia confocal (Leica TCS SP2-AOBS), en un formato de 1024x1024
pixeles con un set de datos espacial (xyz) y procesadas con el programa Leica Standard TCS-

AOBS. Los controles sin anticuerpo primario no presentaron marcaje fluorescente.

5.8 Inmunohistoquimica en arterias coronarias humanas y aortas de raton

Las arterias coronarias humanas y las aortas de ratén se extrajeron rapidamente, se fijaron con
PFA al 4% e incluyeron en parafina. Luego se cortaron en secciones seriadas de 5um de grosor,
se ubicaron en portaobjetos previamente tratados con poli-L-lisina y se desparafinizaron. Las
secciones se lavaron, se suprimié la actividad peroxidasa con H,0, y se bloquearon las uniones
inespecificas con suero equino. En el caso de las coronarias humanas, se realizé la técnica de
recuperacién del antigeno. Los anticuerpos primarios utilizados se muestran en la siguiente

tabla:

ANalEES el eli [ | Mouse Monoclonal anti-human macrophage, Ham56 (Dako)
humanas Rabbit polyclonal anti-LRP5 (Abcam)
Aorta de ratén Rabbit polyclonal anti-Matrix Metalloproteinase-7, MMP-7 (Abcam)

Rabbit polyclonal anti-B-catenin (Millipore)
Mouse Monoclonal anti-human macrophage, Ham56 (Dako)

Tabla 7: Anticuerpos utilizados para las tinciones mediante inmunohistoquimica de arterias humanasy
de ratén.

Los anticuerpos se detectaron usando la técnica de inmunoperoxidasa con avidina-biotina. Las
secciones se incubaron 1h con los anticuerpos secundarios biotinilados apropiados (1:200,
Vector Laboratories). El cromégeno usado fue 3,3’-diaminobencidina. Después de varios
lavados con 100mM PBS pH7.4, se realizé el montaje con medio Histomount (National
Diagnostics). Las muestras se analizaron en el microscopio Nikon Eclipse 80i a través de la
camara Retiga 1300i Fast y las imagenes se capturaron en el programa Visilog 5.4 Noesis©. La

hematoxilina de Mayer se uso para las tinciones nucleares y para visualizar estructuras.
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5.9 Extraccion y analisis de la expresion de mRNA

Las extracciones de mRNA de ésta tesis se realizaron mediantes dos métodos distintos
dependiendo del sustrato. El kit de extraccion de RNA Total (Qiagen) se utilizd en los
experimentos realizados con cultivos celulares; y el reactivo de aislamiento TriPure (Roche),
para la extraccion de mRNA de los érganos extraidos del modelo experimental de ratones
transgénicos. La concentracién de mRNA fue determinada con el espectrofotémetro NanoDrop
ND-1000 (NanoDrop Technologies) y la pureza verificada por el cociente 260/280 que ha de
tener un valor entre 1.8 y 2. La integridad de mRNA se comprobé a través del andlisis de un gel

de agarosa al 1%.

El cDNA fue sintetizado a partir de 0.5ug de RNA con el kit de transcripcidon reversa de cDNA
(Qiagen) y amplificado por PCR a tiempo real (DNA termal cycler, MJ Research). Las sondas
especificas para los genes de interés en el estudio se muestran en la Tabla 8 y el programa
utilizado se detalla en la Tabla 9. Los resultados fueron normalizados con la sonda 18S rRNA

(4319413E) de Applied Biosystems.

Nombre completo del gen Casa Referencia
Comercial*

Apoptosis BCL2-associated X protein Applied Hs00180269-m1
DUSP6 dual specificity phosphatase 6 Applied Hs00169257-m1
GO0S, GO0/G1switch 2 Applied Hs00274783-s1
BCL2 B-cell CLL/lymphoma 2 Applied Hs00608023-m1
CDK1 cyclin-dependent kinase 1 Applied Hs00938777-m1
CD180 CD180 molecule Applied Hs01069872-m1
CD11B integrin, alpha M Applied  Hs00355885-m1
adhesion CD44  CD44 molecule Applied  Hs01075861-m1
Via de Ctnnbl Catenin beta 1 Applied Mm00483039-m1
SGEITEELL RIS Bmp2  bone morphogenetic protein 2 Applied Mm01340178-m1
Whnts Lefl lymphoid enhancer binding factor Applied Hs01547250-m1
1 Applied Mm00550265-m1
Opn secreted phosphoprotein 1 Applied Mm00436767-m1
c-Myc  v-myc avian myelocytomatosis Applied Hs00153408-m1
viral oncogene homolog
c-Jun jun proto-oncogene Applied Hs99999141-s1
Captacion de Ldir low density lipoprotein receptor IDT Mm.PT.49a.9930556
lipidos Vidir very low density lipoprotein Applied Mm00443298-m1
receptor
Lrpl low density lipoprotein receptor- IDT Mm.PT.49a.7750137
related protein 1
Lrp2 low density lipoprotein receptor- IDT Mm.PT.492.11916154
related protein 2
Lrp5 low density lipoprotein receptor- Applied Hs00182031-m1
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related protein 5 IDT Mm.PT.49a.8045420
Lrp6 low density lipoprotein receptor- IDT Mm.PT.56a.6383636
related protein 6
Lrp8 low density lipoprotein receptor- IDT Mm.PT.49a.6553055
related protein 8
Absorcion Abcg5  ATP-binding cassette, sub-family IDT Mm.PT.56a.8809476
intestinal G (WHITE), member 5
Abcg8  ATP-binding cassette, sub-family IDT Mm.PT.56a.7910478

G (WHITE), member 8

Tabla 8: Sondas utilizadas en la PCR a tiempo real para analizar la expresion de mRNA de los genes
distintos. *Applied: Applied Biosystems; IDT: Integrated DNA Technologies.

_
5 min

15 seg 95

30 seg 60 40ciclos
30 seg 72

Tabla 9: Condiciones de la PCR a tiempo real.

5.10 PCR array de citoquinas comunes de ratén

El analisis de la expresién de las citoquinas liberadas por los leucocitos circulantes en ratones
se realizd6 mediante un PCR-array de citoquinas comunes de ratén. La mitad del volumen de
sangre extraido de los ratones por puncion cardiaca (~350uL) se recolectd en tubos PAX para
obtener mRNA usando el kit PAXgene Blood RNA Kit (Qiagen). La concentracidn y pureza del
MRNA se determiné con el espectrofotémetro NanoDrop ND-1000 (NanoDrop Technologies). El
cDNA se sintetizd como se describidé en el apartado anterior y se realizd el array “PCR RT2
Profiler PAMM-021" (SABiosciences, Qiagen) en un termociclador de RT-PCR (Applied
Biosystems 7900HT).

5.11 Extraccion y cuantificacion proteica de las células HL60, HM y HMDM

La extraccién proteica de células HL60 en suspensidén se realizd mediante centrifugacion,
lavados con 1X PBS y resuspensién en buffer RIPA (suplementado con un complejo inhibidor de
proteasas, Roche). En el caso de las HL60 diferenciadas, se lavaron, se tripsinizaron y tras 3min
a 37°C se anadid medio completo para detener la accion de la tripsina. Las células se
centrifugaron, se lavaron con 1X PBS y se resuspendieron en buffer RIPA. Para la extraccién

proteica de los HM Y HMDM se realizé el mismo procedimiento descrito para las HL60 en
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suspension y diferenciadas, respectivamente, pero el buffer utilizado para la resuspensién de

las proteinas fue el buffer de lisis.

La proteina se cuantific6 usando el método del acido bicinconinico (BCA) siguiendo las
instrucciones del fabricante. Se realizé una recta patréon de albimina bovina (BSA, Pierce) y
tanto las muestras diluidas como la recta patrén se incubaron con el reactivo durante 30min a
37°C. La absorbancia se leyé a una longitud de onda de 562nm en un espectrofotémetro
usando el programa SoftMax. Todos los extractos proteicos fueron almacenados a -20°C hasta

su utilizacion.

5.12 Fraccionamiento celular

La obtenciéon de las fracciones de interés (nucleo, membrana, citoplasma) se realizé mediante
dos métodos. Para obtener la fraccion nuclear, las células se lavaron con 1X PBS y se afiadi6 el
buffer CSK (50nM NaCl, 10mM Pipes pH6.8, 3mM MgCl,, 0.5% Triton X-100, 300mM sacarosa e
inhibidores de proteasas). Las células se incubaron 20min con agitacién constante a 4°C, se
recolectaron con una espatula y se centrifugaron a 15.700g durante 10min. El pellet (fraccidn
nuclear) se resuspendié en 50uL del buffer Sol/Insol (15mM pH7.5, 5mM EDTA, 2.5mM EGTA 'y
1% SDS), se incubd durante 10min a 100°C y se afiadieron 50 pL del buffer CSK.

La obtencién de las dos fracciones restantes se realizd siguiendo el protocolo de
fraccionamiento subcelular de Abcam. Las células se lisaron con el buffer de fraccionamiento
(250mM sacarosa, 20mM Hepes pH7.4, 10mM KCI, 1.5mM MgCl,, ImM EDTA y 1mM EGTA con
inhibidores de proteasas), se pasaron 10 veces por una jeringa de 1mL con una aguja de 25G y
se incubaron en hielo durante 20min. En este paso se recogieron 50ulL (lisado total) y se
almacenaron a -20°C. Se continud con una centrifugacion a 800g durante 5min a 4°C, se recogié
el sobrenadante (citoplasma) y se centrifugd a 5.900g 5 min a 4°C (se descarté el pellet, fraccion
mitocondrial). El sobrenadante se centrifugé a 100.000g (Rotor MLA130) durante 55 mina 4°Cy
se recogi6é el sobrenadante que corresponde a la fraccidon citosélica. El pellet (fraccidon de
membrana) se resuspendié en el buffer de fraccionamiento y se centrifugd de nuevo en las
mismas condiciones. Se descarté el sobrenadante y el pellet se resuspendié en el buffer RIPA.
Las fracciones subcelulares se analizaron por Western Blot para la deteccion de GAPDH e

Histona H1, en sus correspondientes fracciones, citoplasma y nucleo, respectivamente.
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5.13 Anadlisis de la expresion proteica por Western Blot.

La proteina se cargd en un gel de poliacrilamida con SDS para obtener una separacién en
funcion del peso molecular. El porcentaje de poliacrilamida de cada gel se determind segun el
peso molecular de la proteina de estudio. A continuacidn las proteinas se transfirieron a una
membrana de nitrocelulosa y se comprobd su eficiencia por medio de la tincidn reversible
Ponceau (Fluka) al 0.2% en 4acido acético al 1%. Se lavé la membrana con dH,0 y se incubd
durante 1h a temperatura ambiente con la solucion de bloqueo (BSA o leche desnatada al 5%
en buffer TBS/Tween20: 0.1M NaCl, 10mM Tris Base, pH7.4; 0.05% Tween 20) segun las
especificaciones de cada anticuerpo (ver Tabla 10). La membrana se incubd con el anticuerpo
primario especifico disuelto en la solucién de bloqueo correspondiente durante toda la noche
(16h) a 4°C. Se realizaron 3 lavados de 10min con el buffer TBS/Tween20 y se incubd durante
1h el anticuerpo secundario (Dako) disuelto en la solucién de bloqueo a la concentraciéon
recomendada por el fabricante. Finalmente, se realizaron 3 lavados de 10min con el buffer
TBS/Tween20 y la membrana se reveld incubandola 5min con el reactivo Super Signal® West
Dura (Thermo Scientific). Este reactivo reacciona con la peroxidasa de rabano conjugada al
anticuerpo secundario dando lugar a un sustrato quimioluminiscente. La sefal fue captada con
el equipo Chemidoc XRS (BioRad) y la densidad de las bandas cuantificada con el programa

Quantity One (BioRad).

| Estudio | Protena | Anticuerpo | _Condiciones del WB

BAX Rabbit Polyclonal anti-Bax Gel al 15% de poliacrilamida;
(A21) (Santa Cruz) condiciones reductoras (CR);
Dilucién 1:1000 en leche al
5% en TBS/Tween20.
DUSP6 Mouse Monoclonal anti-MKP-3  Gel al 15% de poliacrilamida;
(R&D Systems) CR; Dilucidon 1:500 en BSA al
5% en TBS/Tween?20.
G0S2 Rabbit Polyclonal anti-G0S2 Gel al 15% de poliacrilamida;
(N-13) (Santa Cruz) CR; Dilucion 1:100 en leche al
Apoptosis 5% en TBS/Tween20.
BCL2 Mouse Monoclonal anti- Gel al 15% de poliacrilamida;
human BCL2 (Dako) CR; Dilucidon 1:1000 en leche
al 5% en TBS/Tween20.
CDK1 Mouse Monoclonal anti-Cdc2 Gel al 12% de poliacrilamida;
p34 (POH-1) (Santa Cruz) CR; Dilucidon 1:200 en leche al
5% en TBS/Tween20.
CD180 Goat Polyclonal anti-RP105(C-  Gel al 12% de poliacrilamida;
20) (Santa Cruz) CR; Dilucidon 1:200 en leche al
5% en TBS/Tween?20.
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Captacion de
lipidos

Via de
sefializacion por
Whnts

Fraccionamiento
celular

Normalizacion
WB

Tabla 10: Anticuerpos utilizados para la deteccidn de proteinas por medio de la técnica de Western Blot.
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LDLR

VLDLR

LRP1

LRP2

LRP5

LRP6

B-catenina

LEF1

C-JUN

CICLINA D1

OPN

BMP2

GAPDH

Histona H1

B-actina

B-Tubulina

Rabbit Monoclonal anti-LDLR
(Abcam)

Mouse Monoclonal anti-VLDLR
(Santa Cruz)

Mouse Monoclonal anti-
LRP/A2MR (Fitzgerald)

Rabbit Monoclonal anti-
LRP2/Megalin (Abcam)

Mouse Monoclonal anti-LRP5
(Abcam); Rabbit Polyclonal
anti-LRP5 (Abcam)

Mouse Monoclonal anti-LRP6
(Abcam)

Rabbit Polyclonal anti-f3-
catenin (Millipore)

Rabbit Polyclonal anti-LEF1
(Abnova)

Mouse Polyclonal anti-C-JUN
(Millipore)

Mouse Monoclonal anti-Cyclin
D1 unconjugated (Invitrogen)

Rabbit Polyclonal anti-OPN
(Millipore)

Mouse Monoclonal anti-BMP2
(R&D Systems)

Chicken Polyclonal anti-GAPDH
(Millipore)

Mouse Monoclonal anti-Nuclei
& chromosomes, histone
H1lprotein (Millipore)

Mouse Monoclonal anti-beta
Actin (Abcam)

Rabbit Polyclonal anti-beta
Tubulin (Abcam)

Gel al 10% de poliacrilamida;
CR; Dilucidn 1:500 en leche al
5% en TBS/Tween20.

Gel al 7.5% de poliacrilamida;
CNR; Dilucién 1:200 en leche
al 5% en TBS/Tween?20.

Gel al 7.5% de poliacrilamida;
CNR; Dilucién 1:50 en leche
al 5% en TBS/Tween?20.

Gel al 7.5% de poliacrilamida;
CR; Dilucidn 1:500 en leche al
5% en TBS/Tween20.

Gel al 10% de poliacrilamida;
CR; Dilucion 1:1000 en leche
al 5% en TBS/Tween?20.

Gel al 10% de poliacrilamida;
CR; Dilucion 1:2000 en leche
al 5% en TBS/Tween?20.

Gel al 12% de poliacrilamida;
CR; Dilucion 1:500 en leche al
5% en TBS/Tween20.

Gel al 10% de poliacrilamida;
CR; Dilucion 1:500 en BSA al
5% en TBS/Tween?20.

Gel al 12% de poliacrilamida;
CR; Dilucion 1:500 en BSA al
5% en TBS/Tween20

Gel al 12% de poliacrilamida;
CR; Dilucion 1:500 en leche al
5% en TBS/Tween?20.

Gel al 12% de poliacrilamida;
CR; Dilucion 1:500 en BSA al
5% en TBS/Tween20

Gel al 12% de poliacrilamida;
CR; Dilucidn 1:500 en leche al
5% en TBS/Tween20

Gel al 12% de poliacrilamida;
CR; Dilucién 1:20000 en leche
al 5% en TBS/Tween20.

Gel al 15% de poliacrilamida;
CNR; Dilucién 1:1000 en
leche al 5% en TBS/Tween20.
CR; Dilucién 1:5000 en BSA al
5% en TBS/Tween20.

CR; Dilucion 1:500 en leche al
5% en TBS/Tween20
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Las membranas se deshibridaron con Restore Western Blot Stripping Buffer (Thermo Scientific)
siguiendo las instrucciones del fabricante. Se volvieron a bloquear y se incubaron con el
anticuerpo para detectar B-actina o B-tubulina, usados como control del total de proteina

cargada en la membrana ya sea en células, tejido humano o en tejido de ratén.

6. ANALISIS ESTADISTICO

Los resultados de esta tesis son presentados como la media + S.E.M. de experimentos
realizados 3 veces por duplicado o triplicado como minimo. Los datos han sido analizados con el
programa estadistico StatView. Las comparaciones entre grupos se realizaron con analisis
paramétrico mediante el test ANOVA de dos factores. Se realizaron andlisis de regresion lineal
aplicando la féormula Y=a+b*X y las pendientes se compararon mediante el t-test. Un valor de

p<0.05 se considerd estadisticamente significativo.
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ARTICULO 1

Whnt pathway activation, cell migration, and lipid uptake is regulated by low-density

lipoprotein receptor-related protein 5 in human macrophages.

Autores: Maria Borrell-Pagés, July Carolina Romero, Oriol Juan-Babot , Lina Badimon.

Centro de Investigacion Cardiovascular CSIC-ICCC, Hospital de la Santa Creu i Sant Pau, Barcelona,

Espafia.
Revista: European Heart Journal 2011; 32(22): 2841-50.

Factor de impacto: 14.10

RESUMEN

La activacion de la via de sefializacion por Wnt, la migracion celular y la absorcion de lipidos
en macrofagos humanos estd regulada por el receptor Low-density lipoprotein receptor-

related protein 5.

El desarrollo de la placa aterosclerdtica incluye la infiltracidon de células inflamatorias, la
acumulacién de lipidos y la formacién de una capa fibrosa. El receptor LDL receptor-related
protein 1 (LRP1) estd expresado en los macréfagos y en las células musculares lisas vasculares
presentes en las lesiones ateroscleréticas. El objetivo de este estudio es analizar la funcién de
otro miembro de la familia de proteinas receptoras de LDL, LDL receptor-related protein 5

(LRP5), en la progresion de la lesién aterosclerética.

El analisis de la expresién de los tipos celulares implicados en la formacién de la lesion muestra
gue LRP5 esta expresado en las células inflamatorias y en las células vasculares humanas. Los
experimentos se han realizado en cultivos primarios de monocitos humanos (HM) y en
macréfagos derivados de HM (HMDM) tratados con LDL. LRP5 esta transcripcionalmente
regulado por las LDL agregadas (aglLDL), participando en la internalizaciéon de lipidos y en la
transformacién de macréfagos en células espumosas, un paso clave en la progresion de la
lesién aterosclerética. Los macréfagos tratados con aglDL mostraron una sobrexpresion de
LRP5 que se correlaciona con una sobreexpresion de proteinas diana de la via de sefializacién

por Wnt, como son B-CATENINA, LEF1, C-JUN, CICLINA D1, proteina morfogenética osea 2
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(BMP2) y osteopontina (OPN). Ademas, los experimentos de migracion de cierre de la herida y
la cdmara Boyden muestran que los macrdfagos deficientes para LRP5 tienen una migracion

defectuosa sugiriendo que LRP5 tiene un rol en la motilidad celular.

Estos resultados evidencian la participacién de LRP5 en la internalizacién de lipidos y en la

migracion celular en macréfagos, procesos claves para el desarrollo de la lesion aterosclerdtica.
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Aims

Methods
and results

Atherosclerosis plaque development includes infiltration of inflammatory cells, accumulation of lipids and fibrous cap
formation. Low-density lipoprotein receptor-related protein 1 (LRP1) is expressed on atherosclerotic lesions
associated with macrophages and vascular smooth muscle cells. The aim of this work is to analyse the role in
atherosclerosis lesion progression of another member of the LDL receptor protein family, low-density lipoprotein
receptor-related protein 5 (LRPS), a co-receptor with Frizzled known to activate the Wht signalling pathway in
several cell types.

LRP5 is expressed in human vascular and innate inflammatory cells. LRPS is transcriptionally regulated by aggregated
LDL (agLDL), participating in the lipid uptake and transformation of macrophages into foam cells, a critical step in
atherosclerosis progression. AgLDL-treated macrophages show up-regulated expression of B-catenin, LEF1, c-jun,
cyclinD1, bone morphogenetic protein 2 (BMP2), and osteopontin (OPN), proteins and targets of the Wnt signalling
pathway, whereas LRP5-silenced macrophages show a significant down-regulation of OPN and BMP2 expression.
Furthermore, LRP5-deficient macrophages exhibit an impaired migration both in wound-repair and modified
Boyden chambers models.

Conclusion These results demonstrate the involvement of LRP5 in the innate inflammatory reaction to lipid infiltration in
atherosclerosis.

Keywords Atherosclerosis # LRP5 o Human macrophages ® Whnt signalling e Lipid uptake

Introduction two key cell types that determine the fate of the arterial wall

during atherosclerotic transformation.

Atherosclerosis is an inflammatory process characterized by the
accumulation of lipids and fibrous elements in large arteries.
High levels of plasma lipids, particularly low-density lipoproteins
(LDL), are prominent risk factors for atherosclerosis because of
their accumulation in the subendothelial space of the vascular
wall."? Aggregation is one of the most important initial LDL modi-
fications in the vascular wall where particles become aggregated by
binding to extracellular matrix proteoglycans in the arterial
intima.”~* Unlike native LDL (nLDL), agLDL are a potent inducer
of massive intracellular cholesteryl ester (CE) accumulation both
in macrophages® ’ and vascular smooth muscle cells (VSMC),2 "'

We and others have described that low-density lipoprotein
receptor-related protein 1 (LRP1) is highly expressed on athero-
sclerotic lesions in association with macrophages and vsmci "
and that it is involved in the progression of human coronary

: 13
lesions.

Our group demonstrated that aglDL up-regulates
LRP1 expression at a transcriptional level leading to a large
increase in LRP1 protein expression. We also proved that LRP1
is involved in agLDL uptake which leads to an increase in intracellu-
lar CE accumulation in human VSMC and macrophages.” """
LRP1 belongs to the LDL family of receptors. They share extra-

cellular homology domains such as ligand-binding repeats, and
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harbour in their cytoplasmic tails recognition sites for adaptor pro-
teins, that upon activation of the receptor will induce different
signal transduction pathways. Other members of this family
include the LDL receptor, LRP2/megalin, LRP4, LRP5, LRP6,
LRP8/ApoE receptor2, LRP9, and LRP10. In this report, we
demonstrate that another member of this family, LRP5 is involved,
through its presence in macrophages, in two processes essential
for atherosclerotic progression: aglDL uptake and monocyte/
macrophage migration.

LRP5 is known to function as a co-receptor with the protein
frizzled to bind extracellular Wnt glycoproteins which activate the
canonical B-catenin signalling pathway that mediates vital biological
processes like embryogenesis, organogenesis, and tumorigenesis.''¢
Upon Whnt binding, the LRP5-frizzled complex triggers several intra-
cellular phosphorylation events that ultimately lead to an increase in
the intracellular concentration of B-catenin. B-catenin is free to
translocate to the nucleus where it interacts with the TCF/LEF1
family of transcription factors to promote transcription. There are
several downstream target genes whose expression is known to
be regulated by the Wnt signalling pathway including
cyclo-oxygenase-2,"” c:-jun.qB connexin43,"” cyclinD1.ZO osteopontin
(opn),2" and bone morphogenetic protein 2 (bmp2).2

The aim of this study was to analyse the expression and function
of LRP5 in the different cell types present in atherosclerotic lesions
with and without aglDL-mimicking arterial lesions. Our findings
show that (i) LRP5 is expressed in human endothelial cells, vascular
smooth muscle cells, monocytes, and macrophages, (i) LRP5
expression is transcriptionally regulated by agLDL only in mono-
cytes/macrophages, (i) CE uptake from aglDL is reduced in
siRNA-LRP5-treated macrophages, (iv) agLDL induce an increase
in mMRNA and protein levels of the Wnt pathway including
B-catenin, LEF1, cyclinD1, c-jun, OPN, and BMP2, (v)
siRNA-LRP5-treated macrophages show a reduced motility in
two models. These results show, for the first time, the role of
LRP5 in lipid internalization, triggering the Whnt signalling cascade
and in macrophage motility.

Methods

Experiments were mainly performed on primary cultures of human
monocytes (HM) and HM-derived macrophages (HMDM) treated
with LDL and the expression levels of genes and proteins of interest
were measured.

For protocol description of primary cultures, LDL treatments,
western blot (WB), flow cytometry, real-time polymerase chain reac-
tion (PCR), thin-layer chromatography (TLC), immunohistochemistry,
and migration assays, see the ‘Detailed methods’ section in Supplemen-
tary material online.

Results

Low-density lipoprotein receptor-related
protein 5 expression in the major cell
types present in atherosclerotic lesions

LRPS5 is expressed in the four major cell types present in athero-
sclerotic lesions. Human monocytes (HM) and HMDM primary
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cultures were cultured in the absence or presence of LDL
(natives, nLDL, or aggregated, aglLDL) for up to 48 h. Although
all the cell types showed detectable basal mRNA LRP5 levels,
only inflammatory cells underwent a significant increase in the
mRNA LRP5 levels after aglDL, but not nlLDL treatment
(Figure 1A). Indeed, neither human vein endothelial cells nor
human coronary YSMC showed changes in mRNA LRP5 levels
when treated with agLDL.

Immunohistochemical analysis of macrophages (measured as
HAMS56 staining), VSMC (stained with w-actin), and LRP5 were
performed in initial (where macrophage infiltration is almost
absent) and advanced human atherosclerotic lesions as described
under the Methods section. LRP5 expression was detected inde-
pendently of aetiological myocardial disease. As shown in
Figure 1B, intimal HAMS56 and LRP5 staining increased in
advanced lesions. Furthermore, a 62+ 1% increase in
LRP5-positive macrophages is detected in advanced plaques
respect to initial lesions. Colocalization between HAM56 and
LRP5 staining is detected in sections where macrophage infiltra-
tion is observed (Figure 1C), suggesting a role for LRP5 in ather-
osclerosis progression.

Western blot and immunofluorescence experiments confirmed
that the increase in LRP5 mRNA levels due to aglDL treatment
was concomitant with an increase in the protein expression in
both HM (Figure 2A) and HMDM (Figure 2B) primary cultures. Fur-
thermore, flow cytometry analyses show a 42 + 1% and a 48 + 1%
increase in LRP5 intensity after aglDL treatment in HM and
HMDM, respectively (Figure 2A and B).

Cell viability and apoptosis in human
monocyte and human monocyte-derived
macrophage cultures following
aggregated low-density lipoprotein
treatment
We treated HM and HMDM with increasing concentrations of
aglDL to determine a concentration range of LRP5 expression
levels; 100 pg/mL aglDL induced the maximum mRNA LRP5
expression and was chosen for further experiments (Figure 2C).
To test whether aglDL-treated cells and LRP5-mediated
processes induced apoptosis, levels of pro-apoptotic Bax
protein and anti-apoptotic Bcl-2 protein were measured
because an increase in the Bax:Bcl-2 ratic would indicate cell
commitment to apoptotic death via mitochondria-mediated
pathway. We could not detect any changes in the Bax:Bcl-2
ratio in HM or HMDM after 100 pwg/mL nLDL or aglLDL treat-
ments, indicating that the apoptotic pathway was not induced
(Figure 2D).

Blocking of low-density lipoprotein
receptor-related protein 1 does not affect
low-density lipoprotein receptor-related
protein 5 mRNA levels

It has been recently reported that LRP1 participates in the
uptake of LDL in macrophagesu‘24 and human VSMC.""
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formed three times in duplicates.

Specific inhibition of LRP1 with small interfering RNA resulted
in a significant reduction in intracellular CE in both HMDM
and VSMC'012324 T4 possible interaction
between LRP1 and LRP5, we used monoclonal antibodies
against the a-chain of LRP1, which has been described to
bind to LRP1 extracellular Both IgG and
anti-LRP1-treated HMDM showed a significant increase
LRP5 mRNA levels after 8 h agLDL treatment, indicating that
LRP5 increased expression in the presence of aglLDL is indepen-
dent from LRP1 (Figure 3A).
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Low-density lipoprotein receptor-related
protein 5 silencing decreases cholesteryl
ester accumulation after aggregated
low-density lipoprotein treatment in
human monocyte-derived macrophages
Specific inhibition of either LRP1 or LRP5 expression (with siRNA)
or scavenger receptors (with polyinosinic acid) was used to

demonstrate an involvement for LRP5 in aglDL uptake in
HMDM. Western blot analysis showed a reduction in LRP5
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focal microscopy of aggregated low-density lipoprotein-treated human monocyte-derived macrophages stained with Dil and anti-low-density lipo-
protein receptor-related protein 5. (F) Confocal microscopy of low-density lipoprotein receptor-related protein 1- and 5-silenced human
monocyte-derived macrophages and treated or not with 100 pg/mL aggregated low-density lipoprotein, washed, fixed, and stained with Dil.
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Figure 4 Aggregated low-density lipoprotein fails to induce an increase in Whnt pathway proteins in low-density lipoprotein receptor-related
protein 5-deficient human monocyte-derived macrophages. siRNA-Random and siRNA-low-density lipoprotein receptor-related protein
5-treated human monocyte-derived macrophages were incubated in the presence or absence of 100 pg/mL aggregated low-density lipoprotein
for 24 h. (A) Representative western blot and quantitative analysis (control cells, white boxes; aggregated low-density lipoprotein-treated cells,
hatched boxes) of low-density lipoprotein receptor-related protein 5, 3-catenin, LEF1, c-jun, and cyclinD1. (B) Real-time polymerase chain reac-
tion quantification of low-density lipoprotein receptor-related protein 5, 3-catenin, LEF1, c-jun, and cyclin D1 mRNA expression levels normal-
ized to 18srRNA. (C) Representative western blot and quantitative analysis (control cells, white boxes; aggregated low-density
lipoprotein-treated cells, hatched boxes) of OPN and BMP2. (D) Real-time polymerase chain reaction quantification of opn and bmp2
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in the development of atherosclerotic lesions.”® Indeed, as shown
in Figure 3D, no decrease in CE accumulation could be detected
after polyinosinic acid treatment.

AglLDL (100 pg/mL) induced high levels of intracellular CE
accumulation in HMDM and siRNA-LRP5 treatment inhibited CE
accumulation from aglLDL by 1 g CE/pg FC (Figure 3D). Confirm-
ing previous results from our lab, siRNA-LRP1 treatment also
diminished CE accumulation."® We further analysed the effect of
siRNA-LRP1 and siRNA-LRP5 treatment in an aglDL excess
content (400 pg/mL; Supplementary material online, Figure ST).
Under these conditions, although both receptors can promote
CE accumulation, LRP5 is more effective probably due to an
early saturation of LRP1's lipid uptake activity. These results
show that in lipid-saturating conditions, both receptors have differ-
ent capacities of lipid uptake in HMDM.

Colocalization of LRP5 with agLDL was observed by confocal
microscopy experiments in agLDL-treated HMDM (Figure 3E). Fur-
thermore, total lipid content was measured in HMDM transfected
with siRNA-LRP5 or siRNA-LRP1, treated or not with agLDL and
labelled with Dil. In control conditions, when no agLDL is present
in the media, little or no Dil staining can be observed. In contrast,
when aglDL are added, a strong vesicular Dil staining can be
observed in non-transfected conditions. This labelling is dramati-
cally reduced in the presence of siRNA-LRP5 or siRNA-LRP1,
showing a decrease in aglLDL uptake in macrophages silenced for
LRP1 or LRP5 (Figure 3F).

Effect of aggregated low-density
lipoprotein on Wnt signalling pathway

We then searched for intracellular pathways modulated by aglDL
treatment in HMDM. We have shown that both HM and HMDM
primary cultures show increased LRP5 levels after aglDL treat-
ment. Therefore, there seems to be no differences in LRP5 modu-
lation in these primary cultures. To characterize LRP5 signalling
pathway, we decided to use HMDM as they are easier to trans-
fect. We focused on the canonical Wnt signalling pathway as
LRP5 has been described to activate the Wnt pathway in
several cell types ranging from adipocytes,”® to osteoblasts?’and
hepatocytes.”® We analysed the mRNA and protein levels of
several Whnt proteins in control and aglDL-treated HMDM in
the presence and absence of LRP5. Results show that both
mRNA and protein levels of B-catenin and LEF1 are increased
24 h after agLDL treatment in HMDM. This increase is abrogated
in siRNA-LRP5-treated cells (Figure 4A and B). Furthermore,
LRP5-deficient macrophages show a reduction in LEF1T mRNA
levels in control conditions (50 + 3%) and in aglDL-treated
cells (62 +2%). mRNA and protein levels of c-jun and
cyclinD1, two well-known Whnt targets, are also increased only
in the presence of LRP5 in aglDL-treated cells (Figure 4A and
B). As for LEF1, their mRNA and protein levels are reduced in
the absence of LRPS, regardless of treatment (50 + 1 and 76 +
2% in untreated and aglDL-incubated HMDM c-jun mRNA
levels, and 30 & 2 and 56 + 3% in cyclinD1 mRNA expression).
These results indicate that LRP5 interaction with aglLDL triggers
the activation of the Whnt signalling pathway.

Aggregated low-density lipoprotein
induces transcriptional and protein levels
of osteopontin and bone morphogenetic
protein 2

Osteopentin and BMP2 have been described to participate in the
progression of atherosclerotic plaques.”” ~3* They have also been
reported to be Wnt target genes.2122 Here, we show that
aglDL treatment induces an increase in mRNA levels of bmp2
and opn. LRPS5 silencing abrogates the effect of aglDL (37 + 1
and 52 4+ 2% in untreated and aglDL-incubated HMDM opn
mRNA levels and 25+ 3 and 35+3% in bmp2 mRNA
expression). A direct effect for LRP5 silencing was also observed
in protein levels of OPN and BMP2 (Figure 4C and D). These
results indicate a direct role for LRP5 in atherosclerosis
progression.

Silencing of low-density lipoprotein
receptor-related protein 5 decreases
migration of human monocyte-derived
macrophage cells in a wound-healing
assay

c-jun and cyclinD1 are known to play a role in cell motility.
Therefore, we tested whether cell motility of HMDM was affected
in a wound-healing assay by LRP5 modulation.

To this end, HMDM were transfected with siRNA-Random,
siRNA-LRP5, or siRNA-LRP1. The wound-repair model was per-
formed as described in the Methods section. Pictures were taken
immediately after the wound was inflicted to the plated cells and
24 h later (Figure 5A). Twenty-four hours after wounding, control
and siRNA-LRP1-treated cells had migrated from the outermost
cell row into the wound, whereas siRNA-LRP5-treated cells were
significantly less motile (Figure 5A), suggesting a role for LRPS in
human macrophage migration. Image analysis allowed the quantifi-
cation of the infiltration of macrophages to the wound (Figure 5B).
LRP1 and LRP5 mRNA and protein levels were analysed, showing
an efficient inhibition by siRNA-LRP1 and siRNA-LRP5 (Figure 5C).

To analyse the role of agLDL treatment in our cell motility assay,
the model system with siRNA-Random, siRNA-LRP1, and
siRNA-LRP5S was challenged with agLDL. Pictures were taken 24 h
after incubation. Contrary to non-treated cells, none of the agl DL-
treated conditions were able to significantly reduce the scratch
within 24 h, showing a reduced motility of the cells. However, silen-
cing of LRP5 showed the higher inhibition (Figure 5D). Figure 5E
shows that the motility decreased by almost 40 + 2% in aglLDL-
treated cells compared with non-treated cells.

33,34

Low-density lipoprotein receptor-related
protein 5-deficient human
monocyte-derived macrophage cells
show a decreased migration in modified
Boyden chambers

LRP5 involvement in HMDM migration was further analysed by
modified Boyden chambers. Cells devoid of LRP1, LRP5, and
siRNA-Random cells were trypsinized, resuspended in serum-
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Figure 5 Low-density lipoprotein receptor-related protein 5-deficient human monocyte-derived macrophages cells show a decrease in
migration in a wound-healing assay and in modified Boyden chambers. (A) siRNA-Random, siRNA-low-density lipoprotein receptor-related
protein 5, and siRNA-low-density lipoprotein receptor-related protein 1 transfected human monocyte-derived macrophages immediately
after (t=0h) and 24 h after (t =24 h) wounding. Representative images of n =4 experiments. (B) Bar graph showing the infiltration of
human monocyte-derived macrophages cells to the wound; *P < 0.01. (C) Real-time polymerase chain reaction quantification and western
blot analysis of low-density lipoprotein receptor-related protein 5 and low-density lipoprotein receptor-related protein 1 mRNA expression
levels in siRNA-Random, siRNA-low-density lipoprotein receptor-related protein 5, and siRNA-low-density lipoprotein receptor-related
protein 1 transfected human monocyte-derived macrophages cells; **P < 0.01. (D) Human monocyte-derived macrophages containing
siRNA-Random, siRNA-low-density lipoprotein receptor-related protein 5, and siRNA-low-density lipoprotein receptor-related protein 1 incu-
bated or not with 100 wg/mL aggregated low-density lipoprotein for 24 h immediately after wounding. The solid line indicates the position of
the cell border at t = 0 h. Representative images of n = 4 experiments. (E) Bar graph showing the infiltration of human monocyte-derived
macrophages cells to the wound; **P < 0.01, *P < 0.05. (F) Transfected human monocyte-derived macrophages containing siRNA-Random,
siRNA-low-density lipoprotein receptor-related protein 5, or siRNA-low-density lipoprotein receptor-related protein 1 in modified Boyden
chambers (24 h). Results are expressed as % of migrated cells. The experiments were run in triplicate and five fields from each chamber
were counted and averaged; ***P << 0.005.

free medium, and added to the top chamber for 24 h. The
medium in the lower chamber did not contain any chemoattrac-
tants in order to ascertain that the variation detected in HMDM
migration was only due to the lack of LRPs. After incubation for
24 h at 37°C, the top side of the insert membrane was scrubbed
free of cells with a cotton swab, and the bottom side was stained
with Giemsa. Cells that migrated to the bottom side of the
membrane were counted, revealing that LRP5-deficient cells
show a 51 + 1% reduction in macrophage migration respect to
controls (Figure 5F).
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Discussion

The development of atherosclerotic lesions is characterized by
the accumulation of modified LDL in the vascular wall. agLDL
are able to induce massive intracellular CE accumulation in two
cell types involved in atherosclerosis, human VSMC, and macro-
phages.®~#1%"1232% |y this report, we demonstrate that aglDL
strongly up-regulates a new member of the LDL receptor family,
LRPS, at a transcriptional level in human monocytes and macro-
phages. The increase in LRP5 mRNA transcription leads to an
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increase in LRP5 protein expression. This increase in LRP5 levels
after agLDL incubation is specific of inflammatory cells as aglLDL
does not regulate LRP5 levels in human endothelial or VSMC.
Consequently, by inducing LRP5 expression in human macro-
phages and monocytes, agLDL could lead to a progressive intra-
cellular accumulation of cholesterol in these cells.

Our group has recently demonstrated that aglDL increases
LRP1 expression in VSMC and macrophages. In order to ascertain
that the uptake of agLDL by LRP5 in human macrophages is inde-
pendent of LRP1, we assessed the effect of monoclonal antibodies
against the a-chain of LRP1, showing that when LRP1 is blocked,
LRP5 expression in aglDL-incubated macrophages is still
increased. Therefore, LRP1 does not interfere in agLDL induction
of LRP5.

In this report, we show for the first time the functional involve-
ment of LRP5 in LDL uptake in human macrophages. As shown by
TLC, inhibition of LRP5 by siRNA treatments dramatically
decreases the uptake of agLDL, and consequently, the total lipid
content is also severely reduced. This suggests a role for this
receptor in the accumulation of CE in macrophages that are
present from the earliest discernable fatty streak lesions to
advanced plaques and that are key regulators of the pathological
behaviour of plaques.®**® The lack of involvement of scavenger
receptors on aglDL binding and internalization by macrophages
has been demonstrated by several authors.® "’

One major question is the signalling pathway activated upon
aglDL induction of LRP5 expression. Our data suggest that the
stimulation effect of agLDL on LRPS induces the activation of cano-
nical Wnt/B-catenin pathway. After aglDL incubation, human
macrophages showed an increase in the mRNA and protein
levels of several Wnt/B-catenin pathway proteins and targets,
including B-catenin, LEF1, c-jun, cyclinD1, bmp2, and opn. Impor-
tantly, the increase in all these Whnt signalling proteins was
greatly reduced in the absence of LRPS, indicating that in human
macrophages, aglDL triggers the Wnt pathway only in the pres-
ence of LRPS.

In the context of atherosclerosis, agLDL increased BMP2 and
OPN expression in macrophages. These proteins have been
described to be differentially expressed in human with increased
levels of atherosclerotic plagues.”’ ~*'More importantly, a proteo-
mic search of biomarkers of atherosclerotic plaque has identified
OPN as a potential plaque biomarker as high plasma levels of
OPN strongly predict the risk of a new vascular complication.**
Since LRPS is involved in agLDL uptake and OPN and BMP2 are
up-regulated only in the presence of LRP5, our results reinforce
the notion of LRP5 having a role in atherosclerotic progression
through its presence in human macrophages. Therefore, the use
of nanoparticles for the therapeutic administration of siRNA-LRP5
targeted to macrophages at sites of injury could have potential
relevant applications in an attempt to reduce infiltration and
accumulation of inflammatory cells.

c-jun and cyclinD1 have been involved in cell motility and are
up-regulated after agLDL treatment in macrophages. We hypoth-
esized that LRP5 and the Wnt pathway could participate in the
macrophage motility associated with an atherosclerotic process.
We found that in LRP5-deficient macrophages, the repair or
migration of cells to the wounded area was greatly impaired.

This did not occur in LRP1-defective cells, suggesting that it is a
specific function for LRP5. These results were confirmed by modi-
fied Boyden chambers where LRP5-defective macrophages
showed a slower migration rate than control or LRP1-defective
cells.

When treated with agLDL, human macrophages showed a lower
migratory capacity under all the conditions tested. We here report
a significant effect of agLDL on scratch assays in human macro-
phages, suggesting that agLDL may likely have a major functional
effect on the formation of the atherosclerotic plague. Indeed, in
macrophages, agL DL up-regulate the expression of LRP5 and inter-
nalize significant amounts of CE contributing to the transformation
of macrophages into lipid-loaded immune cells. From a mechanistic
standpoint, the fact that agLDL exert inhibitory effects on human
macrophage migration, regardless of the LRP inhibited, indicates
that part of the observed functional effects are due to the accumu-
lation of CE.

LRP5 involvement in lipoprotein uptake is being studied in
animal models. In contrast to apoE knockout mice or
LDL-receptor knockout mice, LRP5-deficient mice do not show
an increase in plasma cholesterol levels on a normal diet.
However, LRP5 knockout mice fed a high-fat diet develop high
plasma cholesterol levels.”” Furthermore, double knockout mice
deficient in LRP5 and ApoE fed a normal diet exhibiting 60%
higher plasma cholesterol levels compared to apoE knockout
mice.*® Atherosclerotic lesions on the double knockouts were
three times greater than those in apoE knockout mice. Presently,
we are performing studies in LRP5-deficient mice to better under-
stand innate inflammatory reaction in dyslipaemic conditions.

Since LRP5 seems to play a role in promoting the formation of
macrophage-derived foam cells, our results indicate a previously
unidentified mechanism by which intimal aggregated LDL are
internalized in human macrophages and contribute to the
advancement of atherosclerosis. We also show that LRP5-
deficient cells have a reduced migratory capacity, supporting a
role for LRP5 in the accumulation of macrophage-derived foam
cells in the arterial wall.

Supplementary material

Supplementary material is available at European Heart Journal
online.
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SUPPLEMENTARY FIGURE
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Sup. Fig: LRP5 and lipid uptake in HMDM. HMDM containing siRNA-R, siRNA-LRP1 or siRNA-
LRP5 were incubated with an excess of agLDL (400ug/ml) for 8h. HMDM were exhaustively
washed and harvested to measure Free C and EC by thin layer chromatography. Experiments

were run in triplicate. Bar graph showing the quantification of EC respect to Free C in pug.
k%
p<0.01

SUPPLEMENTARY DATA

DETAILED METHODS
Tissue Immunohistochemistry and Immunofluorescence

Human coronary arteries were obtained from explanted hearts immediately after surgical
excision. All procedures were approved by the Institutional Review and Ethics Committee.
Paraffin-embedded specimens were cut into 5-um-thick serial sections, placed on poly-L-lysine-
coated slides and deparaffinised. Lesions were characterized in Masson's trichrome-stained
sections according to American Heart Association criteria.* Masson trichromic staining allowed
classification of lesions into initial lesions, types | and Il, n=6, and advanced lesions, types VII-

VIlI, n=6.

Consecutive sections were deparaffinised, after target retrieval, and the sections were washed,
suppressing endogenous peroxidase activity with H,0, hydrated and blocked. The following
primary antibodies were detected using the avidin-biotin immunoperoxidase technique:

monoclonal mouse anti-human smooth muscle actin (a-SMC, clone 1A4; Dako); monoclonal
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mouse anti-human macrophage, HAM56 (HAM56; Dako); and polyclonal rabbit anti-human
LRP5 (Abcam 38311), for 2 h (dilution 1:100) at room temperature. After several washes, the
sections were incubated with an appropriate biotinylated secondary antibody (1:200, Vector®).
3, 3’-diaminobenzidine was used as a chromogen and haematoxylin was used for nuclear
staining. The sections were washed in PBS 100 mM, pH 7.4 and mounted in Glicergel®
mounting medium (DAKO A/S). Images were captured by Nicon Eclipse 80i microscope and
digitized by Retiga 1330i Fast camera. Controls with the appropriate secondary antibody only
were run with each set of specimens. 3 sections/ plaque were analyzed for each antibody and
individual. For double-labelling immunofluorescence experiments, OCT included human
coronary arteries were cut into5-um-thick sections and stained with monoclonal mouse anti-
human macrophage, HAM56 (HAM56; Dako); and polyclonal rabbit anti-human LRP5 (Abcam
38311) (1:50), followed by Alexa Fluor anti-mouse 633, Alexa Fluor anti rabbit 488 (1:100) and
Hoechst (1:1000). Images of immunostained tissues were recorded on a Leica inverted
fluorescence confocal microscope (Leica TCS SP2-AOBS, Germany). Tissues were viewed with
HCX PL APO 63x/1.2W Corr/0.17 CS objective. Fluorescent images were acquired in a scan
format of 1024x1024 pixels in a spatial data set (xyz) and were processed with the Leica
Standard Software TCS-AOBS. Controls without primary antibodies showed no fluorescence

labeling.

50 images of immunostained tissues with HAM56 or LRP5 from initial and advanced
atherosclerotic lesions were analyzed by counting HAM56 and LRP5-stained macrophages
respectively. The amount of LRP5 positive macrophages was calculated as the ratio of LRP5

expressing macrophages to HAMS56 expressing macrophages.

Isolation of human monocytes (HM) and human monocyte-derived macrophages (HMDM)

primary cultures.

This protocol has been previously described.? Briefly, human monocytes (HM) were obtained by
standard protocols from buffy coats (40-45ml) from healthy donors. Cells were applied on 15
ml of Ficoll-Hypaque and centrifuged at 300 g for 1lhour at 22°C, with no brake. Mononuclear
cells were obtained from the central white band of the gradient, exhaustively washed in
Dulbecco's phosphate buffer saline, and resuspended in RPMI medium (Gibco) supplemented

with 10% human serum AB (Immunogenetics). A set of cells was left overnight in culture,
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washed and treated with nLDL or agLDL for the described times and concentrations. A second
set of cells was left 7 days in culture and allowed to differentiate into macrophages. HMDM
were then incubated with nLDL or agLDL for the described times and concentrations. At the end
of the experiments, HM and HMDM were exhaustively washed and collected for both mRNA

and protein detection.
HVSMC culture

Primary cultures of human coronary vascular smooth muscle cells (HVSMC) were prepared from
nonatherosclerotic areas of human coronaries from explanted hearts at transplant operations
at the Hospital de la Santa Creu i Sant Pau. HVSMC were obtained by a modification of the
explants technique previously described.? Outgrown cells were suspended in a trypsin/EDTA
solution and subcultured in 199 medium containing 20% FBS plus 2% human serum, and
incubated with nLDL or aglLDL for the described times and concentrations. All procedures were
approved by the Hospital Ethics Committee. Three independent experiments were carried out

per condition.
HuUVEC culture

Human umbilical vein endothelial cells (HUVEC) were purchased from ATCC and cultured in
M199 medium supplemented with 20% FBS, 2mM Glutamine, 1%Hepes, 1% Pyruvate,
1%Heparine, 1% endothelial cell growth supplement (ECGS), and antibiotics. Plates were coated
with gelatin 30 minutes prior to seeding the cells. For experiments, HUVEC at passages 1-5

were used.
LDL isolation and modification

Human LDLs (d1.019-d1.063 g/ml) were obtained as previously described.? Briefly human LDL
were obtained from pooled sera of normocholesterolemic volunteers, isolated by sequential
ultracentrifugation, and dialyzed. LDL protein concentration was determined by the
bicinchoninic acid method, and cholesterol concentration was determined using a commercial
kit (Boehringer). The purity of LDL was assessed by agarose gel electrophoresis. The model
system of agLDL was generated by vortexing LDL (1 mg/ml) for 4 min at room temperature at
maximal speed. agLDL was then centrifuged at 10,000 g for 10 min, and the precipitated

fraction composed of 100% agLDL was added to cell cultures.>*
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LDL treatment

After LDL (native or aggregated) incubation, cells were exhaustively washed (twice with PBS,
twice with PBS/1% BSA, twice with PBS/1%BSA/heparin 100 U/ml, twice with PBS/1% BSA, and

twice with PBS) before collection for mRNA or protein detection.
RNA isolation and Real time PCR

Total RNA was isolated from cultured HM, HMDM, HVSMC or HUVEC using the Total RNA
extraction kit (Qiagen). Total RNA concentration was determined on NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA) and purity was
checked by the A260/A280 ratio (ratios between 1.8 and 2.1 were considered acceptable), in
addition, an agarose gel was run to assess the quality. cDNA was synthesized from 1 ug RNA
with cDNA Reverse transcription kit (Qiagen) The resulting cDNA samples were amplified by
polymerase chain reaction (PCR) using a DNA thermal cycler (MJ Research, Watertown, MA,
USA) and the following specific human probes from Applied Biotechnologies: LRP5
(Hs00182031-m1), LRP1 (Hs00233899-m1), 18S rRNA (4319413E), Bax (Hs00180269-m1), Bcl2
(Hs00241824-m1), B-catenin (Hs00170025-m1), LEF1 (Hs01547250-m1), cyclinD1 (Hs00277039-
m1), c-jun (Hs99999141-s1), CD36 (Hs00169627-m1), OPN (Hs00960942-m1) and BMP2
(Hs00154192)

LRP1 blocking antibody

Monoclonal antibody against the a-chain of LRP1 (Servicios Hospitalarios) and normal mouse

IgG (sc-2025, Santa Cruz) were used at 25ug/ml for 8h in HMDM.
Obtaining LRP5-, LRP1- -deficient HMDM and inhibition of Scavenger Receptor

To inhibit LRP1 or LRP5 expression in HMDM small anti-LRP1 interfering RNA (siRNA-LRP1) or
SiRNA-LRP5 synthesized by Ambion were used to transfect HMDM. Briefly, HMDM obtained
from buffy coats were transfected with the HiPerfect Transfection Reagent (QIAGEN) following
manufacturers instructions. 24h later, HMDM underwent the specified treatments for 8h or
24h were washed and collected. Silencer Selective negative control#2 siRNA (Ambion) was used
as a control and did not exert any effect on LRP1 or LRP5 expression. To inhibit scavenger
receptor expression polyinosinic acid (5’) (Sigma) was used at an inhibitory concentration of
100pg/ml*.
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Determination of free and esterified cholesterol content

SiRNA-LRP1, siRNA-LRP5, siRNA-Random (50nM) and polyinosinic acid (100ug/ml) treated
HMDM were incubated for 8h with 100 or 400 pg/ml aglLDL. 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 1ml of 0.1N NaOH. Lipid extraction and thin layer chromatography were
performed as previously described.>® The spots corresponding to free cholesterol (Free C) and
cholesteryl esters (CE) were quantified by densitometry against a standard curve of cholesterol
and cholesterol palmitate respectively, with the use of a computing densitometer (Molecular

Dynamics).
Western blot and flow cytometry

Sample extracts (50ug protein) were resolved by SDS-PAGE and transferred to nitrocellulose
membranes, blocked with 5% skim milk and probed for monoclonal (LRP5 and Pactin from
Abcam, CD36 from Biocytex, LEF1 and BMP2 from Sigma, cyclin D1 from Millipore, LRP1 from
Servicios Hospitalarios) or polyclonal (B-catenin and OPN from Millipore, c-jun from R+D
Systems) primary antibodies. Membranes were then washed and blotted with anti-mouse or
anti-rabbit secondary antibodies (Dako). Band densities were determined with the ChemiDoc
XRS system (Bio-Rad) in chemiluminescence detection modus and Quantity-One software (Bio-

Rad). Normalization was performed against B-actin.

LRP5 expression was also assessed by staining HM and HMDM primary cultures with LRP5
monoclonal antibody (1:50) followed by Alexa Fluor anti-mouse 488 (1:100) and analysis by

flow cytometry (FACSCalibur). Controls were run without primary antibodies.
Immunofluorescence and Dil labellingin cells

HM and HMDM incubated or not with agLDL were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Tween in PBS at room temperature. After incubation in blocking
buffer (3% bovine serum albumin in PBS) primary LRP5 (Biovision) and CD68 (Abcam)
antibodies were added 1h at room temperature in a moist chamber. Appropriate secondary
antibodies (Alexa Fluor anti-mouse 488 IgG (H+L), Alexa Fluor anti-rabbit 633 1gG (H+L), and
Hoechst 33342) were added for 1h and stained cells were washed and covered with Prolong

Gold antifade reagent (Molecular Probes). Images of immunostained cells were recorded on a
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Leica inverted fluorescence confocal microscope (Leica TCS SP2-AOBS, Germany). Cells were
viewed with HCX PL APO 63x/1.2W Corr/0.17 CS objective. Fluorescent images were acquired in
a scan format of 1024x1024 pixels in a spatial data set (xyz) and were processed with the Leica
Standard Software TCS-AOBS. Controls without primary antibodies showed no fluorescence

labeling.

For Dil labeling, cells were fixed, blocked, incubated with 5 pl/ml medium of Dil (30 mg/mL in

DMSO, SIGMA) for 1h, washed and covered with Prolong Gold antifade reagent.
Wound migration assay

Transfected HMDM containing siRNA-LRP5, siRNA-LRP1 or siRNA-Random were scratched with
a soft sterile 200pl pipette tip to create a double sided wound. After being rinsed with PBS, cells
were incubated with or without agLDL and allowed to migrate in serum-free medium. Pictures
were taken directly after scratching and 24h later. The area of cell-free wound was
photographed with an inverted microscope (Nikon, Tokyo, Japan) equipped with a digital
camera (Spot, Diagnostic Instruments, Inc., Sterling Heights, Ml) at indicated time points. The
macrophage motility was calculated as the ratio of cell-free area at 24h (with or without aglLDL)

to initial wound length. The experiments were performed four times.
In vitro Boyden chamber migration assay

Transfected HMDM containing siRNA-LRP5, siRNA-LRP1 or siRNA-Random were plated into
modified Boyden chamber assay using 24-transwell unit (Corning Costar Corporation). This
system consists of a lower and an upper chamber containing a polycarbonate filter with 8um
pores. HMDM cells were trypsinized and, to eliminate the effects of serum, rinsed three times
in PBS and added to the top chamber for 24h in serum-free medium. The medium in the lower
well also contained serum-free medium in order to discard possible interferences from other
than the lack of LDL receptors. After incubation for 24h at 372C, the top side of the insert
membrane was scrubbed free of cells with a cotton swab, and the bottom side was stained with
Giemsa. Cells that migrated to the bottom side of the membrane were counted at 20X

magnification light microscopy. Three experiments were performed in triplicates.
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Statistical analysis

Results are expressed as mean + S.E.M. A Stat View statistical package was used for all the
analysis. Comparisons among groups were performed by Fisher test after ANOVA. Statistical

significance was considered when p<0.05.
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RESUMEN

LRP5 regula negativamente la diferenciacion de monocitos mediante el bloqueo de la

sefalizacion por Wnt.

Las células inflamatorias circulantes se infiltran y diferencian en tejidos diana especificos para
combatir infecciones y/o dafio tisular y restablecer la homeostasis celular. Estudiamos los
mecanismos de diferenciacién de células HL60 y de cultivos primarios de monocitos humanos y
postulamos que LRP5 y la via candnica de seiializacién por Wnt participan en el proceso de

diferenciacion de células monociticas.

El silenciamiento de LRP5 incrementa la diferenciacién de las células HL60 y de los monocitos
humanos a macréfagos, sugiriendo que LRP5 bloquea la diferenciacion. Demostramos que los
mecanismos implicados incluyen el secuestro de B-CATENINA en la membrana celular, la
inhibicidn de la via candnica de senalizacidon por Wnt y un incremento en la apoptosis celular.
Ademas, confirmamos la participacidn de LRP5 y la via candnica de sefializacién por Wnt en el
proceso ya que la diferenciacién celular puede ser rescatada por la adicién de proteinas diana

de la via candnica en las células monociticas.

Nuestro trabajo describe por primera vez un mecanismo por el cual LRP5 bloquea la activacién

de la via de sefalizacién por Wnt para mantener las células en un estado indiferenciado.
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Abstract

Molecular changes involved in cell differentiation are only partially known. Circulating inflammatory cells need to differentiate to perform spe-
cialized functions in target tissues. Here, we hypothesized that low-density lipoprotein receptor—related protein 5 (LRP5) is involved, through its
participation in the canonical Wnt/p-catenin signalling, in the differentiation process of monocytic cells. To this aim, we characterized differenti-
ation mechanisms of HL60 cells and primary human monocytes. We show that silencing the LRP5 gene increased differentiation of HL60 cells
and human monocytes, suggesting that LRPS signalling abrogates differentiation. We demonstrate that the mechanisms behind this blockade
include sequestration of B-catenin at the cellular membrane, inhibition of the Wnt signalling and increase of apoptosis. We further demonstrate
the involvement of LRPS and the Wnt/p-catenin signalling in the process because cellular differentiation can be rescued by the addition of

downstream Wnt target genes to the monocytic cells.

Keywords: LRP5 e apoptosis e cellular differentiation ® macrophages e HLG0

Introduction

Low-density lipoprotein receptor-related protein 5 (LRP5) belongs to
the LDL receptor family and has been recognized as a multifunctional
cell surface receptor [1]. From a mechanistic standpoint, LRP5 func-
tions as a co-receptor with the protein frizzled to bind extracellular
Wnt proteins resulting in the stabilization of intracellular B-catenin.
The stabilized B-catenin is free to translocate to the nucleus and bind
to lymphoid enhancer binding factor/T cell factor (LEF1/TCF) to regu-
late the transcription of Wnt-responsive genes. We have recently
demonstrated that extracellular lipid binding to LRP5 in human mac-
rophages can trigger the Wnt signalling cascade and induce macro-
phage motility [2]. The canonical Wnit/B-catenin signalling pathway
requlates multiple biological events, including proliferation and devel-
opment [3, 4].
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Deregulation of Wnt signalling causes alterations in inflammatory
mechanisms that will ultimately lead to several types of diseases,
including cancer or Alzheimer disease [5]. Inflammation is a complex
biological response of organs and tissues to harmful stimuli [6]. It is
mainly orchestrated by monocytes and macrophages that respond to
extracellular signals and induce inflammatory reactions by causing
the release of cytokines and other inflammation mediators [7].
Although the role of Wnt signalling in the inflammatory response is
poorly understood, p-catenin-dependent Wnt signalling is suggested
to increase the inflammatory response to LPS in human macrophages
[8]. Also, the proliferative effects of the Wnt/p-catenin pathway
appear to enhance wound repair/healing responses. Indeed, during
the wound healing process after myocardial infarction in adult male
SD rats, the activated Wnit-frizzled-Dishevelled signalling pathway
seems to contribute to the myofibroblast proliferation and migration
[9]. Although the relevance of the Wnt signalling pathway in inflam-
matory processes is under constant study, the independent contribu-
tion of some of its components, specifically of LRP5, has never been
addressed.

In the present paper, we have hypothesized that LRP5 nega-
tively regulates monocytic cell differentiation. We have proven
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this hypothesis by investigating LRP5 function in the monocytic
cell line HL60 and in primary cultures of human monocytes
(HM).

Materials and methods

A complete description of the cell lines, antibodies, reagents and tech-
niques used in this paper can be found in the Supplemental section.

Results

Differentiation is increased in LRP5-silenced
PMA-treated HL60 cells

HLBO cells treated with 10 nM phorbol 12-myristate 13-acetate
(PMA) differentiate to macrophages, as described previously [10,
11]. Immunofluorescence analysis of differentiated macrophages
(measured as cd68 staining) showed expression of LRP5 (Fig. 1A).
To understand the role of LRPS in cell differentiation, we silenced
its expression in undifferentiated inflammatory cells. HLGO cells
were transfected with either control siRNA-Random (siR) or a siR-
NA against LRP5 (siRNA-LRP5), then were treated with PMA to dif-
ferentiate them to macrophages (Fig. 1B, upper panels).Higher
rates of cell differentiation were observed in LRP5-silenced HL60
cells (92.5 + 3%, Fig. 1C). Undifferentiated HL60 cells were trans-
duced with a plasmid containing LRP5 (LRP5%F) or the vector
alone (C) and treated as above. Opposed to SiRNA-LRP5 results,
LRP5%E-HLB0 cells showed lower differentiation rate, as only
22.3 4+ 1% of cells were differentiated (Fig. 1B, lower panels and
Fig. 1C). In these experiments, adhered and non-adhered cells were
collected and viable cells were counted (Fig. S1A). Up-regulation of
LRP5 reduced differentiation in a 37.5 + 1% of cells, while silenc-
ing of LRP5 increased differentiation in a 30.3 & 1% of cells
(Fig. 1C), supporting a negative effect of LRP5 in cell differentia-
tion. LRP5 mRNA analysis confirmed the overexpression or silenc-
ing of LRP5 in these cells (Fig. S1B).

To confirm the effects of LRP5 in cell differentiation, we analysed
the expression levels of two well-established differentiation and
adhesion markers, CD11b and CD44. CD11b and CD44 were down-
regulated in LRP5-overexpressing cells (45 + 3% and 38 + 1%
respectively, Fig. 1D0) and CD44 was up-regulated in LRP5-silenced
cells (63 + 1%, Fig. 1D). Taken together, these results indicate that
LRP5 blocks differentiation.

LRP5 overexpression inhibits cell proliferation
and induces apoptosis

We then searched for the mechanisms by which LRP5 overexpression
in undifferentiated HL60 cells inhibited cell differentiation. Wnt signal-
ling has been widely described as an inducer of cell proliferation in
several cell lines, including epithelial, stromal and endothelial cells
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[12]. HL6O proliferation, tested by measuring DNA replication by
incorporation of the thymidine analogue BrdU, was inhibited by
44.5 + 1% in LRP5-overexpressing HL60 cells (Fig. 2A, P < 0.005).
Interestingly, LRP5 silencing did not affect cell proliferation rates.
LRP5 mRNA and protein expression levels confirmed LRP5 expres-
sion levels in these cells (Fig. 2B and C).

To investigate whether the reduction in cell differentiation seen in
Figure 1C and the inhibition of cell proliferation seen in Figure 2A
were because of apoptotic cell death, LRP5 apoptotic features were
measured by using the AnnexinV FITC/PI assay kit. Forty-gight hours
after transfection, there was a threefold increase in apoptotic LRP5°
cells compared with control cells (cells transfected with an empty
vector, Fig. 1D, P < 0.01). There was no significant apoptotic cell
death induced in siRNA-LRP5 cells (Fig. 1D).

Apoptosis-related genes and proteins modulated
by LRPS expression levels

Apoptosis-related proteins were measured in LRP5-modified cells.
We first analysed the expression levels of three pro-apoptotic genes
and proteins: Bax, Dual Specific Phosphatase 6 (Dusp6) and GO/G1
switch gene 2 (G0S2). Figure 3A shows increased expression in Bax
(49 £ 2%, P < 0.005), DUSP6 (41 + 2%, P < 0.005) and GOS2
(75 + 3%, P < 0.005) mRNA levels in LRP5% cells respect to C
cells. LRP5 silencing not only abrogated this effect but also promoted
a down-regulation of these three pro-apoptotic genes (37 & 1%,
P <0.005 in Bax, 26 + 1%, P < 0.005 in DUSP6 and 49 + 3%,
P <0.005 in GOS2 LRP5 mRNA levels). A direct effect for LRP5
silencing and overexpression was also observed at the protein
expression level for Bax, DUSP6 and G0S2 (Fig. 3B).

We also determined the levels of expression of three anti-apopto-
tic genes and proteins, Bcl2, Cyclin-dependent kinase 1 (CDK1) and
the Toll-like receptor CD180. Cells overexpressing LRP5% had
reduced mRNA levels of the anti-apoptotic proteins Bel2 (19 & 0.5%,
P < 0.005), Cdki (52 + 1%, P < 0.005) and CD180 (37.5 + 2%,
P < 0.005, Fig. 3C) versus controls. In these conditions, protein
expression levels were also reduced for Bcl2, CDK1 and CD180
(Fig. 3D). LRP5-silenced cells showed an increased expression of
Bcl2 and CD180 mRNA levels (24 + 2%, P < 0.01 and 32 + 1%,
P < 0.005). Furthermore, CD180 protein levels were also increased in
SiRNA-LRP5-treated cells by 61 £ 3%, P < 0.005. Taken together,
these results show increased expression levels of pro-apoptotic pro-
teins and decreased expression levels of anti-apoptotic proteins in the
presence of high levels of LRP5, supporting a key role for LRP5 in
apoptotic processes.

LRP5 silencing does not affect proliferation in
adhered cancer cells

Increased adhesion and differentiation capacity in differentiation con-

dition was observed after LRP5 silencing of HL60 cells. Therefore, we
investigated whether LRP5 overexpression could also play a role in
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Fig. 1 Differentiation is increased in LRP5-silenced HL60 cells. (A) Representative image of PMA-treated HL60 cells fixed, permeabilized and immu-
nostained with mouse anti-LRP5, rabbit anti-cd68 followed by Alexa Flour anti-mouse 488 I1gG, Alexa Flour anti-rabbit 633 IgG and Hoechst. Scale
bar: 20 M. (B) HL60 cells transfected to either silence (SiLRP5) or overexpress LRP5 (LRP5%) along with the controls (C, siR). 24 hrs after trans-
fection, PMA (10 nM) was added to the supernatant for further 24 hrs when supernatants were collected and pictures were taken. Scale bar:
80 uM. (C) Bar graph showing the% of adhered cells in LRP5°F and SiRNA-LRP5 HL60 cells (D) cd44 and cd11b mRNA levels, from RNA extracts
from adhered cells in B, were quantified by real time PCR and normalized to 18srRNA, **P < 0.01, *P < 0.05.

preventing proliferation of adhered cancer cells. Two common cancer  Neither overexpression nor silencing of LRP5 affected BrdU incorpo-

cells, known for their highly proliferative profiles, were studied: pros-  ration in either cell line (Fig. 4A). mRNA analysis was used as a con-
tate cancer cells (PC3) and a glioblastoma cell line (U87MG) [13-15].  trol to confirm the overexpression or silencing of LRPS (Fig. 4B).
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Fig. 2LRP5 overexpression inhibits cell proliferation and induces apoptosis in HLBO cells. (A) HLBO cells containing C, LRP5%, siRNA-Random or
SiRNA-LRPS were cultured in 96-well plates and 24 hrs after transfection BrdU was added for further 24 hrs. Results were read at 450-595 nm and
the experiment was performed three times in duplicates. HL60 cells were transfected for 48 hrs to either silence (SiLRP5) or overexpress LRP5
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time PCR and normalized to 18srRNA. (C) Representative western blots and quantitative analysis (control cells, white boxes; LRP5-treated cells,
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triplicates *#*P < 0.005, **P < 0.01.

LRP5 silencing increases differentiation in
human primary monocytes

To determine if the effect of LRP5 silencing in cellular differentiation
was restrained to a monocytic cell line (HL60 cells) or was a general
mechanism for undifferentiated inflammatory cells, we used HM pri-
mary cultures. Human monocytes transfected with LRP5°E, vector
alone (C), siR or siRNA-LRP5 were spontaneously differentiated to
macrophages (HMDM) in culture and analysed as before (Fig. 4C).
Image analyses allowed the quantification of adhered HMDM
(Fig. 4D) showing a significant reduction in adhesion of HMDM over-
expressing LRP5 (166 & 2% respect to C), while HM transfection of
siRNA-LRPS increased HM differentiation to HMDM (27 + 1% with
respect to siR). mRNA analysis was used as a control to confirm the

overexpression or silencing of LRPS (Fig. 4E). Taken together, these
results further support an inhibitory role for LRPS in monocyte to
macrophage differentiation.

Canonical Wnt pathway activation in monocytes
and macrophages

Canonical Wnt signalling pathway proteins and transcription factors,
including B-catenin, LEF1, c-jun and c-myc [16-18], were investi-
gated in LRP5-modified cells. PMA-treated HL60 cells, differentiated,
adherent LRP5%E cells (Fig. 1C and D) showed a significant increase
in p-catenin, LEF1, c-jun and c-myc mRNA expression levels
(29 £ 1%, 39 + 2%, 19 &+ 2%, and 28 & 2%, with respect to
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104



RESULTADOS

A PC3 USTMG
1.5 1.5

a a2

§ 1 § 14

a =}

o o

2 $

£ 05 0.5

o o

0
C LRP5%siR siLRP5

0
C LRP5%siR siLRP5

J. Cell. Mol. Med. Vol 18, No 2, 2014

B *xx PC3 Us7TMG
80 5T 50 7 wxw

-y

o =2 o &

5 27 ﬂ_ﬁl 27

= i - e,

X .

0 0-
C LRP5°siR siLRP5 C LRP5%siRsiLRPS

HMDV/IFOV

mRNA LRP5

CLRP5siR siLRP5S

5

4 -

3 J

2 o

1 _ Tk

04 l—h_
C LRP5%siR siLRP5
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entiated to HMDM when pictures were taken. Representative images of n =

4 experiments. Scale bar: 80 uM (D) Bar graph showing the analysis of

number of HMDM/Field of Vision. (E) Real time PCR quantification of LRPS mRNA expression levels in C, LRP5%, siRNA-Random and SiRNA-

LRP5-transfected HM cells after 48 hrs, ***P < 0.005, *P < 0.05.

control), suggesting Wnt pathway activation (Fig. 5A). Correspond-
ingly, LRP5-silenced cells showed a significant reduction in LEF1, c-
jun and c-myc mRNA levels (33.3 £ 1%, 75 + 1% and 48 + 1%
respectively). p-catenin gene expression levels were only slightly
down-regulated. The analyses of the mRNA expression levels of f-
catenin, LEF1, c-jun and ¢-myc in human macrophages overexpress-
ing LRP5 revealed a 42 + 2% increase in p-catenin, 63 + 2%
increase in LEF1, a 49 4+ 1% increase in c-jun and a 32 + 1%
increase in c-myc mRNA expression levels (Fig. 5B). Again, in siR-
NA-LRP5 HMDM, there was a significant inhibition of LEF1, c-jun
and c-myc (Fig. 5B), while B-catenin was only slightly down-regu-
lated. Therefore, the canonical Wnt signalling pathway is activated in
differentiated, PMA-treated HL60 cells and human macrophages with
high LRP5 expression levels.

We then analysed the mRNA expression levels of p-catenin, LEF1,
c-jun and c-myc in undifferentiated cells (HL60 and HM). p-catenin
gene expression levels were increased by 49 + 3% and 27 + 1% in

undifferentiated HL60 cells and HM respectively. However, silencing
of LRP5 did not modulate B-catenin gene expression levels. Further-
more, LEF1, c-myc and c-jun were unchanged by LRP5 expression
levels in undifferentiated HL60 and in HM, indicating that up-regula-
tion or silencing of LRP5 does not affect -catenin canonical down-
stream signalling (Fig. 5C and D).

Sequestering of p-catenin to the cell membrane
induced by LRP5 overexpression in
undifferentiated cells

We then searched for an explanation for the results observed in
the undifferentiated cells (non-differentiated, non-adhered HL60
and HM). Wnt signalling can be interrupted by sequestering p-
catenin at the plasma membrane [19, 20] and N-cadherin has
been shown to interact with LRP5 and axin to negatively regulate
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Wnt signalling through p-catenin sequestration at the plasma
membrane [21]. By cellular subfractionation experiments, we
tested whether LRP5 overexpression was antagonizing Wnt signal-
ling in undifferentiated cells. Consistent with the current model of
the canonical Wnt signalling pathway, we found that overexpres-
sion of LRPS in differentiated cells (PMA-differentiated HL60 cells
and HMDM) increased p-catenin translocation to the nucleus with
respect to control cells (Fig. 6A and B). In addition, cell mem-
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brane-associated p-catenin levels did not differ in control and
LRP5-overexpressing differentiated cells (Fig. 6A and B). In con-
trast, LRP5 overexpression in undifferentiated cells (non-differenti-
ated, non-adhered HL60 and HM) induced little p-catenin
translocation to the nucleus, while a strong p-catenin staining
could be observed in the membrane fraction of LRP5-overexpress-
ing cells (Fig. 6C and D). These results show that the defective
Wnt/p-catenin signalling induced by LRP5 overexpression in undif-
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ferentiated cells results, in part, from p-catenin sequestering to
the plasma membrane.

To further determine the role of LRP5 in (3-catenin sequestration
to the cell membrane, we performed cellular subfractionation experi-
ments in cells without LRP5. Protein expression levels (Fig. S2) con-
firm gene expression levels (Fig. 5 upper panel), which shows that
LRP5 depleted cells without further stimulus, do not modulate B-cate-
nin expression levels in differentiated or undifferentiated cells. There-
fore, in differentiated, adhered cells (differentiated HL60 and HMDM),
[3-catenin is mainly located in the cytoplasm (CP) and basal low levels
of p-catenin are present in the nucleus (N). In undifferentiated cells
(HL60 and HM), B-catenin is also mainly in the CP, while basal low
levels are found at the plasma membrane (M). Contrarily, when LRP5
is overexpressed, Wnt signalling pathway is triggered.

C-myc Or c-jun overexpression rescue
differentiation in inflammatory cells

To further determine the involvement of LRPS in cellular differentia-
tion, we performed rescue experiments. We have shown that LRP5
overexpression in undifferentiated cells inhibits cellular differentiation
(Fig. 1), increases cellular apoptosis (Fig. 2) and inhibits canonical
Wnt pathway activation (Fig. 5) by the sequestering of p-catenin to
the plasma membrane (Fig. 6). We now sought to determine if an
increased expression of Wnt target genes that are downstream to
@3-catenin’s translocation to the nucleus, and may induce a constitu-
tive activation of the canonical Wnt signalling pathway, could rescue
cellular differentiation.

Undifferentiated HL60 cells were transduced with control,
LRP5%, LRP5%/c-myc or LRP5%/c-jun plasmids and differentiated
with PMA to macrophages (Fig. 7A). Morphometric analyses show an
increase in HL60 differentiation in LRP5°%/c-myc and LRP5%%/c-jun
cotransfected cells. Differentiated (adhered, Fig. 7B upper panel) and
non-differentiated (non-adhered, Fig. 7B lower panel) cells were col-
lected and counted showing an increased adhesion in LRPSOE/c-myc
HL60 and LRP5°E/c-jun HL60 cells (49 + 1% and 61 + 1% respec-
tively). mRNA analysis was used as a control to confirm the overex-
pression of c-myc and c-jun in these cells (data not shown).

Similar results were observed when HM were transfected with
LRP5%, LRP5%/c-myc or LRP5%/c-jun and differentiated to HMDM
(Fig. 7C). Overexpression of LRP5°€/c-myc or LRP5%%/c-jun rescued
HMDM differentiation by 28.5 + 1% and 35.7 + 0.5%, respectively,
further demonstrating the negative regulation of LRP5 in cellular dif-
ferentiation (Fig. 7D).

Discussion

In the present work, we have addressed the effect of LRPS modulation
and downstream activation of the Wnt signalling pathway in cell prolif-
eration, adhesion and differentiation of monocytic cells. First, we have
investigated the effect of LRP5 on cell differentiation in a monocytic
cell model that requires PMA for differentiation to macrophages.
The LRP5 levels of pro-myelocytic leukaemia cells (HL60) were genet-
ically modified by silencing (siRNA-LRP5) or overexpression
(LRP5%) experiments. siRNA-LRP5 undifferentiated HL60 cells,
induced by PMA, showed increased cellular differentiation, suggesting
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that LRP5 could be a negative differentiation regulator of cellular dif-
ferentiation. Indeed, LRP5°F HL60 cells, induced by PMA, showed
less differentiation than control cells and the differentiation markers
CD11b and CD44 were significantly reduced. The expression of the
CD11b adhesion molecule is a maturation marker for HL60 cells in
response to differentiation, as more than 90% of cells became
CD11b-positive following PMA treatment [11]. On the other hand, the
adhesion molecule CD44 is a cell surface transmembrane glycopro-
tein and its major physiological role is to maintain organ and tissue
structure via cell-cell and cell-matrix adhesion (for a review, see Sle-
vin et al. [22]). These results strongly suggest a negative role for
LRP5 in HL60 PMA-induced differentiation that may be orchestrated
by LRP5's direct or indirect interference with cellular adhesion mole-
cules (Fig. S3).

Low-density lipoprotein receptor—related protein 5 is frequently
characterized as a Wnt/p-catenin signalling activator that increases
cell proliferation [23]. Surprisingly, LRP5%® HLG0 undifferentiated
cells showed decreased proliferation, as determined by decreased
BrdU incorporation. The activity of the signalling components of
the Wnt pathway can either foster or restrain the processes of
apoptosis, according to specific cellular environment stimuli [24,
25]. Wnt signalling regulates the early and late stages of apoptosis
in both development and adult cell injury in neurons, endothelial
cells, vascular smooth muscle cells and cardiomyocytes [26]. Thus,
another explanation for the observed inhibition of LRP5°F HL6O cell
proliferation could be the activation of the apoptosis machinery.
Indeed, increased apoptosis was observed in undifferentiated
LRP5%E HL60 cells, while siRNA-LRP5 cells did not vary their apop-
totic ratio. This result is supported by studies with LRP5 "~ mice,
where osteoblast apoptosis was found to be reduced by lithium
therapy in cultures of calvaria cells derived from LRP5~'~ mice ex
vivo [27], and the persistent embryonic eye vascularization of
LRP5~'~ mice as a result of a failure of macrophage-induced endo-
thelial cell apoptosis [28].

Our results show that an increase in LRP5 cellular expression
is accompanied of increased expression levels in other pro-apopto-
tic proteins, including Bax, DUSP6 and G0S2. Bax is a pro-apopto-
tic member of the Bcl-2 family that interferes with mitochondrial
function by forming pores at the outer mitochondria membrane
[29]. Dusp6 has been shown to participate in the pro-apoptotic
pathway as its down-regulation mediates up-regulation of ERK
(Extracellular signal-Regulated Kinase) and survival of endothelial
cells by means of anti-apoptosis [30]. Moreover, analyses by flow
cytometry and immunocytochemistry revealed that the exogenous
expression of Dusp6 induced apoptosis in cultured pancreatic can-
cer cells [31]. GOS2 encodes a mitochondrial protein that specifi-
cally interacts with Bcl-2 and promotes apoptosis by preventing the
formation of protective Bcl-2/Bax heterodimers [32]. Interestingly,
the expression levels of three broad anti-apoptotic proteins, Bcl2,
Cdk1 and CD180, were significantly reduced in cells overexpressing
LRP5. Bcl2 is a well-known pro-survival protein that has an essen-
tial function in a wide variety of processes (for a review, see Kelly
and Strasser [33]). Cdk1 interacts with cyclin B1 to form the ‘mito-
sis-promoting factor’ whose activity influences various pro-survival
signalling pathways before entering mitosis [34, 35]. Also, inhibi-
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tion of cyclin B1/Cdk1 activity has been shown to increase apopto-
sis in human tumour cells [36, 37]. The CD180 molecule is the
transmitter of the activation signal that leads to massive prolifera-
tion as well as resistance against apoptosis [38, 39]. These results
further support a role for high LRP5 expression levels in promoting
apoptosis in undifferentiated HL60 cells.

We then analysed the highly proliferative cancer cells PC3 and
U87MG to test if LRP5 overexpression could inhibit their proliferation.
LRP5% PC3 or LRP5°E UB7MG cells did not show reduced prolifera-
tion rates, restricting the observed LRP5E role in proliferation inhibi-
tion to undifferentiated, non-adhered cells.

To confirm the inhibitory role of LRP5 overexpression in differen-
tiation processes, we used HM primary cultures. LRP5 overexpres-
sion in HM reduced differentiation to macrophages. Wnt signalling
target genes (LEF1, c-jun and c-myc) did not modulate their expres-
sion levels in LRP5YE or siRNA-LRP5 HM. However, p-catenin gene
expression levels were increased in the presence of LRP5%, indicat-
ing a disruption in Wnt signalling downstream of (-catenin. Con-
trarily, adherent, differentiated LRP5°F macrophages showed a
significant increase in the mRNA expression levels of these Wnt
genes. PMA-treated undifferentiated HL60 cells that overexpress
LRP5 show that, although most of the cells do not adhere, the ones
that do attach (and will eventually differentiate to macrophages) show
an incipient activation of the Wnt signalling pathway. Interestingly,
LRP5 overexpression was shown to inhibit osteogenic differentiation
in mesenchymal stem cells [40] and repression of canonical Wnt
signalling has been described in poorly differentiated hepatocellular
carcinoma cells [41]. Taken together, these results strongly suggest
an activation of the Wnt signalling pathway only in LRP5E differenti-
ated cells (Fig. S3).

To understand the mechanisms underlying the inhibition of cel-
lular differentiation by LRP5%, we performed subfractionation
experiments that showed that LRP5%% maintains undifferentiated
cells in an undifferentiated state by sequestering f-catenin at the
plasma membrane. It has been reported in osteoblasts that N-cadh-
erin association with f-catenin at the membrane forms a complex
with axin and LRP5 cytoplasmic tail domain causing increased
B-catenin degradation, blocking canonical Wnt signalling and result-
ing in defective osteablast function [21]. We have demonstrated a
similar process in undifferentiated monocytic cells. When cells are
differentiated, LRPS overexpression induces f-catenin translocation
to the nucleus and increased expression levels of Wnt signalling
genes (Fig. S3).

To further demonstrate that LRP5 is essential for cellular differen-
tiation, we performed experiments o rescue cellular differentiation.
To this end, we transfected Wnt target genes in undifferentiated cells
that rescued differentiation indicating that the inhibition of the Wnt
pathway and cellular differentiation in undifferentiated inflammatory
cells signals via LRP5 (Fig. S3).

One major question raised in this study is the significance of an
increased LRPS expression in the absence of known LRP5 ligands.
Several reports have shown that, in the absence of LRP5 ligands,
overexpression of LRP5 lacking either the extracellular or both the
transmembrane and extracellular domains leads to the activation of
the Wnt signalling pathway by cytoplasmic dimerization of the recep-
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tor [3, 42, 43]. This may explain our results in undifferentiated cells
that show modulation of different biological processes in the
presence of excess full-length LRP5 ¢cDNA construct in the absence
of known LRP5 ligands.

In summary, our results indicate a fine regulatory role for
LRP5 in undifferentiated cells’ fate. Usually, LRP5 binds its ligands
(glycoproteins, extracellular lipids) and moderately increases its
expression levels to activate the Wnt pathway machinery [2, 44,
45]. In this report, we show that when undifferentiated, non-
adherent cells overexpress LRP5 there is inhibition of cell prolifer-
ation and activation of the apoptosis machinery. Furthermore,
there is a down-regulation of the differentiation processes by the
sequestration of B-catenin to the cell membranes. The inhibition
of the Wnt signalling pathway can be rescued by the addition of
exogenous Wnt target genes. This is the first time that the mech-
anism by which LRP5 shuts off the Wnt signalling pathway to
maintain cells in an undifferentiated state is described.
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Sup Fig 1. HLBO cells transfected to either silence (SILRPS) or overexpress LRPS (LRPSE) along with the controls (C, siR).
24h post transfection, PMA (10nMW) was added to the supematant for further 24h when (A) non-adhered and adhered cells
were collected and viable cells were counted, (B) LRPS mRNA levels from RNA extracts were quantified by real time PCR
and normalized to 18srRNA. ™p<0.005, " p<0.01, "p<0.05. Experiments were performed three times in triplicates.
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Sup. Fig. 2: LRP5 silencing in differentiated and undifferentiated cells. PMA-differentiated HLE0 cells (A),
HMDM (B), undifferentiated HLBO cells (C) or HM (D) were transfected with siRNA-LRPS (si5) or siRNA-Random
{siR) and membrane (M), nuclear (N}, cytoplasmic {CP) fractions and total lysates (TL) were analyzed by Western
blotting using anti-B-catenin antibody. GAPDH and Histone H1 were used as quality controls for
cytoplasmic/imembrane and nuclear fractions respectively.
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Supplemental materials and methods:

Cell culture

Human promyelocytic leukaemia cells (HL60) were grown in RPMI 1640 medium with
Glutamax, supplemented with 10% heat-inactivated foetal bovine serum, 100U/mL penicillin
and 100U/mL streptomycin during 3 days before treatment. When the culture reached a
density of 7-8x10° cells/mL, cells were washed, subcultured in 6 well plates (5x105cells/well)
and treated with PMA (10nM). 48 hours after treatment, cells achieved a macrophage

phenotype, although the phagocytic function remained untested.

Human peripheral blood mononuclear cells (PBMCs) were obtained by standard protocols from
buffy coats (15-20ml) from healthy donors. Cells were applied on 15 ml of Ficoll-Hypaque and
centrifuged at 300g for 1 hour at 22°C, with no brake. Mononuclear cells were obtained from
the central white band of the gradient, washed in phosphate buffer saline (PBS), and suspended
in RPMI medium (Gibco) supplemented with 10% human serum AB (Immunogenetics) and
antibiotics. Cells were seed in 6 well plates (4x10°cells/well) and allowed to differentiate into

macrophages by 7 days in culture, replacing medium each two days.
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PC3 and U87MG were grown in DMEM/F-12 medium with 10%FBS, 2mM glutamine, 100U/mL
P/S.

HL60, HM and HMDM silencing and overexpression.

4x10° HL60-cells/mL in 100uL of Cell Line Nucleofector® Solution V and 300nM of siR, siLRP5 or
0.4ug of pcDNA3 or pcDNA3-LRP5 were transfected with T-019 program.siR and pcDNA3 alone
were used as controls and did not exert any effect on LRP5 expression. HM cells were
nucleofected as described for HL60 cells with 0.25ug of cDNA, 1x10’cells/mL and X-001
transfection program. HMDM cells, PMA-treated HL60 cells, PC3 and U87MG were transfected
using Metafectene® Easy’ (Biontex) following the manufacturer’s instructions.For silencing
experiments, 100nM of each siRNA was transfected using HiPerFect Transfection Reagent
(Quiagen). 48 hours after transfection efficiency was systematically analyzed by LRP5 RT-Real

Time PCR and normalized to r18S.
RNA isolation and Real time PCR

RNA was isolated using Total RNA extraction kit (Qiagen). Concentration was determined with a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) and purity was checked by
the A260/A280 ratio. cDNA was synthesized from 0.5 ug RNA with cDNA Reverse transcription
kit (Qiagen). The resulting cDNA samples were amplified by PCR using a DNA thermal cycler (M)
Research) and the following specific probes from Applied Biotechnologies: LRP5 (Hs00182031-
m1), 18S rRNA (4319413E), CDK1 (Hs00938777-m1), GOS2 (Hs00274783-s1), CD180
(Hs01069872),DUSP6 (Hs00169257-m1), CD11lb (Hs00355885-m1), CD44 (Hs01075861-m1),
BAX (Hs00180269-m1), BCL2 (Hs00608023-m1), c-myc (Hs00153408 m1), c-jun
(Hs99999141_s1), LEF1 (Hs01547250_m1).

Western Blot

Transfected HL60 cells were lysed in RIPA buffer containing protease inhibitor complex (Roche,
Germany). Electrophoresis of SDS-polyacrylamide gels, transfer to nitrocellulose
filters,incubation with primary antibodies (LRP5, Bcl2 and B-actin from Abcam, Cdc2p34, Bax,
G0S2 and Cd180 from Santa Cruz, Dusp6 from R+D Systems) and with anti-mouse, anti-rabbit or
anti-goat secondary antibodies (Dako) was performed.Band densities were determined with the

ChemiDoc XRS system (Bio-Rad).Normalization was performed against B-actin.
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Bromideoxyuridine (BrdU) labeling and detection

24 hours post-transfection BrdU (BrdU Cell Proliferation Assay, Calbiochem) was added
(20uL/well of a 1:2000 dilution) for further 24 hours. Cells were fixed, incubated with anti-BrdU
antibody, washed and incubated with peroxidise Goat anti-mouse IgG HRP conjugate.Substrate
and stop solution were added and intensity was quantified using a spectrophotometric plate

reader at dual wavelength of 450-595 nm.
Annexin V-FITC determination

48 hours post-transfection HL60 cells were collected, washed, stained with Annexin V
fluorescein isothiocyanate (AV-FITC) and propidium iodide (Pl) following manufacturer's

instructions (BD Pharmingen) and analyzed by flow cytometry (FACSCalibur).
Immunofluorescence

PMA-treated HL60 were fixed with 4% paraformaldehyde and primary LRP5 (Biovision) and
cd68 (Abcam) antibodies were added followed by Alexa Flour anti-mouse 488 IgG, Alexa Flour
anti-rabbit 633 IgG and Hoechst (33342). Fluorescent images were acquired in a scan format of
1024x1024 pixels in a spatial data set (xyz) and were processed with the Leica Standard

Software TCS-AOBS. Controls without primary antibodies showed no fluorescence labeling.
Adhesion assay

HL60 cells transfected with siRNA-Random, siRNA-LRP5, pcDNA3, pcDNA3-LRP5, pcDNA3-cmyc
or c-jun were seeded in triplicates and treated with 10nM PMA for further 24h when
supernatant and cell lysate were collected. A set of cells was counted on Neubahuer chambers

while another set was used for RNA extraction.

Differentiation assay in HM.

One day after isolation, monocytes were nucleofected as described for HL60 cells with
1x10’cells/mL and X-001 transfection program. Cells were differentiated to HMDM for 7 days
when pictures were taken and cells were counted. Transfection efficiency was analyzed 48

hours after transfection by LRP5 and r18S RT-PCR.
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Subfractionation experiments

For nuclear extracts, cells were PBS washed,scraped with CSK buffer (50nM NaCl, 10mM Pipes
pH6.8, 3mM MgCl,, 0.5% Triton X-100, 300mM sucrose and protease inhibitors), incubated 20
minutes shaking at 42C and centrifuged. Supernatants (cytoplasmic fractions) were stored at -
209C.Pellets (nuclear fractions) was suspended in 50ulL of Sol/Insol Buffer (15mM pH7.5, 5mM
EDTA, 2.5mM EGTA and 1% SDS) and heated for 10 minutes at 100°C. Membrane fraction
isolation was performed as described*?. Subcellular fractions were analyzed by western blot for

B-catenin, GAPDH, Histone H1.
Statistical analysis

Results are expressed as mean * S.E.M. A Stat View statistical package was used for all the
analysis. When possible, comparisons among groups were performed by parametric (one factor

ANOVA) analysis. Statistical significance was considered when p<0.05.
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RESUMEN

La deficiencia de LRP5 inhibe la sefializacion por Wnt y promueve la infiltracion de lipidos en

las aortas de ratones hipercolesterolémicos.

La participacién de LRP5 y la via de sefializacién por Wnt en la pared vascular de animales
dislipémicos no estd descrita. En este estudio analizamos la funcion de LRP5 y la via de
sefalizacidon por Wnt en ratones Wty Lrp5'/' alimentados con una dieta hipercolesterolémica

(HC) para provocar dislipemia.

Ratones Lrp5'/' presentan una mayor infiltracion de lipidos en las aortas que la de los ratones
Wt, indicando un rol protector para LRP5 en la pared vascular. Tres miembros de la familia de
LDLR, Lrp1, VIdIr y Lrp6, estan sobreexpresados en las aortas de los ratones Lrp5'/'alimentados
con una dieta HC con respecto a los Wt, indicando que estos receptores contribuyen al
incremento de la acumulacién de lipidos observada en estos ratones. La dieta HC en los ratones
Lrp5'/' provoca una mayor infiltracion de macréfagos en las aortas y un aumento de la
expresion de citoquinas inflamatorias, sugiriendo que los ratones Lrp5'/' no pueden regular
apropiadamente la respuesta inflamatoria durante la hipercolesterolemia. La expresién de

proteinas de la via de sefializacion Wnt/B-catenina estd disminuida en las aortas de los ratones
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Lrp5'/' HC, indicando que LRP5 regula la activacién de la via candnica de seializacién por Wnt

en la pared vascular.

Nuestros resultados muestran que la supresion de LRP5 y la via candnica de sefalizacién por
Wnt aumentan el perfil dislipémico de ratones Lrp5'/' mediante el aumento de la infiltracion de
lipidos y macrofagos en la pared vascular y de la disminucion de la respuesta inflamatoria de los

leucocitos.
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Abstract

Low-density lipoprotein receptor-related protein 5 (LRP5) is a member of the LDLR family that orchestrates cholesterol homoeostasis. The role
of LRP5 and the canonical Wnt pathway in the vascular wall of dyslipidaemic animals remains unknown. In this study, we analysed the role of
LRP5 and the Wnt signalling pathway in mice fed a hypercholesterolaemic diet (HC) to trigger dyslipidaemia. We show that Lrp5~~ mice had
larger aortic lipid infiltrations than wild-type mice, indicating a protective role for LRP5 in the vascular wall. Three members of the LDLR family,
Lrp1, Vidir and Lrp6, showed up-regulated gene expression levels in aortas of Lrp5~"~ mice fed a hypercholesterolaemic diet. HC feeding in
Lrp5~ mice induced higher macrophage infiltration in the aortas and accumulation of inflammatory cytokines in blood. Wnt/B-CATENIN sig-
nalling proteins were down-regulated in HC Lrp5~/~ mice indicating that LRP5 regulates the activation of Wnt signalling in the vascular wall. In
conclusion, our findings show that LRP5 and the canonical Wnt pathway down-regulation regulate the dyslipidaemic profile by promoting lipid
and macrophage retention in the vessel wall and increasing leucocyte-driven systemic inflammation.

Keywords: LRP5 e atherosclerosis e plasma cholesterol @ canonical Wnt signalling @ macrophages

Introduction

Hypercholesterolaemia is a causal factor for atherosclerosis, which
predisposes individuals to the development of clinical cardiovascular
diseases [1]. High levels of low-density lipoprotein (LDL) in plasma
rapidly infiltrate the vessel wall triggering an inflammatory—-immuno-
modulatory chain reaction [2, 3]. Members of the LDL receptor family
are involved in lipoprotein transport and plasma LDL cholesterol
clearance, modulating critical stages of atherosclerosis progression
including inflammation, foam cell formation and endothelial activation
[4, B]. There is ongoing controversy on the role of LRP5 and the
canonical Wnt/B-CATENIN pathway in lipid induced vascular damage
and atherosclerosis. Indeed, activation of the B-CATENIN/lymphoid
enhancer-binding factor 1 (LEF1) signalling in the endothelium occurs
in response to atheroprone haemodynamic stimulations and precedes
lesion development in ApoE "~ mice [6] and higher levels of active
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B-CATENIN are observed in disrupted atherosclerotic plaques
compared to stable plaques from human carotid artery, suggesting a
potential role for Wnt signalling in the evolution of atherosclerotic pla-
que [7]. However, ApoE~"~Lrp5~~ mice fed a high-fat diet developed
bigger atherosclerotic lesions that their ApoE~~ littermates [8],
although the exceedingly high levels of cholesterol in these animals
(almost 750 mg/dl) could have shadowed any effect of the canonical
Whnt receptor, LRP5.

The canonical Wnt/B-CATENIN pathway has also been described
to regulate inflammatory reactions although its role remains contro-
versial. Indeed, Wnt/B-CATENIN pathway seems to inhibit inflamma-
tion as B-CATENIN inhibitors increase the expression of inflammatory
genes in human aortic endothelial cells [9] and administration of
GSK3B, an inhibitor of Wnt/B-CATENIN pathway in human monocytes
triggers Toll-like receptor-mediated pro-inflammatory cytokine pro-
duction [10]. However, IL-1 and LPS induced nuclear B-CATENIN
accumulation in human vascular endothelial cells [6] and activation of
canonical Wnt genes have been found in endothelial cells of a rejected
kidney model [11] suggesting that activation of the pathway triggers
the inflammatory response.

We have recently reported that LRPS is involved in monocyte to
macrophage differentiation [12], it regulates macrophage motility and

A LRP5-expressing mononuclear cells are a fraction of the macrophag-
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es found in human advanced coronary atherosclerotic plaques [13].
Still, the presence of LRP5-positive cells in these coronary plagues
does not imply causality. Thus, to better understand the role of LRP5
and Wnt signalling in the early stages of lipid infiltration in the vessel
wall, we studied the effects of a hyperlipidaemic diet inducing a mild
increase in cholesterol serum levels in Lrp5~/~ mice and in wild-type
(WT) controls. We hypothesized that LRP5 and the Wnt signalling
pathway have a role in the inflammatory process associated to ath-
erosclerosis progression. Absence of LRP5, induced higher lipid infil-
tration in mouse thoracic aortas, increased the transcription of the
LDLR family member Lrp6, induced higher macrophage infiltration
and increased inflammatory cytokines secretion, supporting an anti-
inflammatory role for LRP5 and the target genes of the Wnt/B-CATE-
NIN pathway.

Materials and methods

Animals and experimental design

Lrp5~" mice, a kind gift from Dr. Bart Williams [14-16] were main-
tained in a C57BL/6 background. Mice were housed in cages under con-
trolled temperature (21 + 2°C) on a 12 hrs light/dark cycle with food
and water ad libitum. Homozygous WT C57BL/6 mice (n = 22) and
Lrp5 7 €57BL/6 mice (LRP5 ' ; n = 22) were used for the protocols.
The presence of Lrp5 alleles was assessed by PCR amplification from
DNA extracted from tail biopsies in WT, heterozygous and homozygous
littermates. Primers used were S17 (GGC TCG GAG GAC AGA CCT
GAG), S23 (CTG TCA GTG CCT GTA TCT GTC C) and IRES31 (AGG GGC
GGA ATT CGA TAG CT). Lrp5~ and Wt mice were fed a normal chow
diet (NC, Tekland diet, Harland Labs) for 10 weeks. Animals were then
divided into two groups to be fed NC or high cholesterol diet (HC,
TD.88137, Harland Labs) for further 8 weeks (8-12 mice/group). Car-
diac puncture was performed in mice under terminal anaesthesia
(1 mg/kg Medetomidine and 75 mg/kg Ketamine, ip). The study proto-
col was conducted in conformity with the Public Health Service (PHS)
Policy on Humane Care and Use of Laboratory Animals and approved
by the local institutional animal research committee (ICCC051/5422).

Biochemical analysis and blood-derived mRNA

Blood samples were collected in serum separator gel tubes and PAX-
tubes. Serum was obtained by centrifugation 3500 r.p.m., 20 min. at
4°C. Cholesterol, triglycerides and HDL levels were measured enzymati-
cally by using commercially available kits (GERNON reagents) and read
in a spectrophotometer (MC-15 SOFT; RAL). PAX-tubes were processed
for preparation of blood-derived mRNA using PAXgene Blood RNA Kit
(Qiagen). Real Time RT-PCR array was performed with RT2 Profiler
PCR array PAMM-021 (SABiosciences, Qiagen).

Quantification of atherosclerotic lesions

Mice were anaesthetized and aortas were removed, carefully cleaned
of adventitial fat under a stereoscopic microscope, and longitudinally

cut with the luminal surface facing up (n = 6-8 mice/group). Aortas
were fixed overnight in 4% paraformaldehyde, washed with ddH,0
1 hr in gentle shaking and stained with Oil-red-O (ORO) for 30 min.
Aortas were rinsed with 70% ethanol and ddH,0; images were cap-
tured by Nikon Eclipse 80i microscope and digitized by Retiga 1300i
Fast camera. ORO-stained area was quantified with Image J software
and results are expressed as percentage of lipid area/total aortic
area.

Thin layer chromatography

Aorta tissue (5 mg) was homogenized in NaOH 0.1 M. The organic sol-
vent was removed under a N, stream, the lipid extract was suspended
in dichloromethane and separated by thin layer chromatography (TLC).
TLC was performed on silica G-24 plates. Concentrations of standards
(a mix of cholesterol, cholesterol palmitate, triglycerides, diglycerides
and monoglycerides) were applied to each plate. The chromatographic
developing solution was heptane/diethylether/acetic acid (74:21:4, vol/
vol/vol). The spots corresponding to cholesteryl esters (CE) were quan-
tified by densitometry.

Real time RT-PCR

Aortas were frozen in liquid nitrogen and aortic RNA was isolated
with Trizol™ Reagent (Invitrogen; n = 5-7 mice/group). Concentration
was determined with a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Inc., Wilmington, DE, USA) and purity was
checked by the A260/A280 ratio (ratios between 1.8 and 2.1 were
considered acceptable). cDNA was synthesized from 0.5 pg RNA with
cDNA Reverse transcription kit (Qiagen). The resulting ¢cDNA samples
were amplified with a RT-PCR thermal cycler (Applied Biosystems
7900HT) and the following specific probes from CONDA: Lrp5

(Mm.PT.49a.8045420), Lrp7 (Mm.PT.49a.7750137), Lrp2 (Mm.PT.
49a.11916154), Lp6 (Mm.PT.56a.6383636), Lrpd (Mm.PT.49%.
6553055), Ldir (Mm.PT.49a.9930556) and Cd36 (Mm.PT.49a.

12111555). Vidir (Mm00443298_m1) was purchased from Applied
Biosystems. Results were normalized with 78S probe from Applied
Biosystems.

Immunohistochemistry

Immediately after surgical excision, aortas were immersed in fixative
solution (4% paraformaldehyde) and embedded in paraffin, cut into
5 um thick serial sections and placed on poly-L-lysine coated slides.
Primary antibodies used were: Matrix Metalloproteinase-7, MMP-7
(Rabbit polyclonal; Abcam), B-CATENIN (Rabbit policlonal; Millipore)
and HAMS56 (Mouse monoclonal; Dako). Before incubation with pri-
mary antibodies, sections were washed and endogenous peroxidase
activity was impressed with H-0, and goat or horse serum block. Pri-
mary antibodies were detected using the avidin-biotin immunoperoxi-
dase technique. Sections were incubated with an appropriate
biotinylated secondary antibody (1:200; Vector Laboratories). The
chromogen used was 3,3'-diaminobenzidine. Haematoxylin was used
for nuclear stain. Images were captured by Nikon Eclipse 80i
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microscope and digitized by Retiga 1300i Fast camera, magnification
(x400).

Statistical analysis

Results are expressed as mean + SEM. A Stat View statistical package
was used for all the analysis. Comparisons among groups were per-
formed by two-way anova analysis. Regression analyses were performed
by applying Y= a+ b*X lineal pattern selecting just highly adjusted
equations. Slopes were compared by ttest. Statistical significance was
considered when P < 0.05.

Results

Serum cholesterol profile

We analysed the differences in serum cholesterol profiles of Wt and
Lrp5~"~ mice fed a normocholesterolaemic (NC) or hypercholestero-
laemic (HC) diet. Figure 1A shows an agarose gel with Wt, Lrp5~~
and Lrp5*~ alleles. Cholesterol serum levels of Lrp5~/~ mice fed a
NC diet containing 3.5% (w/w) fat and 0% cholesterol were lower
than those of their Wt littermates (Fig. 1B). When mice were fed a HC
diet containing 21% (w/w) fat and 0.25% cholesterol, total cholesterol
levels were significantly increased in both Lrp5~~ and Wt mice
(Fig. 1B). Interestingly, the overall increase in serum cholesterol lev-
els in high-fat diet with respect to chow diet was double in Lrp5~"~
(125.69 mg/dl) than in Wt mice (62.25 mg/dl, Fig. 1B). Non-HDL

Fig. 1 Hypercholesterolaemic (HC) Lrp5 "~
mice model characterization. (A) Agarose
gel showing Wt Lrp5/ and Lrp5*
alleles. (B) Serum cholesterol levels in Wt
and Lrp5~"~ mice fed a normocholestero-
laemic (NC) or a HC diet. (C) Non-HDL-C D

in Wtand Lrp5~~ mice fed a NC or a HC

diet. (D) Representative images of mouse

thoracic aortas stained with ORO. (E) we
Quantification of lipid area in mice aortas.

(F) Cholesteryl ester measurement by thin

layer chromatography and bar graph

showing CE quantification. *P < 0.05;

*kxP < (,005.

Lrp5--

© 2014 The Authors.

Wt Lrp5- Lrp5"*

cholesterol increased by 42 + 8% and 300 + 23% in HC Wtand HC
Lrp5~"~ mice with respect to their NC littermates (Fig. 1C).

Lipid deposition in aortas

The administration of a HC diet in Wt and Lrp5~"~ mice led to a sig-
nificant increase in early lesions in the aortic area with lipid infiltration
in both groups. Indeed, the aortic lipid rich coverage increased by
7 +0.5% and by 17 + 1% in Wt and Lrp5~/~ mice respectively
(Fig. 1D and E). The increased lipid deposition in HC Lrp5~/~ mice
was over 70% higher than in HC Wt mice indicating a protective role
for LRP5 in mice aortas. Furthermore, HC feeding induced higher lev-
els of CE accumulation in Lrp5~/~ (87 + 8%) than in Wt (51 + 6%)
aortas with respect to NC mice (Fig. 1F).

Positive correlation between plasma cholesterol
levels and aortic lipid deposition in Wt and
Lrp5~/~ mice

To analyse the effect of total plasma cholesterol on aortic lipid cover-
age, regression analyses were performed for Wt and Lrp5~~ mice
results. Significantly higher aortic lipid deposition was observed with
higher plasma cholesterol levels (Fig. 2A and B). The slope for this
correlation was steeper for Lrp5~~ mice. Correlation analyses
remained positive and significant between non-HDL cholesterol and
aortic lipid coverage and slopes were significantly different with
higher change in Lrp5~/~ mice (Fig. 2C and D).

B
_ 150
ié =
3
:!f E 100 -
278bp 3 Q
s 3
5 '™
200bp 3 2
2 .
wt Lrp5-
E F
CE - - -
NC L
HC i
50
8 a0+ -
=
3 .
3
e
©
3
= 104
&
0- 0-
wt Lrp5-- wt Lrp5-

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

121



RESULTADOS

40 -

%lipid area/total area >

o NC
* HC

P =0.0036, r = 0.682, b = 0.056

o

50 1

40 1

30 1

20 1

10 4

%lipid arealtotal area ©

50 100 150 200 250 300
Total chl (mg/dl)

o NC
¢ HC

P =0.0086, r=0.632, b =0.062

Increased macrophage infiltration in Lrp5~/~

Lrp5 mRNA expression

N

Lrp5 mRNA expression >
o -
E Iz
00
-

122

50 100 150 200
Non- HDL (mg/dl)

wt Lrp5--
D 2- * 3.51
1.5 1 2
: ‘
2 3
[ 14 Q
¢ 2
E 05 £
S g
0 e
Wt Lrp5-
HC

%lipid area/total area @

P =0.0077, r=0.631, b = 0.079

50 1

%lipid arealtotal area O

o NC

5'0 1(')0 15")0 2(')0 250 360
Total chl (mg/dl)

P =0.0010, r = 0.652, b = 0.152

in white blood cells showed a
77.5 + 0.2% increase because of hypercholesterolaemia in Wt

Wt Lrp5--
HC

50 100 150 200
Non-HDL (mg/dl)

Fig. 2 Regression analyses between total
cholesterol and aortic lipid coverage in Wt
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with their statistical significances (p), cor-
relation coefficients (r) and slopes (b).

mice (Fig. 3A). Lrp5 mRNA expression was negligible in white

cells of Lrp5~~ mice. Immunostaining with HAMS56 for macro-
phages (Fig. 3B) showed a 47.6 + 2% increase in macrophage
infiltration to the intima in HC Lrp5~~ mice compared with HC
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Wt mice (Fig. 3C). Monocytes-macrophages in aortic tissue were
more abundant in Lrp5~/~ mice.

Fig. 3 Hypercholesterolaemic (HC) Lrp5 "~
mice show increased aortic macrophage
infiltration. (A) Lrp5 expression levels in
blood leucocytes in normocholesterolae-
mic (NC) or HC Wt and Lrp5~/~ mice. (B)
HC Wt and HC Lrp57 mice aortas
labelled with HAM56, L, lumen. (C) Quan-
titative analysis of B expressed as number
of macrophages/field of vision. (D) White
blood cells gene expression of pro-inflam-
matory cytokines in HC Wtand HC Lrp5~"~
mice. *P < 0.05; ***P < 0.005.
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Expression of pro-inflammatory cytokines in
white blood cells

We then analysed gene expression levels of pro-inflammatory
cytokines in white blood cells from HC Wt and HC Lrp5~~ mice.
Results show an increase of //18, //15 and /[T mRNA expression
by 62.5 + 2%, 43 + 1% and 91 + 2% respectively in HC Lrp5~/~
compared with HC Wt mice (Fig. 3D). These results show
increased inflammation in HC Lrp5~~ mice respect to their Wt
littermates.

Wnt pathway activation in mice aortas

Levels of two proteins of the canonical Wnt pathway, B-CATENIN and
MMP-7 were analysed in macroscopically ORO-stained areas of the
aortas of Wtand Lrp5~/~ mice. p-CATENIN staining was increased in
aortas of HC Wt mice compared to NC Wt mice indicating an activa-
tion of the Wnt/B-CATENIN pathway by hypercholesterolaemia. As
expected, there was no increase in B-CATENIN staining in HC Lrp5 "
mice (Fig. 4A and B). Similarly MMP-7, another downstream protein
of the pathway, was up-regulated in HC Wt compared with NC Wt
mice, while in aortas from HC Lrp5~ mice, the area covered by
MMP-7 staining was smaller (Fig. 4C and D). These results suggest
that the canonical Wnt/B-CATENIN pathway is triggered by mild dy-
slipidaemia as a protective response and that this effect cannot be
produced when LRP5 is absent.

A B-CATENIN

Fig. 4Wnt pathway modulation in aortas
from Wt and Lrp5~/~ mice. (A) Repre-
sentative images of aortas sections
immunostained with B-CATENIN in nor-
mocholesterolaemic (NC) or hypercholes-
terolaemic (HC) Wt and Lrp5~/~ mice. (B)
% area stained by B-CATENIN. (C) Repre-
sentative images of aortas sections immu-
nostained with MMP-7 in NC or a HC Wt
and Lrp5/ mice. (D) Quantitative analy-
sis of aortas in C. **P < 0.01.

© 2014 The Authors.

LDL receptors in WT and LRP5 '~ mice aortas

LRP5 belongs to the LDL receptor superfamily of proteins involved in
lipoprotein trafficking [5]. To determine if other receptors were caus-
ing the lipid infiltration observed in aortas of Lrp5~/~ mice, we analy-
sed gene expression of receptors described to be involved in the
initial stages of atherosclerosis lesions. Results show that Lrp2 gene
expression was strongly down-regulated in Lrp5~/~ mice indepen-
dently of diet (Fig. 5A), while Lrp8 gene expression was down-
regulated in Wt and Lrp5~~ mice after HC diet (21.05 + 2% and
57.14 + 2% respectively, Fig. 5B). Similarly, the classical Ld/r mRNA
expression levels were reduced with HC feeding in both genotypes
(21.4 + 0.5% in HC Wt respect to NC Wtand 23.6 + 1% in Lrp5~”
-, Fig. 5C). Cd36 increased its mRNA expression by 48.2 + 1% in
HC Wt mice with respect to NC Wt animals, but showed a
41.6 + 0.5% decrease in HC Lrp5~/~ mice with respect to NC Lrp5~
~ mice (Fig. 5D). On the contrary, Lrp1 significantly increased by
37 + 2% in HC Wt mice and 21 + 9% in HC Lrp5~/~ mice aortas
with respect to their NC littermates, but there was no significant effect
because of HC in the Lrp5~~ mice (Fig. 6A). The Vidir mRNA levels
were up-regulated by the HC diet in Wtand Lrp5 "~ mice, although in
a non-significant manner (Fig. 6B). Finally, Lrp6 mRNA expression
levels were increased by 31 + 2% in HC Lrp5~/~ mice with respect
to NC Lrp5~/~ mice (Fig. 6C). Regression analyses revealed a signifi-
cant positive correlation between Lrp6 gene expression levels and
lipid rich coverage in aortas of Lrp5~~ mice, but not for Lrp?
(Fig. 6D).
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Discussion

Over the last decades, LRP5 has been involved in several pathways,
including bone development, impaired fat tolerance and glucose
metabolism [8, 17-19]. Impaired plasma clearance of chylomicron
remnants and reduced glucose tolerance was observed in LRP5-defi-
cient mice fed a high-fat diet compared with their Wi littermates [17].
Here, we have studied the role of LRP5 and the canonical Wnt path-
way in mildly HC Lrp5~" mice. Total cholesterol and non-HDL
plasma levels increased after HC feeding in Wt and Lp5~~ mice.
However, total cholesterol levels in HC Lrp5~/~ mice that had a signif-
icantly higher aortic lipid infiltration were higher than those in HC Wt
mice, suggesting an involvement for LRP5 during dyslipidaemia, at
the initial stages of atherosclerosis development. Similarly in humans,
LPR5-rs3736228T alleles that cause loss-of-function in LRPS protein
show increased plasmatic cholesterol levels in Chinese Han popula-
tion [20] and is considered an independent risk factor for hypercho-
lesterolaemia in the male Japanese population [21].
Hypercholesterolaemic Lrp5 *~ mice show larger lipid infiltration
in the thoracic aorta compared with HC Wi animals. Accordingly, IHC
analyses revealed an increase in macrophage staining in the intima
layer of HC Lrp5~ mice aortas confirming our previous in vitro
results showing that monocytes that overexpress LRPS show a
down-regulation of the differentiation processes by the sequestration
of B-CATENIN to the cell membranes [12]. Consequently, here we
show that mice lacking LRP5 have more macrophages in the vascular
wall. Activated monocytes/macrophages stimulate cytokine secretion

(9]

0.5 4

Lrp6 mRNA expression

wt Lrp5--

{10 NC
1@ HC

P =05228, r=0.173, b=3122

1 .‘5 2 2I.5 3
Lrp1 mRNA expression

05 1 a5 4

"~ mice fed a

normaocholesterolaemic (NC) or a hypercholesterolaemic (HC) diet. *P < 0.05; ***P < (0.005. (D) Regression analyses between aortic lipid coverage
and Lip6 or LrpT gene expression levels in aortas of Lrp5~" mice with their statistical significances (p), correlation coefficients (r) and slopes (b).
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promoting pro-inflammatary chronic stimulation [1, 22, 23]. There-
fore, we analysed the expression of pro-inflammatory and pro-athero-
genic cytokines (//78, /115 and /I1B) in white blood cells from HC Wt
and HC Lrp5 "~ mice [24-27]. Wnt/B-CATENIN activation inhibits the
inflammatory response in endothelial cells [9] and enhances injury
repair and healing responses in other inflammatory diseases includ-
ing rheumatoid arthritis and colitis [28]. We found increased inflam-
matory cytokines gene expression in white blood cells from HC
Lrp5~~ mice indicating increased inflammation.

IHC analyses revealed a down-regulation of the Wnt canonical
pathway members, B-CATENIN and MMP7, in the absence of LRP5S
evidencing a down-regulation of the canonical Wnt signalling pathway
in HC Lrp5~~ mice aortas. This supports our previous in vitro find-
ings showing that LRP5 silencing in human macrophages abrogates
Wnt/B-CATENIN pathway activation [13].

Aortic Lrp6 expression increased in Lrp5~~ animals fed the HC
diet and directly correlated with aortic lesion area. LRP6 has been
found overexpressed in human atherosclerotic lesions [29] and reg-
ulates LDLR-mediated LDL uptake as LDLR internalization is
severely diminished in Lrp6~"~ cells [30]. We analysed the expres-
sion of other receptors that have been described to participate in
lipid internalization. Indeed, LRP2 contributes to HDL metabolism
by internalizing ApoA-I and ApoA-Il, which are structural compo-
nents of HDLs [31]; LRP8 is a component of the interactions
between the endothelium and monocytes and leucocyte transendo-
thelial migration, foam cell formation and activation of platelet
aggregation [32]; and the classical LDLR is known for its involve-
ment in lipoprotein transport and plasmatic LDL cholesterol
clearance [33]. Lrp2, Lrp8 and Ldlr expression levels were down-
regulated in aortas from HC Lrp5~'~ indicating that they were not
contributing to the observed lipid deposition in mice aortas. The
atherogenicity of CD36 remains unclear, CD36 deficiency has been
associated with enhanced atherosclerotic cardiovascular diseases
[34], but cultured macrophages from these patients present a
reduced uptake of oxidized LDL [35]. Qur results do not support
the contribution of Cd36 to the lipid-rich phenotype of Lrp5 /"
mice aortas as its expression is increased in HC Wt mice but
reduced in HC Lrp5~~ mice. Lrp7 is up-regulated in aortas from
Lrp5~~ mice. LRP1 has been found up-regulated in advanced
human atherosclerotic plagues where its up-regulation is induced
by extracellular lipids in human smooth muscle cells and human
macrophages [36, 37]. Up-regulated LRP1 expression is also found
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in the aorta of rabbits and pigs after HC diets suggesting a pro-ath-
erogenic role for LRP1 overexpression [36, 38]. Consistently, here
we show enhanced Lrp7 expression levels in HC conditions in Wt
and Lrp5~" mice. Widir, a multiligand receptor that binds VLDL
and chylomicron remnants [39] is not highly modified by mild hy-
percholesterolaemia or LRP5 '~

Interestingly, there was an increase in Lrp6 gene expression levels
in aortas of Lrp5 "~ animals after HC feeding; however, Lrp6 did not
trigger the canonical Wnt pathway. Lrp5~~ and Lrp6~"~ mice have
different phenotypes suggesting that these receptors cannot compen-
sate each other’s function [40-42]. Also, mammary stem cells require
LRP5 to trigger Wnt signalling despite of LRP6 co-expression [42]. In
view of our results, we suggest that Lrp7 and Lrp6 contribute to the
increased aortic lipid deposition observed in HC Lrp5~~ mice, but
further analysis on the LRP1-LRP5 and LRP6-LRP5 interactions are
needed to better characterize this hypothesis.

In conclusion, our findings show that lipid depositions in the aorta
are larger in HC Lrp5~ mice with mildly increased levels of blood
cholesterol demonstrating a protector role for LRP5 in the vascular
wall. LRPS and proteins from the Wnt/B-CATENIN pathway are up-
regulated in HC Wt aortas and this increase is lost when LRP5 is
absent. The absence of LRP5 regulates the dyslipidaemic profile by
promoting lipid and macrophage retention in the vessel wall and
increasing leucocyte driven systemic inflammation.
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RESUMEN
El colesterol modula la expresion de LRP5 en la pared de los vasos sanguineos.

Los macréfagos son muy importantes en la formacion y progresion de la lesion aterosclerdtica.
Hemos demostrado que los macréfagos cargados de lipidos tienen la via candnica de
sefalizacidon por Wnt activada. Para estudiar in vivo la funcién de la via candnica de Wnt en la
aterosclerosis utilizamos ratones deficientes para Lrp5'/' alimentados con una dieta
hipercolesterolémica (HC) para inducir aterosclerosis. La dieta HC fue suplementada o no con

fitoesteroles esterificados (PSE) al 2% y administrada durante 8 semanas.

Los ratones Wt HC presentaron un moderado incremento de los niveles de colesterol non-HDL
en sangre, desarrollaron lesiones aterosclerdticas y mostraron altos niveles de expresién de
LRP5 en la aorta. Los ratones Lrp5'/' HC desarrollaron lesiones ateroscleréticas de mayor
tamafo que las de los ratones Wt, indicando que LRP5 tiene una funcién protectora en la
progresion de la aterosclerosis. La administracion de PSE reduce los niveles de colesterol en
suero, elimina la sobreexpresion de LRP5 inducida por la dieta HC y reduce el tamaio de las

placas ateroscleréticas en la aorta.

Nuestros resultados demuestran que los efectos proaterogénicos ocasionados por el exceso de

lipidos en el plasma estan mediados en parte por la modulacién de LRP5 en la aorta y que LRP5
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y la via candnica de seializacién por Wnt ejercen un mecanismo de defensa protector en contra

de la hiperlipemia y la progresion de las lesiones ateroscleréticas.
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Objective: Macrophages are key players in atherosclerotic lesion formation and progression. We have
recently demonstrated that lipid-loaded macrophages show activation of the canonical Wnt signaling
pathway.

Methods: To test the in vivo role of the canonical Wnt pathway in atherosclerosis we used mice deficient
in the Wnt signaling receptor LRP5 (LRP5 /") fed a hypercholesterolemic diet (HC) to induce athero-
sclerosis. These dietary groups were further subdivided into two subgroups receiving their respective
Keywords: diets supplemented with 2% plant sterol esters (PSE). All mice remained on their assigned diets until age
LRPS 18 weeks.

Results: HC WT mice had mildly increased non-HDL cholesterol levels, developed aortic atherosclerotic
lesions and showed upregulated expression levels of aortic Lrp5. HC LRP5 |~ mice develop larger aortic
atherosclerotic lesions than WT mice indicating that LRP5 has a protective function in atherosclerosis
progression, The oral administration of PSE, a dietary cholesterol-lowering agent, had an effect in the
expression levels of the Wnt signaling receptor and in atherosclerosis progression. We found that PSE
reduced serum total cholesterol levels, abolished HC-induced LRP5 overexpression and reduced aortic
atherosclerotic plaques.

Conclusion: The proatherogenic effects of the excess of plasma lipids are in part mediated by modulation
of LRP5 in the aorta. LRP5 and canonical Wnt signaling exert a protective defense mechanism against
hyperlipidemia and atherosclerosis lesion progression.

Macrophages
Atherosclerosis

Plant sterol esters
Hypercholesterolemia
wnt pathway

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Atherosclerotic lesions are formed by the accumulation of lipids
and fibrous elements in large and medium size arteries in response
to injury [ 1]. Under physiological conditions, cells store fatty acids
and fatty alcohols in the form of neutral lipids (triacylglycerols, TAG
and cholesteryl esters, CE) that are used for membrane formation
and energy supply | 2|. However, elevated cytoplasmic deposition of
neutral lipids is a significant risk factor for several pathologies. For
example, the accumulation of CE in smooth muscle cells and
macrophages in the vessel wall comprises the earliest recognizable
stage in atherosclerotic plaque formation [2]. Furthermore, serum
levels of TAG and total cholesterol are independent risk factors for
atherosclerosis. High low-density lipoprotein plasma levels (LDL)
are also considered risk factors for atherosclerosis [3-5].

* Corresponding author. Cardiovascular Research Center, C/Sant Antoni Maria
Claret 167, 08025 Barcelona, Spain. Tel.: +34 935565880; fax: +34 935565559.
E-mail addresses: Ibadimon@csic-iccc.org, smorato@csic-iccc.org (L. Badimon).
1 Both authors contributed equally to this work.

http://dx.doi.org/10.1016/j.atherosclerosis.2014.05.922
0021-9150/© 2014 Elsevier Ireland Ltd. All rights reserved.

Atherosclerotic plaques are characterized by the accumulation of
lipid-loaded foam cells, increased levels of oxidized-LDL, HDL, TAG,
phospholipids, and oxysterols, and the accumulation of fibrinogen,
apo-Al, clusterin and paraoxonase [6—8]. Lipid droplets in the in-
tima wall contain about half the lipids in the lesions with a
composition of 95% CE, 1.5% free cholesterol, 1% phospholipids and
2,5% TAG [9].

Lipid internalization in the vascular wall is mediated by the LDL
superfamily of receptors including LDLR, VLDLR, LDL receptor-
related proteins (LRPs) and scavenger receptors [10]. Our group
showed that two LRPs, LRP1 and LRP5 are involved in lipid uptake
leading to an increase in intracellular CE accumulation in human
vascular smooth muscle cells and macrophages [11,12].

LRP5 is a receptor of the canonical Wnt/B-catenin pathway.
LRP5 involvement in the modulation of glucose-induced insulin
secretion was shown with LRP5 '~ mice that had a decreased
glucose-induced insulin secretion as a result of reduced cellular
ATP and calcium levels in pancreatic islets [13]. LRP5
involvement in cholesterol metabolism comes from the observa-
tion that ApoE~/"LRP5~/~ mice have larger atherosclerotic lesions
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than their ApOE"' ~ littermates [ 14]. However, the exceedingly high
levels of plasma cholesterol in ApoE’f’LRPS’f’ mice (almost
750 mg/dl) could have shadowed any effect of LRP5.

Several studies have evaluated the use of plant sterol esters
(PSE) as a cholesterol-lowering strategy [15—18]. PSE reduce
cholesterol absorption by competitively inhibiting its internaliza-
tion and processing in enterocytes in the intestine [ 18,19]. Although
the beneficial cardiovascular effects of PSE are mainly because their
plasma lipid-lowering capacity, they can decrease growth and
proliferation of smooth muscle cells and reduce foam cell formation
[20]. PSE can also attenuate the inflammatory response by
ameliorating endothelial dysfunction in ApoE"" mice [21] and
decrease aggregated LDL-induced secretion of pro-inflammatory
cytokines (TNFa, IL-6 and IL1B) in cultured macrophages [22].
Furthermore, plant sterol feeding have been shown to have anti-
inflammatory properties in different cohorts of healthy subjects
although its association with reduced cholesterol absorption was
not determined [17,23,24].

Our previous results show that LRP5 is overexpressed in
cultured lipid-loaded macrophages [12]. Here, we investigated
whether the modulation of plasma lipid levels by cholesterol-
lowering strategies can modulate the canonical Wnt signaling re-
ceptor and cholesteryl ester content in aortic atherosclerotic pla-
ques in vivo.

2. Materials and methods
2.1. Experimental design

LRP5~/~ mice, a kind gift from Dr. Bart Williams [25--27| were
maintained in a C57BL/6 background. Mice were housed in cages
under controlled temperature (21 + 2 °C) on a 12 h light/dark cycle
with food and water ad libitum. Homozygous wild-type C57BL/6
mice (WT; n = 34) and LRPS"‘CS?BL;‘G mice (LRP5~/~; n = 34)
were used for the protocols. The presence of LRP5 alleles was
assessed by PCR amplification from DNA extracted from tail bi-
opsies in wild type, heterozygous and homozygous littermates.
Primers used were $17 (GGC TCG GAG GAC AGA CCT GAG), 523 (CTG
TCA GTG CCT GTA TCT GTC C) and IRES31 (AGG GGC GGA ATT CGA
TAG CT). LRP5 '~ and WT mice were fed a normal chow diet (NC,
Tekland diet, Harland Labs) for 10 weeks. Animals were then
divided into 3 groups to be fed with NC diet, high cholesterol diet
(HC, TD.88137, Harland Labs) or HC diet supplemented with 2%
Plant Sterol Esters (w/w) for further 8 weeks (n = 8—12/group). PSE
were provided by Danone (Barcelona, Spain). All sterol analyses
were performed by gas liquid chromatography. The study protocol
was approved by the local institutional animal research committee
(ICCC051/5422) and was performed in agreement with the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health.

2.2. Biochemical analysis

Blood samples were collected in serum separator gel tubes.
Serum was obtained by centrifugation 3500 rpm, 20 min at 4 °C.
Cholesterol, triglycerides and HDL levels were measured enzy-
matically by using commercially available kits (GERNON reagents)
and read in a spectrophotometer (MC-15 SOFT; RAL).

2.3. Quantification of atherosclerotic lesions
Mice were anesthetized and aortas were removed, carefully
cleaned of adventitial fat under a stereoscopic microscope and

longitudinally cut with the luminal surface facing up (n = 6-12
mice/group). Aortas were fixed overnight in 4% paraformaldehyde,
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washed with ddH,0 1 h in gently shaking and stained with Qil-red-
O (ORO) for 30 min. Aortas were rinsed with 70% ethanol and
ddH20; images were captured by Nikon Eclipse 80i microscope and
digitized by Retiga 1300i Fast camera. ORO-stained area was
quantified with Image | software and results are expressed as
percentage of lipid area/total aortic area.

2.4. Thin layer chromatography (TLC)

Aortas (5 mg) were homogenized in NaOH 0.1 M. The organic
solvent was removed under a N stream; the lipid extract was
suspended in dichloromethane and TLC was performed on silica G-
24 plates. Different concentrations of standards (a mix of choles-
terol, cholesterol palmitate, triglycerides, diglycerides and mono-
glycerides) were applied to each plate. The chromatographic
developing solution was heptane/diethyl ether/acetic acid (74:21:4,
vol/vol/vol). The spots corresponding to cholesteryl esters (CE),
triacylglycerides  (TAG),  diacylglycerides (DAG), mono-
acylglycerides (MAG) and free cholesterol (FC) were quantified by
densitometry.

2.5. Real-time RT-PCR

Aortas were frozen in liquid nitrogen and aortic RNA was iso-
lated with Trizol® Reagent (Invitrogen) (N = 5—8 mice/group).
Concentration was determined with a NanoDrop ND-1000 spec-
trophotometer (NanoDrop Technologies, Inc., Wilmington, DE,
USA) and purity was checked by the A260/A280 ratio (ratios be-
tween 1.8 and 2.1 were considered acceptable). cDNA was synthe-
sized from 0.5 pg RNA with cDNA Reverse transcription kit
(Qiagen). The resulting cDNA samples were amplified with a with
RT-PCR thermal cycler (Applied Biosystems 7900HT) and LRP5
(Mm.PT.49a.8045420) and LDLR (Mm.PT.49a.9930556) specific
probes. Results were normalized with 185 probe from Applied
Biosystems.

2.6. Statistical analysis

Results are expressed as mean + S.EM. A Stat View statistical
package was used for all the analysis. When possible, comparisons
among groups were performed by parametric analysis (one factor
ANOVA). Statistical significance was considered when p < 0.05.

3. Experimental results

3.1. Hypercholesterolemic diet increases serum cholesterol and
aortic lipid deposition

To determine whether cholesterol-lowering strategies modu-
lated serum cholesterol profile in LRP5~/~ mice, WT and LRP5~/~
mice were fed a hypercholesterolemic (HC) diet supplemented or
not with 2% plant sterol esters (HC + PSE). A normocholesterolemic
(NC) control group was also analyzed. Diet composition details are
shown in Table 1.

Serum levels of total cholesterol, HDL and non-HDL were
significantly increased in HC WT mice and HC LRP5 !~ mice with
respect to their NC littermates (Sup. Table 1). Plant sterol esters
supplementation to HC diets in WT mice reduced total cholesterol
and non-HDL-C serum concentrations without affecting HDL-C
levels as previously described [28]. However, PSE feeding in
LRP5~/~ mice induced an increase in HDL-C serum levels respect to
HC LRP5 '~ mice. Serum triglycerides (TAG) concentrations were
reduced after PSE + HC diets with respect to HC diets in WT mice
while TAG levels did not differ significantly among dietary treat-
ment groups in LRP5 '~ mice (Sup. Table 1).
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Table 1
Composition of experimental diets.

Chow diet  Hypercholesterolemic  Plant sterol esters
(NC) % diet (HC) diet (HC + PSE)

% Total fat 35 22 22

% Cholesterol 0 0,25 0,25

% Sucrose 4,3 34 34

% Calories from 18 17 17

protein

% Calories from fat 11 40 40

% PSE 0 0 2

Serum cholesterol levels increased after 8 weeks of HC feeding
in both WT and LRP5~/~ mice (Fig 1A). Interestingly, the overall
increase in serum cholesterol levels in high-fat diet respect to chow
diet was double in LRP5~/~ mice (125.69 mg/dl) than in their WT
littermates (62.25 mg/dl, Fig 1B). The measurement of the forma-
tion of lipid-rich plaques in mice aortas showed that HC feeding
induced a significant increase in aortic plaque in WT and LRP5~/~
mice. However, the extent of lipid aortic coverage was significantly
higher in HC LRP5~/~ mice (12.8 + 1.5%) than in HC WT mice (Fig
1C). Regression analyses in HC WT and HC LRP5~/~ mice showed
a positive correlation (p = 0.0217, r = 0.498; Fig 1D); LRP5 '~ mice
had higher serum cholesterol levels and larger atherosclerotic
plaques in the aorta.

3.2. Hypercholesterolemic diet increases aortic CE and neutral
acylglycerides accumulation

We performed thin layer chromatography (TLC) to analyze the
cholesteryl ester (CE) and neutral acylglyceride lipid content in WT
and LRP5~/~ mice aortas. CE content in WT and LRP5~/~ mice
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increased respectively 49 + 5% and 87 + 9% after HC feeding (Fig
2A). Interestingly, LRP5 '~ mice showed more aortic neutral acyl-
glyceride lipid accumulation than WT mice independently of diet
(Fig 2B).

3.3. LRP5 is overexpressed in aortas of hypercholesterolemic WT
mice

We then analyzed Lrp5 and LdIr gene expression levels in aortas
of WT and LRP5 '~ mice. Results showed 89 + 13% increase in Lrp5
gene expression levels in aortas of WT mice after HC diets while
Lrp5 expression was almost undetectable in LRP5 '~ mice (Fig 2C).
As expected, Ldlr expression levels were reduced after HC feeding
by 16 + 1% and 30 + 2% in WT and LRP5~/~ mice respectively (Fig
2D).

3.4. PSE downregulate serum cholesterol levels, reduce aortic
plagque coverage and Lrp5 expression induced by
hypercholesterolemia in WT mice

Serum cholesterol levels in WT and LRP5~/~ mice fed a HC diet
were reduced by dietary PSE supplementation (Fig 3A). PSE also
reduced the extent in aortic plaque coverage by 8% and 23 + 1% in
WT and LRP5~/~ mice respectively (Fig 3B). TLC analyses in mice
aortas after dietary PSE feeding showed a 17 + 2% decrease in CE
accumulation in WT mice and a 32 + 5% reduction in LRP5~/~ mice
(Fig 3C). Dietary PSE did not modify the neutral acylglyceride
content in WT mice, however a decrease was observed in LRP5 /~
mice (Fig 3D). Finally, PSE feeding significantly reduced Lrp5 gene
expression levels in the aortas of WT mice by 55 + 2% (Fig 3E)
without modifying LdIr gene expression levels in WT or LRP5/~
mice (Fig 3F). Taken together these results show that PSE reduce
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Fig. 1. Lipid profile in WT and LRP5 /- mice. (A) Serum cholesterol levels in WT and LRP5 '~ mice. (B) Total serum cholesterol increase in HC WT and HC LRP5~/~ mice. (C)
Scattergram of aortic lipid coverage in WT and LRP5~/~ mice aortas. (D) Linear regression analyses between total cholesterol and %lipid area/total area in HC WT and LRP5~/~ mice

with p statistical significance and r correlation coefficient *p < 0.05; ***p < 0.005.
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Fig. 2. Lipid composition and gene expression in mice aortas. (A) Cholesteryl esters and (B) acylglycerol content in aortas of WT and LRP5 '~ mice. (C) Lrp5 and (D) LdIr expression
levels in aortas of WT and LRP5~/~ mice fed an NC or an HC diet. *p < 0.05, ***p < 0.005.

plasma lipid levels and the lowering of plasma cholesterol induces
downregulation of Lrp5 expression levels.

3.5. PSE reduce LRP5 overexpression induced by
hypercholesterolemia in aortas of WT mice

Linear regression analyses revealed significant correlation be-
tween aortic Lrp5 gene expression and aortic plaque coverage in
hypercholesterolemic WT mice (p = 0.042; r = 0.628, Fig 4A) while
no significance could be detected in LRP5 '~ mice (p = 0.491;
r = 0.210, Fig 4B). Plotting aortic lipid coverage against non-HDL
cholesterol levels after dietary PSE feeding in WT mice reveals a
significant correlation (p = 0.002; p = 0.749, Fig 4C). Moreover, the
correlation remains significant between non-HDL cholesterol and
Lrp5 expression levels (p = 0.013; r = 0.777, Fig 4D) showing a
cluster of hypercholesterolemic animals mainly displayed to the
right reflecting high non-HDL cholesterol levels and upregulated
aorta Lrp5 mRNA levels whereas those fed a HC diet supplemented
with dietary PSE are found mainly to the left indicating lower non-
HDL cholesterol levels and lower Lrp5 expression levels.

4. Discussion

Population studies showed that the LRP5 variant A1330V that
causes reduced protein interaction and altered ligand binding
[29,30] is associated with hypercholesterolemia. Indeed, the LRP5
A1330V mutation is considered an independent risk factor for hy-
percholesterolemia in Japanese males [31] and is associated with
increased plasma cholesterol levels in the Chinese Han cohort [32].
In this report we describe the relation between plasma lipid
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concentrations and LRP5 expression levels in a hypercholesterol-
emic model of LRP5 '~ mice challenged with high cholesterol
feeding and by a lipid-lowering agent. LRP5 '~ mice fed a HC diet
showed higher serum cholesterol levels and developed larger aortic
lesions than their WT littermates suggesting that LRP5 is required
for cholesterol regulation. Moreover, total cholesterol levels
correlated with aortic lipid coverage.

Some Wnt proteins and targets have been shown to be upre-
gulated by hypercholesterolemia. Indeed, an up-regulation of -
catenin protein levels has been described in myocardium of hy-
percholesterolemic rats [33], while an increase in LRP5 gene
expression levels has been described in livers of Watanabe rabbits
|34] and in aortic valves oproE"" mice |35]. Furthermore, chronic
hypercholesterolemia induced an increase in LRP5 and B-catenin
protein expression in the aortic valves of Watanabe rabbits [36].

LRP5 deficiency in mice fed a HC diet lead to increased plasma
cholesterol levels [13] while NC mice did not develop high
cholesterol levels [ 14]. Consistently, in our study, HC LRP5 '~ mice
show a mild increase of serum cholesterol (210 mg/dl). Interest-
ingly, in the Rajammanan 2011 study, LRP5 was necessary for the
development of valve calcification in experimental hypercholes-
terolemia as HC LRP5 '~ mice had no calcification on the valves,
and there was a decreased calcification in LRPS”’:ApoE”" mice
compared with ApoE‘f‘ mice [35], while in our study HC LRP5 /-
mice developed larger aortic lesions than WT mice, indicating an
atheroprotective role for LRP5. The differences in these results can
be explained by mouse strain related differences as the LRP5~/~
mice used in the Rajamannan's study were provided by Taconic.
Also, ApoE’f’:LRE’S”’ mice had very high serum cholesterol levels
(ApoE’f’: 1761 mg/dl) while in our study serum cholesterol levels
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Fig. 3. Lipid composition and gene expression in mice aortas. (A) Serum cholesterol levels of WT and LRP5 /~ mice. (B) Lipid accumulation, (C) cholesteryl esters and (D} acyl-
glycerols content in aortas of WT and LRP5~/~ mice fed an HC diet with or without dietary PSE. Lrp5 (E) and Ldir (F) expression levels in aortas of WT and LRP5~/~ mice fed a HC or a

HC + PSE diet. *p < 0.05, ***p < 0.005.

were 10 times lower. Finally, the development of aortic valve le-
sions does not only depend on serum cholesterol levels but also
depends on blood pressure and cellular calcium handling and
mineralization [35]. Indeed aortic valve calcifications are complex
lesions; a study in humans with aortic stenosis did not show benefit
from statin treatment and reduction of cholesterol [37].

Our results are in agreement with previous results where
ApoE’f’:LRPS’f’ mice had ~3-fold larger lesions than ApoE’f’
mice [14]. Furthermore, unpublished results from our lab show
increased aortic expression of LDLR family members and higher
macrophage infiltration in HC LRP5~/~ mice suggesting that other
LDLR members are involved in LRP5~/~ mice atherosclerosis
progression.

Atherosclerotic plaques are formed by free fatty acids, choles-
terol and neutral lipids including acylglycerides and cholesteryl
esters [8]. Neutral lipids carry a highly unsaturated pool of fatty acyl
groups and they are the main component of LDL particles and
atherosclerotic plaques [38]. Since the increase of some neutral
lipids is associated with the extent of atherosclerosis progression
[39-41] we performed thin layer chromatography and analyzed
the CE and acylglyceride lipids content in mice aortas. We found an
increase in CE content in aortas of WT mice after HC feeding
concomitant with an increase in aortic Lrp5 gene expression. These
results support our previous cell culture results where aggregated
LDL upregulated macrophage LRP5 gene and protein expression
[12]. Indeed, LRP5 upregulation in macrophages due to lipid
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treatment increased targets from the Wnt signaling pathway,
whereas LRP5-silenced macrophages showed a significant down-
regulation of Wnt target genes expression resulting in a reduced
migratory capacity [12]. LRP5 is also involved in monocyte to
macrophage differentiation [42] strongly suggesting that inflam-
matory cells overexpressing LRP5 in atherosclerotic lesions have
mainly migratory functions. Neutral acylglylerides lipids accumu-
lation was also increased in aortas of WT and LRP5/~ after hy-
percholesterolemic diets. TAG accumulation in the vascular wall is
mainly performed by macrophages [43]. There are various mech-
anisms by which this accumulation can take place, including
increasing glucose uptake and incorporation into lipid, increased
TAG synthesis and decreased TAG lipolysis [43]. Previous studies
have shown that LRP5 '~ mice display impaired plasma clearance
of intragastrically loaded TAG suggesting that LRP5 modulates
plasma clearance of diet derived TAG by triggering TAG hydrolysis
[13]. Furthermore, LPS-stimulated macrophages store more TAG
and CE [43-45] and TAG-rich lipoproteins are increased during
inflammation [46]. Therefore, an increased TAG accumulation in
aortas of LRP5 '~ mice might be a consequence of an increased
inflammatory response supporting an anti-inflammatory role for
the canonical Wnt pathway as previously described [47-50].
Decreased TAG plasma levels after PSE feeding have been described
in C57BI6 mice fed a high-fat diet [51], in healthy subjects [52] and
in metabolic syndrome patients |53 |. Unpublished results from our
lab show increased serum TAG and increased expression of hepatic
VIdIr in WT mice fed a HC diet. After dietary PSE supplementation,
TAG serum levels were reduced and hepatic VIdIr levels returned to
normocholesterolemic levels. Interestingly, no changes in TAG
serum levels or in hepatic VIdIr gene expression were observed in
LRP5~/~ mice suggesting LRP5 is necessary to modulate TAG serum
levels through interaction with VLDLR in the liver.

Dietary PSE downregulate plasma lipid levels modulating Lrp5
expression levels and aortic CE content in atherosclerotic plaques.
Interestingly, a reduction in serum total cholesterol levels and in
the extent of aortic plaque coverage was observed in both
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genotypes after dietary PSE feeding. The ability of PSE to reduce
atherosclerotic lesions has been described in ApoE‘f‘ mice fed a HC
diet supplemented with 2% phytosterols that show early lesions
containing superficial foam cells compared to the advanced
atherosclerotic lesions in HC ApoE /" mice [54]. Furthermore, lipid-
loaded foam cell areas in the aortic arch of hamsters receiving an
atherogenic diet supplemented with PSE are smaller than in control
hamsters [55]. Results from LDLR*/~mice also suggest that PSE are
not atherogenic since the addition of plant sterols to HC diets in-
hibits the progression of existing atherosclerotic lesions [56]. Qur
results also support a beneficial effect of dietary PSE feeding in
atherosclerosis progression. The mechanism by which PSE sup-
plementation reduce lipid-rich aortic coverage is cholesterol-
dependent. Indeed, eating food products enriched with PSE helps
promote healthy blood cholesterol levels. Lipase enzymes, present
in the human digestive tract, cleave PSE to free plant sterols in the
gastrointestinal tract, which then block gastrointestinal absorption
of dietary and biliary cholesterol into the bloodstream, thus
lowering serum cholesterol [57]. Therefore, dietary PSE would
reduce the plasma lipid concentration, reducing aortic CE accu-
mulation and aortic Lrp5 expression levels.

Lrp5 expression levels in aortas of WT mice were upregulated in
HC-fed mice with large aortic atherosclerotic lesions and down-
regulated after dietary plant sterol supplementation in mice with
reduced atherosclerotic plaques. Also, there was a positive corre-
lation between the extent of lipid-rich plaque coverage and aortic
Lrp5 gene expression in HC WT mice and this correlation was lost in
LRP5 '~ mice. Furthermore, after dietary PSE the correlation be-
tween the aortic lesions and non-HDL levels was significant in WT
mice. More importantly, the correlation remained significant be-
tween non-HDL levels and Lrp5 gene expression in WT mice aortas.
Although correlation does not equate to causality, these results
strongly suggest that Lrp5 gene expression is modulated by plasma
lipids levels.

In conclusion, our results show that the modulation of plasma
lipid concentrations by plant sterol esters can modulate aortic Lrp5
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expression levels that in turn associate to the regulation of CE
accumulation and neutral acylclycerides content in aortic athero-
sclerotic plaques.
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Supplemental Table 1: Relative changes in serum lipid composition.

mg/d| WT LRP5/-

AHC VHC+PSE tHC ¥ HC+PSE
Total
Cholesterol 62 £6*** 22 +1* 126 £9%** 58 £8***
HDL-C 27 £3*** -10 0.5 27 H4*** -26 £2%**
Non-HDL-C 32 ¥ ** 32 £3* 90 £12** 84 +11
TAG -1+0.2 21 2% 20 x5 61

Supplemental Table 1: Relative changes in serum lipid composition of WT and
LRP5 mice at sacrifice. Indicated significances are between the following groups:
NC vs HC and HC vs HC+PSE. *p<0,05; **p<0,01; ***p<0,005.
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RESUMEN

Los niveles de LRP5 y colesterol en suero modulan la via candnica de seializacion por Wnt en

leucocitos de sangre periférica.

Los procesos inflamatorios se activan tras una invasién o dafio con el propdsito de recuperar la
homeostasis celular. Aunque la activaciéon de la sefalizacion Wnt/B-catenina es uno de las
primeras respuestas moleculares al dano celular, su participacion en la inflamacién no se ha
definido. Postulamos que LRP5 y la via de sefalizacion por Wnt estdan modulados por

mecanismos inflamatorios.

Ratones Wt vy Lrp5‘/' se alimentaron con una dieta hipercolesterolémica (HC) para provocar
dislipidemia e inflamacién. Las dietas fueron suplementadas con fitoesteroles esterificados
(PSE) para estimular mecanismos anti-inflamatorios. Los ratones Wt HC presentaron altos
niveles de colesterol plasmatico que se correlacionaron con un incremento en la expresion de
Lrp5 y de los genes de la via de sefializacion por Wnt en leucocitos, mientras que en ratones
Lrp5'/' la via candnica se mantenia inactivada. Funcionalmente, la hipercolesterolemia indujo la
expresion de genes pro-inflamatorios en ratones Lrp5'/', sugiriendo un rol inhibitorio de la via
de sefializacion por Wnt en la inflamacién. La dieta HC suplementada con PSE muestra niveles
reducidos de colesterol en suero tanto en ratones Wt como en ratones Lrp5'/‘. Ademas, en
ratones Wt la adicidn de PSE a la dieta HC incrementa la expresion de genes anti-inflamatorios

e inhibe la activacién de la via Wnt/B-CATENINA. La expresion hepatica de VLDLR, LRP2 y LRP6
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incrementa tras la dieta HC en los ratones Wt pero no en los Lrp5'/' sugiriendo una funcién para
estos receptores en la eliminacion de lipoproteinas plasmaticas. Finalmente, demostramos un
rol anti-aterogénico para LRP5 ya que los ratones Lrp5'/' HC desarrollan lesiones

aterosclerdricas aorticas de mayor tamaiio que los ratones Wt.

Nuestros resultados muestran un rol anti-inflamatorio y de pro-supervivencia para LRP5 y la via

candnica en leucocitos de sangre periférica.
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Abstract

Purpose: Inflammation is triggered after invasion or injury in order to restore homeostasis.
Although the activation of Wnt/B-catenin signaling is one of the first molecular responses
to cellular damage, its role in inflammation is still unclear. This study tested the hypothesis
that the Wnt signaling pathway and its receptor, low-density-lipoprotein receptor-related

protein 5 (LRP5), were modulated by inflammatory mechanisms.

Basic Procedures: WT and LRP5”" mice were fed a hypercholesterolemic diet (HC) to

trigger dislipidemia and chronic inflammation. Diets were supplemented with plant sterol

esters (PSE) to trigger anti-inflammatory mechanisms.

Main Findings: HC WT mice showed increased serum cholesterol levels that correlated

with increased Lrp5 and Wnt/B-catenin genes expression in leukocytes while in LRP5 7
mice Wnt/B-catenin pathway was shut down. Functionally, HC induced proinflammatory
gene expression in LRP5”" mice, suggesting an inhibitory role of the Wnt pathway in
inflammation. Dietary PSE were able to downregulate serum cholesterol levels in WT and
LRP57" mice. Furthermore, in WT mice PSE were able to increase anti-inflammatory genes
expression and inhibit Wnt/B-catenin activation. Hepatic gene expression of VIdIr, Lrp2
and Lrp6 were increased after HC feeding in WT mice but not in LRP5”" mice suggesting a
role for these receptors in the clearance of plasmatic lipoproteins. Finally, an
antiatherogenic role for LRP5 was demonstrated as HC LRP5”" mice developed larger

aortic atherosclerotic lesions than WT mice.

Principal Conclusions: Our results show an anti-inflammatory, prosurvival role for LRP5

and the Wnt signaling pathway in peripheral blood leukocytes.

Keywords: LRP5, canonical Wnt pathway, lipids, inflammation, plant sterols esters,

atherosclerosis
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Introduction

Inflammation occurs in response to injury. * In some disorders, the inflammatory process
becomes continuous and chronic inflammatory diseases may develop including coronary
artery disease, obesity and cancer.” The major components of innate immunity are the
leukocytes that are circulating in blood and during tissue injury they invade the wound site

in an attempt to phagocytose cells debris and release growth factors and cytokines. *

Low-density lipoprotein receptor-related protein 5 (LRP5), is a single-pass transmembrane
receptor that participates in the Wnt/B-catenin signaling pathway. LRP5-Wnt ligand
binding results in the stabilization of B-catenin that will translocate to the nucleus, trigger
TCF/LEF1 transcription factor activation and transcription of Wnt target genes.” Wnt/B-
catenin signaling is one of the first molecular responses to injury; however its role in
inflammation remains controversial. Initial studies showed that exposure to the canonical
Wnt ligand Wnt3a resulted in an increase of total B-catenin protein in cultured
monocytes. However, no modulation of the inflammatory response was described.” Some
years later the Wnt/B-catenin pathway was found to inhibit the inflammatory response
since inhibitors of B-catenin upregulate inflammatory genes in endothelial cells® and
administration of an inhibitor of the Wnt/B-catenin pathway, GSK3pB, increased
proinflammatory cytokine production by Toll-like receptors.” However, IL-1B and LPS
induced nuclear B-catenin accumulation in human vascular endothelial cells® and
activation of canonical Wnt genes have been found in endothelial cells of a rejected
kidney model® suggesting that activation of the pathway triggers the inflammatory

response.

Hypercholesterolemia has been widely described to induce vascular inflammation'®™? by

cholesterol internalization in the intima while plant sterol esters (PSE) are known to
reduce plasma cholesterol levels.®> Recent observations from animal and human studies
have demonstrated anti-inflammatory effects of phytosterols. Indeed, PSE attenuate the
inflammatory response by ameliorating endothelial dysfunction in ApoE'/' mice and

decreasing lipid-induced secretion of pro-inflammatory cytokines in cultured human
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14,15

macrophages. Furthermore, PSE have been reported to have anti-inflammatory

16,17

properties in different cohorts of healthy subjects. The cholesterol-lowering activity of

plant sterols is because PSE displace cholesterol from mixed micelles as they are more

I."® This replacement causes a reduction of micellar

hydrophobic than cholestero
cholesterol concentrations and consequently lowers cholesterol absorption. In the
enterocyte, cholesterol is readily esterified by the action of acyl-CoA:cholesterol
acyltransferase 2 (ACAT2) and released into lymph in association with chylomicrons.
However, some sterols (cholestanols and PSE) are effectively excreted back to the
intestinal lumen by heterodimers of the ATP-binding cassette transporters, ABCG5 and
ABCGS, present at the apical membrane of the enterocyte.'®?° The absence of ABCG5 and
ABCGS in sitosterolemic patients is associated with accumulation of sterols and stanols

and can lead to severe atherosclerosis already at a very young age.'>*

To further understand the role of LRP5 and the Wnt/B-catenin signaling pathway in the
inflammatory response we studied inflammatory cytokine levels in blood from WT and
LRP5”" mice fed a hypercholesterolemic diet to induce inflammation, supplemented or not
with 2% PSE. Our results support an anti-inflammatory role for LRP5 and the Wnt signaling
pathway as LRP5”" mice show increased expression of proinflammatory genes compared
with WT mice in hypercholesterolemic conditions. Also, there is a positive correlation
between plasma cholesterol levels and Wnt gene expression in circulating white cells from
WT mice. On the contrary, in LRP5”" mice the correlation is lost and triggering of the
Wnt/B-catenin pathway is abolished. Interestingly, plant sterols were able to reduce
plasma cholesterol levels, induce the expression of anti-inflammatory genes and
downregulate gene expression levels of Lrp5 and Wnt pathway genes in circulating white
cells. Abcg5 and Abcg8 increased after hypercholesterolemic diets in the jejunum of WT
and LRP57" mice independently of plant sterol ingestion. Surprisingly, hepatic gene
expression of Lrp2 and Lrp6 were increased only in WT mice and VIdIr expression in the

liver was abolished in LRP5”" mice. Finally we show large lipid deposition in aortas from HC
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LRP57" mice that are reduced after PSE feeding, supporting a role for LRP5 in

atheroclerosis prevention.

Results
Serum lipid concentrations

Total cholesterol, HDL-C and non-HDL-C serum concentrations in WT and LRP5” mice fed
a hypercholesterolemic diet (HC: 21% fat and 0.25% cholesterol) were significantly
increased compared to their normocholesterolemic littermates (NC: 3.5% fat and 0%
cholesterol). Indeed, serum levels of total cholesterol, HDL and non-HDL were increased
by 62+6mg/dl, 2743 mg/dl and 32+2 mg/dl respectively in HC WT mice and 126+9mg/d|,
27+4mg/dl and 90412 mg/dl respectively in HC LRP57 mice with respect to their NC
littermates (Figure 1). Addition of plant sterol esters to HC diets in WT mice (HC+PSE: 21%
fat, 0.25% cholesterol and 2% PSE) reduced total cholesterol and non-HDL-C serum
concentrations without affecting HDL-C levels as previously described.”> However, in
HC+PSE LRP5”" mice there was a 26+2mg/dl increase in HDL-C serum levels respect to HC
LRP5”" mice. Dietary PSE reduced serum triglycerides (TAG) concentrations by 21+2mg/dl
with respect to HC in WT mice while TAG levels did not differ significantly among dietary

treatment groups in LRP57 mice (Figure 1).

Increased inflammatory gene expression in peripheral blood leukocytes of LRP57" mice

fed a HC diet

High plasma lipid concentration is an instigator of inflammation.’* To study the role of
LRP5S in the inflammatory process we first analyzed the expression of common cytokines
by using a PCR array in peripheral blood leukocytes from WT and LRPS”" mice fed a HC
diet. As expected, Lrp5 expression levels were upregulated in HC WT mice compared with
HC LRP5”" mice (Figure 2A). Several pro-inflammatory cytokine genes including FasL, Ifny,
IL15, IL18 and Tnfsf13b were upregulated in HC LRP5”" mice compared with HC WT mice
(1.92, 3.02, 1.45, 1.99 and 2.12 fold change (FC) increase respectively). An increase in the

anti-inflammatory genes FIt3L and IL27 (1.52 and 3.22 FC increase respectively) in HC
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LRP5 7 compared with HC WT mice was also observed, supporting a role for LRP5 in

inflammation.

Plant Sterol Esters increase the anti-inflammatory response in peripheral blood

leukocytes

WT mice fed a HC diet supplemented with 2% PSE showed increased expression levels of
anti-inflammatory cytokines gens in circulating white cells compared with HC WT mice.
Indeed, a significant fold change increase was observed in FIt3L, IL27, Tnfsf10 and Tnfsf13
(1.70, 2.58, 1.39 and 2.50 respectively, Figure 2B). However, several proinflammatory
genes were also upregulated in HC WT mice (Tnfsf9, 1.8 FC) after plant sterol
supplementation (FasL, 1.90 FC and IL18, 1.90 FC). Lrp5 was only upregulated in HC WT

mice.

HC LRP5”" mice showed upregulation of inflammatory gene products when compared with
HC LRP5”" mice supplemented with dietary PSE. Indeed an increase was observed in HC

LRP5”" mice in FasL, Ifng and Lta genes respectively (Figure 2C).

Reduced B-catenin translocation into the nucleus in LRP57 monocytes.

B-catenin is traslocated to the nucleus upon Wnt pathway activation.”

By cellular
subfractionation experiments we tested whether LRP5 silencing was preventing B-catenin
translocation into the nucleus in human monocytes. siRNA-LRP5 monocytes showed a
decreased B-catenin translocation into the nucleus respect to control cells (Figure 3A).
Additionally, total lysate associated B-catenin levels did not differ in control and LRP5
silenced monocytes. Lrp5 mRNA levels were analyzed showing an efficient inhibition by

siRNA-LRPS5 (Figure 3B).

High and low cholesterol levels modulate LRP5 and Wnt/B-catenin signaling pathway

genes in circulating white cells

We then searched for intracellular pathways modulated by LRP5 and analyzed several

canonical Wnt signaling genes in peripheral blood leukocytes of WT and LRP5”" mice.
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Results show that mRNA levels of Lrp5, B-catenin and Lefl were increased after
hypercholesterolemic feeding in WT mice (249.85+1%, 51+2% and 30.7+0.5% respectively,
Figure 3C). This increase was significantly reduced when PSE were added to the diets.
Downregulation of 209.53+1.5%, 72.3+2% and 74.2+2% were found in Lrp5, B-catenin and
Lefl gene expression levels respectively (Figure. 3C). mRNA expression levels of bone
morphogenetic protein 2 (Bmp2) and osteopontin (Opn), two well-known Wnt targets***®
were also increased only in the presence of high serum cholesterol levels and their mRNA
levels were reduced after dietary sterols intake (69.48+1% in Bmp2 and 90.16+2% in Opn
Figure 3C). Taken together, these results show that the cholesterol-lowering effects of
dietary PSE abrogate the increased expression levels of Wnt pathway genes observed in
mice with high plasma cholesterol levels. We then analyzed the expression levels of Wnt
genes in circulating white cells of LRP5” mice after the different dietary treatments.
Results show that there is no modulation of Lrp5, B-catenin, Lefl, Bmp2 or Opn gene
expression levels (Figure 3D) indicating that Lrp5 is necessary for the triggering of the
Wnt/B-catenin signaling pathway by high plasma cholesterol levels. To further asses the
relevance of total serum cholesterol levels in Wnt signaling pathway we applied a
regression model that revealed positive significant values between total cholesterol levels
and blood-derived mRNA of Wnt pathway genes in WT mice (Figure 4A) while no

significance could be detected in LRP57 mice (Figure 4B).
Plant Sterol Esters do not modulate Abcg5 and Abcg8 expression levels

To understand the mechanism by which PSE induce the cholesterol-lowering effect
observed in WT and LRP57" mice we analyzed the expression levels of Abcg5 and Abcg8 in
mice jejunum. In accordance with previous results® the expression levels of both genes
are coordinately increased in WT mice consuming a high-cholesterol diet (Figure 4C-D).
Similar results are observed in HC LRP5”" mice. Therefore, addition of plant sterol to HC
diets in LRP57 mice did not modulate Abcg5 or Abcg8 mRNA expression indicating that
these receptors are not responsible for the increased serum cholesterol levels in HC LRP5

" mice.
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Receptors expression in the liver

In an attempt to understand why HC LRP5”" mice show higher plasma cholesterol levels
than their HC WT littermates we analyzed protein and gene expression levels of LRP5 and
other receptors of the LDLR superfamily of receptors in mice liver. LRP5 gene and protein
expression levels were downregulated after HC feeding and with dietary PSE
supplementation (Figure 5A). As expected, LDLR mRNA and protein levels were reduced
when mice were fed a HC diet in both genotypes (33.4+1.5% in HC WT and 23.6+0.5% in
HC LRP5”" with respect to their NC littermates in Ldlr gene expression; Figure 5B).
Interestingly, LRP1 gene and protein levels remained constant among dietary treatment
groups although LRP1 levels were lower in LRP57" mice than in WT mice (Figure 5C). On
the contrary, LRP2 expression was induced by HC diets only in WT mice (Fig. 5D). Lrp6
MRNA expression levels showed a 27+2% increase in HC WT mice with respect to NC WT
mice while after dietary plant sterol intake Lrp6 mRNA values returned to normal (Figure
5E). VIdIr increased its mMRNA expression levels by 431421% in HC WT mice and by 151+5%
in HC+PSE WT mice with respect to NC WT animals (Figure 5F). Surprisingly VLDLR gene
and protein expression levels remained constantly low in LRP5”" mice liver, independently
of diet suggesting a decreased clearance of lipoprotein particles by this receptor, LRP2 and

LRP6 in the liver of the LRP5”" animals.
Lipid deposition in aortas

The measurement of the formation of lipid-rich plaques in mice aortas showed that HC
feeding induced a significant increase in aortic plaque in WT and LRP5” mice while
supplementation with PSE reduced aortic lipid coverage in both groups (Figure 5G).
However, the extent of lipid aortic coverage was significantly higher in HC LRP5”" mice
(12.8£1.5%) than in HC WT mice (Figure 5H) indicating a protective role for LRP5 in

atherosclerosis progression.
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Discussion

We studied Lrp5 and Wnt/B-catenin signaling gene expression variations in an in vivo
LRP5-deficient mice model challenged with proinflammatory (HC diets) and anti-
inflammatory (dietary PSE) stimulus. LRP5”" mice with high serum cholesterol levels
showed increased inflammatory genes expression in circulating leukocytes compared with
HC WT mice, suggesting LRP5”" mice cannot regulate properly the inflammatory response
after HC feeding. Several proinflammatory genes were upregulated in HC LRP5”" mice
including FasL, Ifny, IL15, IL18 and Tnfsf13b. IL18 induces IFNy-production from Th1l and
natural killers (NK) cells*® and has been widely described as a potent pro-inflammatory
cytokine in atherosclerosis progression.”’ We find an upregulation of IL18 in the absence

of Lrp5 supporting an enhanced inflammatory response when Lrp5 is absent.

IL-15 is also upregulated in peripheral blood leukocytes of HC LRP5”" mice. This cytokine
has pro-inflammatory properties, is produced by endothelial cells in response to IFNy and
promotes T-cell migration to sites of inflammation.”® Other pro-inflamatory genes
overexpressed in HC LRP5” mice are FasL and Tnfsf13b, members of the tumor necrosis
factor (TNF) family. FasL is mainly expressed in activated T-cells, NK cells, macrophages
and cancer cells and triggers apoptosis causing tissue damage®® while Tnfsf13b, also
known as B-cell activator factor (BAFF), is mainly produced and secreted by myeloid cells

and upregulated by IFNy, IL10 and CD40L during inflammation and chronic infections.*

During the inflammatory response cells try to reestablish control conditions. Two anti-
inflammatory cytokines were also upregulated in LRP57" mice with high serum cholesterol
concentrations, IL-27 and FIt3L. IL-27 inhibits FasL-induced T-cell death and reduce central
nervous system inflammation, inflammatory cytokines secretion and joint inflammation in

31,32

mouse models of multiple sclerosis and rheumatoid arthritis . FIt3L signaling is pivotal

in the development of early lymphocyte progenitors and is the principal differentiation

factor for dendritic cells.3*3*

Addition of plant sterols to HC diets in WT mice induced upregulation of several anti-

inflammatory genes. Indeed, in addition to FIt3L and IL27, Tnfsf10 and Tnfsf13 were
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upregulated in HC+PSE WT mice. Tnfsfl0 and Tnfsf13 belong to the TNF family, best
known for their pro-fibrotic and apoptosis induction functions.®® However, some of its
members can induce prosurvival, anti apoptotic and anti-inflammatory functions. Indeed,
Tnfsf10 promotes survival and proliferation of human vascular endothelial cells and
reduce leukocyte/endothelial cells adhesion.>® Furthermore, in a mice model of
hypercholesterolemia, Tnfsfl0 lowers fasting glucose and pro-inflammatory cytokine
levels ameliorating type 2 diabetes mellitus.’” Similarly, Tnfsf13 transgenic mice have
increased T cells proliferation, enhanced Th2 cytokine production and diminished
susceptibility to arthritis.®® In addition to increasing anti-inflammatory cytokines, PSE
treatments also reduced the expression levels of Tnfsf9, a potent pro-inflammatory
cytokine that triggers T cell activation and survival.*® The increased expression of anti-
inflammatory cytokines after plant sterol feeding in WT mice shows a beneficial effect of

PSE in reducing plasma cholesterol-induced inflammation.

To further investigate the mechanisms by which Lrp5 is regulating inflammation, canonical
Wnt pathway gene expression were analyzed in peripheral blood leukocytes from WT and
LRP5”" mice. We observed that Lrp5, B-catenin, Lefl, Bmp2 and Opn increased their
expression in HC WT mice confirming in vivo that Wnt/B-catenin pathway is activated in

high cholesterol niches.***!

Furthermore, regression analyses in WT mice revealed that
when total cholesterol levels are high, Wnt signaling pathway genes expression are
upregulated. However, when Lrp5 is absent there is no variation in canonical Wnt genes
expression independently of cholesterol levels. Finally, there was a decreased
translocation of B-catenin into the nucleus in LRP5 7 monocytes indicating decreased Wnt

signaling.

A major finding in this report is that plant sterol feeding can regulate Wnt signaling genes
expression. Indeed, dietary PSE downregulated blood-derived gene expression levels of
Lrp5, B-catenin, Lefl, Bmp2 and Opn in HC WT mice. The mechanism by which PSE reduce
Wnt/B-catenin activation is most likely cholesterol-dependent. In the literature, there is a
general consensus that plant sterols reduce plasma cholesterol in humans because of their

ability to displace cholesterol from the mixed micelles in the upper small intestine,
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thereby reducing the efficiency of cholesterol absorption.* In addition to this micellar
mechanism, alternative pathways have been proposed. For instance, it has been reported
that plant sterols are able to activate the nuclear receptor LXR upregulating ABC
transporters such as ABCG5 and ABCG8 leading to changes in cholesterol transport.****
However, in our study expression levels of these transporters were increased in the

jejunum of WT and LRP57" mice after HC diets independently of dietary PSE addition.

To study if the increased plasma cholesterol levels in HC LRP5”" mice with respect to HC
WT mice was due to a differential LDLR-mediated LDL clearance, the expression of liver
LDLR in WT and LRP57 mice was assessed. High-fat diet inhibited LDLR expression in
mouse liver independent of genotype. As expected, the addition of dietary PSE in the high-
fat diet abolished the decline of LDLR protein levels in WT and LRP5”" mice. Cre-mediated
destruction of LRP1 in LDLR deficient mice resulted in a dramatic increase in chylomicron
remnant plasma contents, indicating that LRP1 contributes substantially to hepatic
remnant clearance and does not represent an alternative way of remnant uptake only.*>*®
However, the adenoviral mediated transfer of the receptor-associated protein (RAP),
which is a repressor of the LRP function®™ or the cre/loxP recombination system to
achieve liver-specific LRP1 destruction revealed that there are no consequences on
chylomicron remnant clearance in mice with functional LDLR, because it fully compensates
for defective LRP1 at the post-transcriptional level.*® Consistently, hepatic LRP1 expression
levels remained constant independently of diets in WT and LRP57 mice. LRP2 is a receptor
for ApoM, an anti-atherogenic lipoprotein present in HDL particles, chylomicrons, VLDLs
and LDLs"” while LRP6 can regulate LDLR-mediated LDL uptake as LDLR internalization is
severely diminished in LRP6”" cells.*® HC LRP5”" mice show reduced expression of both
receptors strongly suggesting their participation in the clearance of lipoprotein particles.
There is a differential expression of VLDLR in the livers of WT and LRP5”" mice. While in
WT mice there is an upregulation of the VLDLR after hypercholesterolemic diets and even
after the addition of plant sterols, LRP57" mice have constant VLDLR expression levels. This
may explain the increased serum levels of non-HDL (which include LDL and VLDL) in HC

LRP5”" mice that could be due to decreased clearance of lipoprotein particles by the liver.
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Studies with adenoviral vectors have shown that ectopic expression of the VLDLR in
mouse liver results in enhanced internalization of lipoproteins.*® Thus, when expressed in
the liver, VLDLR seems to act as a clearance receptor for whole lipoprotein particles.
Increased VLDL levels in plasma lipoprotein profile in LRP5” mice after a high-fat diet have
been repc)rted.50 Furthermore, LRP5 has shown to be required for proper hepatic
clearance as the injection of fluorescently labelled chylomicron remnants into LRP5”" mice
and WT littermates fed a high-fat diet revealed that 30 min after injection 80% of labelled
chylomicrons remained in the plasma of LRP5”" mice.”® However, the authors assumed
that this delayed clearance was caused solely by LRP5 and did not analyze other receptors.
In our model, we detect that VLDLR, LRP2 and LRP6 could also be participating in the

decreased clearance of lipoprotein particles by the liver in LRP57" mice.

Our results support a strong link between inflammation and atherosclerosis

>3 Indeed, although hypercholesterolemic diets induced higher

progression.
proinflammatory cytokine secretion and larger atherosclerotic lesions in both genotypes,
HC LRP57 mice show upregulated proinflammatory cytokine secretion and larger lipid
deposition in thoracic aortas than HC WT mice. Furthermore, the addition of PSE to diets
increased anti-inflammatory cytokine secretion and decreased aortic lipid deposition,

showing that PSE downregulate plasma cholesterol and the inflammatory secretion,

effectively reducing atherosclerosis lesion formation.

In conclusion, our results strongly support an anti-inflammatory, prosurvival role for LRP5
and the Wnt signaling pathway in circulating white cells of WT mice. In the absence of
LRP5 and in the presence of high levels of cholesterol Wnt signaling remains inactivated
and inflammatory genes expression is upregulated. LRP5-expressing WT mice with high
plasma cholesterol levels show increased Lrp5 and Wnt/B-catenin pathway genes
expression and lower secretion of inflammatory cytokines than their LRP5™ littermates
strongly suggesting a prosurvival role for LRP5 and the Wnt pathway in circulating white

cells.
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Material and Methods

Animals and experimental design

453 \were maintained in a C57BL/6

LRP5” mice, a kind gift from Dr. Bart Williams
background. Mice were housed in cages under controlled temperature (21£22C) on a 12h
light/ dark cycle with food and water ad libitum. Homozygous wild-type C57BL/6 mice
(WT; n=34) and LRP5”" C57BL/6 mice (LRP5”; n=34) were used for the protocols. The
presence of LRP5 alleles was assessed by PCR amplification from DNA extracted from tail
biopsies in WT, heterozygous and homozygous littermates. Primers used were 517 (GGC
TCG GAG GAC AGA CCT GAG), S23 (CTG TCA GTG CCT GTA TCT GTC C) and IRES31 (AGG
GGC GGA ATT CGA TAG CT). LRP5”" and WT mice were fed a normal chow diet (NC,
Tekland diet, Harlan Labs, Berkeley, CA, USA) for 10 weeks. Animals were then divided
into 3 groups to be fed with NC, high cholesterol diet (HC, TD.88137, Harlan Labs) or HC
diet supplemented with 2% Plant Sterol Esters (w/w) for further 8 weeks (n= 8-12/group).
Cardiac puncture was performed in mice under terminal anesthesia (1mg/kg
Medetomidine and 75mg/kg Ketamine, ip). PSE were provided by Danone (Barcelona,
Catalonia, Spain). All sterol analyses were performed by gas liquid chromatography. The
study protocol was approved by the local institutional animal research committee

(ICCC051 /5422) and was performed in agreement with the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of Health.

Serum biochemistry and blood-derived mRNA obtainment

Blood samples were collected in serum separator gel tubes and PAX-tubes. Serum was
obtained by centrifugation 3500rpm, 20 minutes at 42C. Cholesterol, triglycerides and HDL
levels were measured enzymatically by using commercially available kits (GERNON
reagents; RAL, Barcelona, Catalonia, Spain) and read in a spectrophotometer (MC-15
SOFT; RAL). PAX-tubes were processed for preparation of blood-derived mRNA using
PAXgene Blood RNA Kit (QIAGEN Inc., Valencia, CA, USA). Concentration was determined

with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington,
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DE, USA) and purity was checked by the A260/A280 ratio (ratios between 1.8 and 2.1 were

considered acceptable).
RNA isolation and Real Time PCR

Jejunum or liver tissues were frozen in liquid nitrogen and RNA was isolated with Trizol®
Reagent (Invitrogen, Carlsbad, CA, USA) (N=5-7 mice/group). RNA from transfected human
monocytes was isolated using Total RNA extraction kit (QIAGEN Inc.). cDNA was
synthesized from 0.5 pg RNA with cDNA Reverse transcription kit (QIAGEN Inc.), the
resulting cDNA samples were amplified by real-time polymerase chain reaction (RT-PCR)
with the following specific probes from Applied Biosystems (Carlsbad, CA, USA): Lrp5
(Mm_01227476_m1), B-catenin (Mm_00483039_m1), Lefl (Mm_00550265_m1), Bmp2
(Mm_01340178_m1), Opn (Mm_00436767_m1) and VIdIr (Mm00443298 m1), and from
Integrated DNATechnologies, Inc. (Coralville, 1A, USA): LdIr (Mm.PT.49a.9930556), Lrp6
(Mm.PT.56a.6383636), Abcg5 (Mm.PT.56a.8809476) and Abcg8 (Mm.PT.56a.7910478).
Results were normalized to 18S probe (Applied Biosystems). Blood-derived RNA was used
to perform the RT2 Profiler PCR array PAMM-021 (SABiosciences, QIAGEN Inc.) with RT-
PCR thermal cycler (Applied Biosystems 7900HT).

Western blot and antibodies

Sample extracts (100ug or 20 pg protein) were resolved by SDS-PAGE and transferred to
nitrocellulose membranes, blocked with 5% skim milk and probed for monoclonal (LRP5,
LDLR, LRP2, LRP6, B-actin from Abcam, Cambridge, UK; Histona H1 from Millipore,
Bedford, MA, USA; VLDLR from Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA; and
LRP1 from Research Diagnostics Inc., Flanders, NJ, USA) or polyclonal (GAPDH and PB-
catenin from Millipore) primary antibodies. Membranes were then washed and blotted
with anti-mouse, anti-rabbit or anti-chicken secondary antibodies (Dako, Glostrup,
Denmark). Band densities were determined with the ChemiDoc XRS system (Bio-Rad
Laboratories Inc., Hercules, CA, USA) in chemiluminescence detection modus and
Quantity-One software (Bio-Rad Laboratories Inc.). Normalization was performed against

B-actin.
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Subfractionation experiments in human monocytes

Human monocytes were isolated from buffy coats, counted and seeded in BD Primaria'
plates. 10x10° monocytes were suspended in 100uL of Cell Line Nucleofector® Solution V
(Amaxa Inc., Gaithersburg, MD, USA) and 300nM of siRNA-Random (Ref. 4390843) or
siRNA-LRP5 (Ref.s8293) from Applied Biosystems were transfected with X-001 program.
siRNA-Random was used as a control and did not exert any effect on LRP5 expression. For
nuclear extracts, cells were PBS washed, scraped with CSK buffer (50nM NaCl, 10mM
Pipes pH6.8, 3mM MgCl;, 0.5% Triton X-100, 300mM sucrose and protease inhibitors),
incubated 20 minutes shaking at 42C and centrifuged. Supernatants (cytoplasmic
fractions) were stored at -20°C. Pellets (nuclear fractions) was suspended in 50uL of
Sol/Insol Buffer (15mM pH7.5, 5mM EDTA, 2.5mM EGTA and 1% SDS), heated for 10
minutes at 1002C when 50uL of CSK buffer was added. Subcellular fractions were analyzed

by western blot for B-catenin, GAPDH, Histone H1.

Quantification of atherosclerotic lesions

Mice were anesthetized and aortas were removed, carefully cleaned of adventitial fat
under a stereoscopic microscope, and longitudinally cut with the luminal surface facing up
(n=6-8 mice/group). Aortas were fixed overnight in 4% paraformaldehyde, washed with
ddH,0 1 hour in gentle shaking and stained with Qil-red-O (ORO) for 30 minutes. Aortas
were rinsed with 70% ethanol and ddH,0; images were captured by Nikon Eclipse 80i
microscope and digitized by Retiga 1300i Fast camera. ORO-stained area was quantified
with Image J software and results are expressed as percentage of lipid area / total aortic

area.
Statistical analysis

Results are expressed as mean + S.E.M. A Stat View statistical package was used for all the
analysis. Comparisons among groups were performed by two way ANOVA analysis.

Regression analyses were performed by applying Y= a+b*X lineal pattern besides using
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Stat View for Windows program, selecting just highly adjusted equations. Statistical

significance was considered when p<0.05.
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Figure 1: Relative changes in serum lipid composition of WT and LRP5" mice at sacrifice.
Indicated significances are between the groups: NC vs HC and HC vs HC+PSE (n=9-12 mice/group).
*p<0,05;**p<0,01; ***p<0,005.
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Figure 2: Differential expression of inflammatory genes in peripheral blood leukocytes . Bar
chart showing the fold change of modulated genes in (A) HC LRP5" compared with HC WT mice; (B)
in HC WT mice versus HC WT supplemented with 2% PSE; (C) in HC LRP57 mice versus HC LRP5
mice supplemented with 2% PSE (n=9-12 mice/group). *p<0,05;**p<0,01; ***p<0,005.
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Figure 3: Reduced translocation of B-catenin into the nucleus in monocytes silenced for LRP5.
(A) Human monocytes were transfected with siRNA-Random (siR) or siRNA-LRP5 (siLRP5) and total
lysates (TL), cytoplasmic (C) and nuclear (N) fractions were analyzed by Western blotting using anti--
catenin antibody. GAPDH and Histone H1 were used as quality controls for cytoplasmic and nuclear
fractions respectively; (B) Lrp5 gene expression levels of monocytes in (A). Gene expression levels in
circulating white cells of Lrp5, B-catenin, Lef1, Bmp2 and Opn genes in (C) WT mice or (D) LRP5-/-

mice fed a NC, HC or a HC diet supplemented with 2%

wr40<0,005.
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Figure 4: Linear regression analyses showing the correlation between Wnt signaling genes
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mice and (B) LRP5 7 mice with statistical significances (p-values) and linear correlation indexes (r).

Jejunum gene expression levels of (C) Abcg5 and (D) Abcg8.
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Figure 5: Liver gene and protein expression levels of (A) Lrp5, (B) LdIr, (C) Lrp1, (D) Lrp2, (E) Lrp6
and (F) VIdIr in WT or LRP5" mice fed a NC, HC or a HC diet supplemented with 2% PSE (n= 9-12
mice/group). (G) Representative images of mice thoracic aortas stained with ORO. (H) Quantification
of lipid covered area in mice aortas. *p<0,05; **p<0,01; ***p<0,005.
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La aterosclerosis es la causa subyacente de las enfermedades cardiovasculares (CVD) de origen
isquémico™®. El desarrollo de las lesiones ateroscleréticas estd caracterizado por la
acumulacién de LDL modificadas en la pared vascular’”. Nuestra hipotesis de partida es que el
LRP5, que forma parte de la familia de receptores de las LDL, participa en el desarrollo de las
lesiones aterosclerdticas humanas. Para testarla, en primer lugar analizamos la expresiéon de
LRP5 en los 4 tipos celulares presentes en las lesiones: células endoteliales (EC), células
musculares lisas vasculares (VSMC), monocitos y macréfagos. Encontramos que LRP5 estd
expresado en todos los tipos celulares. Sin embargo, al ser tratadas con LDL agregadas (agLDL),
una de las modificaciones iniciales de las LDL en la pared vascular, sélo las células inflamatorias

(monocitos y macréfagos) muestran un incremento significativo de la expresiéon de LRP5.

Las agLDL son un potente inductor de la acumulacién masiva de ésteres de colesterol (CE) en

176,177 ] . ,
®177 Inhibimos la expresién de LRP5 en macréfagos humanos tratados con

los macréfagos
aglDL y demostramos la participacion de este receptor en la internalizacién de lipidos.
Mediante cromatografia de capa fina (TLC) observamos que el silenciamiento de LRP5
disminuye la internalizacion de aglDL, evidenciado por la reducciéon del contenido total de
lipidos en los macrofagos. Estos resultados sugieren la participacion de LRP5 en la acumulacién
de CE en los macrofagos, que es un proceso que tiene lugar durante el desarrollo y progresion
de la lesidén aterosclerdtica y es un regulador clave del comportamiento patoldgico de la

178,179
placa™™""".

180181 con el fin

Las aglLDL incrementan la expresién de LRP1 en los macrdéfagos y en las VSMC
de determinar si la internalizacidon de las aglLDL por parte de LRP5 en los macrofagos es
independiente de LRP1, bloqueamos LRP1 con anticuerpos monoclonales. En este ensayo el
aumento de la expresidon de LRP5 en los macréfagos inducido por las aglDL se mantiene,
demostrando que LRP1 no interfiere en la induccién de la expresion de LRP5 por las aglDL
extracelulares. El aumento de la expresion de LRP5 en macréfagos por parte de las aglDL
provoca la activacion de la via de sefializacion candnica de Wnt. Tras la incubacién con aglLDL,
los macréfagos humanos aumentan la expresidn de B-CATENINA y LEF1, dos proteinas de la via
de sefializacion por Wnt. Ademas, cuatro genes diana de la via, C-JUN, CICLINA D1, BMP2 y

OPN, también aumentan su expresion sélo en presencia de LRP5, indicando que la activacién de

la via candnica de Wnt por las agLDL es dependiente de LRP5 en macréfagos humanos.
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BMP2 y OPN participan en la progresién de las lesiones aterosclerdticas'®'®. BMP2 est3
sobreexpresado en placas ateroscleréticas humanas y participa en la regulacion de la

biosintesis del colesterol y en la calcificacion aterosclerética®®®.

OPN es un potencial
biomarcador ya que altos niveles de espresién de OPN en placas aterosclerdticas predicen el
riesgo de padecer una nueva complicacion vascular'®.Lla implicacion de LRP5 en la
internalizacion de las aglLDL y el aumento de la expresién génica y proteica de las dianas de la
via candnica, OPN y BMP2, indican que LRP5 tiene un papel central en la progresién de la

aterosclerosis.

C-JUN y CICLINA-D1, dos proteinas adicionales de la via candnica de sefializacién por Wnt que
aumentan su expresion en los macréfagos humanos después del tratamiento con aglLDL, han

mostrado su participacién en la motilidad celular'®**®

. Todos estos resultados sugieren que
LRP5 podria estar implicado en la motilidad de los macréfagos asociada a un proceso
aterosclerdtico. Ensayos de motilidad en macroéfagos silenciados para LRP5 muestran una
inhibicidn de la migracién. El mismo ensayo realizado con macréfagos silenciados para LRP1 no
mostré ningln cambio en la migracién con respecto a los macréfagos control, indicando que el
efecto observado en la motilidad de los macréfagos es especifico de LRP5. Estos resultados se
confirmaron mediante las camaras Boyden, donde los macrofagos silenciados para LRP5
mostraron una migracion menor que el control y que los macroéfagos silenciados para LRP1.
Evaluamos el efecto de las aglLDL en nuestro ensayo de migracién celular y observamos que el
tratamiento con aglLDL induce una reduccién en la capacidad migratoria de los macrofagos
humanos independientemente de la condicién ensayada (siRandom, siLRP5 o siLRP1). Sin
embargo, las células tratadas con aglLDL y silenciadas para LRP5 muestran una inhibicién mayor
en la migracion que la observada sélo con el tratamiento de aglLDL. Estos resultados
demuestran una capacidad migratoria reducida en las células inflamatorias deficientes para

LRPS5.

La aterosclerosis es una patologia muy compleja que no sélo consiste en la acumulacién de
lipidos en la pared vascular, sino que también estd influenciada por multiples procesos que

incluyen la inflamacidn, la diferenciacién y la proliferacidon celular de los estirpes celulares

13,31-33,189,190

presentes en la lesion . Por otra parte, la via de senalizacién por Wnt controla la

proliferacién, la diferenciaciéon y el destino celular durante el desarrollo embrionario y la

103

homeostasis tisular en adultos™ . De hecho, se ha descrito la participacion de la via candnica de
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Wnt en la migracién de los monocitos humanos (HM) y en la proliferacién de las VsSMC***%?,

pero la contribucion especifica de cada uno de los componentes de la via en estos procesos no
ha sido estudiada. Nosotros postulamos que LRP5 y la via de sefializacion por Wnt participan en
la regulacién de la proliferacion y la diferenciacidn en las células monociticas, células que son
las principales responsables de la respuesta inflamatoria innata y que participan activamente

en el proceso aterosclerético®%

. Para probar nuestra hipétesis modulamos la expresion de
LRP5 (sobreexpresion/inhibicién) en un modelo de células monociticas humanas (HL60). Asi, los
analisis de la incorporacidn celular de BrdU indican que la sobreexpresién de LRP5 en las células
HL60 no diferenciadas induce una disminucién de la proliferaciéon. Una posible explicacion para
este hallazgo es la activacién de la maquinaria de apoptosis. Se ha demostrado que la via de
sefalizacidon por Wnt regula la apoptosis en diferentes tipos celulares®. Nuestros estudios de
apoptosis en células HL60 no diferenciadas que sobreexpresan LRP5 muestran un aumento de
la apoptosis, mientras que el silenciamiento no tiene ningun efecto, indicando que éste podria
ser el mecanismo implicado. Estos resultados estdn respaldados por estudios en ratones Lrp5'/',

donde la persistencia de la vascularizacion fetal ocular en ratones Lrp5'/' es un resultado de la

ausencia de apoptosis en las células epiteliales inducida por los macréfagos®.

Para confirmar la activacion de la apoptosis al sobreexpresar LRP5, analizamos la expresion de
varias proteinas apoptodticas. BAX, DUSP6 y G0S2, conocidas por su funcidon pro-apoptotica,
aumentan su expresion celular al sobreexpresar LRP5. BAX es un miembro de la familia de BCL2
gue interfiere en la funcién mitocondrial de las células por medio de la formacién de poros en

196

la membrana exterior de las mitocondrias™". DUSP6 participa en la via pro-apoptdtica ya que su

infraexpresién provoca la sobreexpresion de ERK (quinasa regulada por sefiales extracelulares)
y la supervivencia de las células endoteliales®’. Ademds, la expresiéon exégena de DUSP6 induce
la apoptosis de células de cancer pancreatico’®®. G0S2 es una proteina mitocondrial que
interactua especificamente con BCL2 y promueve la apoptosis al impedir la formacion de los

heterodimeros protectores BCL2/BAX'®°.

La sobreexpresion de LRP5 provoca una reduccion en la expresidon de tres proteinas anti-

apoptéticas, BCL2, CDK1 y CD180. BCL2 es una proteina de supervivencia con una funcién

200

esencial en diferentes procesos bioldgicos™ . CDK1 interactia con CICLINA B1 para formar el

201,202

factor promotor de mitosis, que activa varias vias de supervivencia y la inhibicién del

complejo CDK1-CICLINA B1 resulta en un incremento de la apoptosis en células tumorales
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203

humanas® . La proteina CD180 es trasmisora de una sefial de activacién que resulta en una

204 | a activacion de la maquinaria de

proliferacién celular masiva y en resistencia a la apoptosis
apoptosis en las células HL60 con altos niveles de expresion de LRP5 sugiere que este podria ser

el mecanismo implicado en la disminucién de la proliferacidon observada en estas células.

A continuacion, evaluamos si el efecto negativo de LRP5 en la proliferacion celular esta
restringido a células no diferenciadas. Para esto sobreexpresamos/inhibimos LRP5 en dos lineas
celulares de cancer humanas con altas tasas de proliferacion: PC3 Y U87MG. La modulacidn de
LRP5 no tiene ningun efecto en la proliferacién de estas células indicando que la inhibicién de la
proliferacién por la sobreexpresién de LRP5 estda limitada a células no adheridas y no

diferenciadas.

Los monocitos son células inflamatorias circulantes, con el potencial de migrar hacia los tejidos
y diferenciarse a macroéfagos o células dendriticas y asi, participar en la respuesta inflamatoria
local. En el caso de la progresion y el desarrollo de la lesidon aterosclerética el influjo de

205 por tanto, analizamos el efecto de la

monocitos a areas de la lesién estd muy documentado
modulacién de LRP5 en la diferenciacién de las células monociticas. El silenciamiento de LRP5
en las HL60 provoca un aumento en la diferenciacidon celular mientras que la sobreexpresion de
LRP5 induce un descenso en la diferenciacidn y una reduccién en los niveles de expresion de los
marcadores de adhesion y diferenciacion CD11B y CD44. La molécula de adhesion CD11B es un
marcador de maduracion de células HL60 en respuesta a la diferenciacién, ya que mas del 90%

2 / .z
% |a molécula de adhesién

de las células expresan CD11B después del tratamiento con PMA
CD44 es una glicoproteina transmembrana de la superficie celular y su principal funcién es
mantener la estructura de los drganos y los tejidos por medio de la adhesidn matriz-célula y

297 Estos resultados indican una funcién inhibidora de LRP5 en la diferenciacién de

célula-célula
las HL60 inducida por PMA gue puede estar ocasionada por la interaccién directa o indirecta de

LRP5 con las moléculas de adhesidn celular.

Al obtener estos resultados en una linea celular, investigamos si la funciéon de LRP5 es también
inhibidora sobre la diferenciacién de monocitos humanos. Para ello realizamos cultivos
primarios de monocitos humanos y los dejamos diferenciarse espontdneamente a macroéfagos
tras 7 dias en cultivo. Modulamos la expresion de LRP5 y al igual que en las células HL60O, la

sobreexpresion de LRP5 en los HM provoca una disminucion en su diferenciacion. Para
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determinar si el efecto en la diferenciacidn celular de los HM por parte de LRP5 ocurre a través
de la modulacidn de la via candnica de Wnt, analizamos la expresién de algunos genes diana de
esta via. La expresion de LEF1, C-JUN y C-MYC no varia al sobreexpresar LRP5 en los HM, sin
embargo, aumenta la expresién de 8-CATENINA. Este efecto sugiere una regulacién inhibidora a
nivel de B-CATENINA en monocitos humanos, pero sin afectar las proteinas/genes diana finales
de la via. Por el contrario, los macréfagos (células adheridas y diferenciadas) si muestran un
aumento en la expresién de los genes diana de la via de sefializacién por Wnt al sobreexpresar
LRP5. Es interesante que la sobreexpresidn de LRP5 inhibe la diferenciacion osteogénica en las
células madre mesenquimales208 y una represion de la via candnica se ha descrito en células de
carcinoma hepatocelular poco diferenciadas®®. En conjunto, estos resultados indican una

activacion de la via candnica al sobreexpresar LRP5 Unicamente en las células diferenciadas.

Investigamos con mas detalle los mecanismos que regulan la inhibicidén de la via de sefializacion
por Wnt en las células no diferenciadas (HL60 y HM) mediante experimentos de
subfraccionamiento celular. La sobreexpresidon de LRP5 mantiene el fenotipo de las células no
diferenciadas por medio del secuestro de B-CATENINA en la membrana plasmatica. Por el
contrario, cuando las células estan diferenciadas, la sobreexpresion de LRP5 induce la
translocacion de B-CATENINA al nucleo e incrementa los niveles de expresiéon de los genes
diana de la via de sefalizacion por Wnt. De hecho, estudios en osteoblastos demuestran que la
union de N-CADHERINA con B-CATENINA en la membrana citoplasmatica forma un complejo
con AXINA y el dominio citoplasmatico de LRP5 provocando la degradacién de B-CATENINA vy

bloqueando la via candnica de sefalizacion por wnt?%,

Los resultados obtenidos nos indujeron a considerar que la via de sefializacién por Wnt se
podria activar al sobreexpresar LRP5 en ausencia de sus ligandos. Varios estudios han mostrado
gue en la ausencia de sus ligandos, la sobreexpresidon del dominio intracelular de LRP5 con o sin
su dominio transmembrana, provoca la activacién de la via de sefializaciéon por Wnt mediante la

. . . s . T4 211,212
dimerizacién citoplasmatica del receptor®®*'*

. Creemos que este mecanismo es el que
explica nuestros resultados en células no diferenciadas que presentan una disminucién en la
proliferaciéon y diferenciacion celular al sobreexpresar el constructo de LRP5 en ausencia de sus

ligandos.
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Tras la caracterizacion in vitro de la implicacion de LRP5 y de la via candnica de sefializacion por
Wnt en los procesos de proliferacion, diferenciacién, adhesion, motilidad y captacion de lipidos
en las células inflamatorias, nos propusimos estudiar la importancia de este receptor en la
progresidn de la lesidn aterosclerética utilizando un modelo in vivo de ratones deficientes para

Lrp5 alimentados con una dieta hipercolesterolémica (HC).

Inicialmente, analizamos los niveles de colesterol en suero de ratones tipo silvestre (Wt) y
deficientes para Lrp5 (Lrp5'/') alimentados o no con una dieta HC. En ambos genotipos los
niveles de colesterol total y colesterol no-HDL en suero aumentan tras la administracién de la
dieta HC. Sin embargo, los niveles de colesterol total en suero de los ratones Lrp5'/' HC son mas
altos que los de los ratones Wt HC, sugiriendo la participacion del LRP5 en el desarrollo de la
dislipemia. De modo similar, un polimorfismo de un solo nucléotido en el gen de LRPS5,
rs3736228, que causa la pérdida de su funcién, provoca un incremento en los niveles de
colesterol plasmatico en la poblacién China han &7 y es considerado un factor de riesgo

independiente para la hipercolesterolemia en la poblacién Japonesa masculina®.

La participaciéon de LRP5 en el metabolismo de las lipoproteinas se ha descrito en ratones
deficientes para Lrp5%°. Se observé que ratones Lrp5'/' alimentados con una dieta HC
mostraban una tasa reducida de eliminacién de CM residuales, asociados a los altos niveles de
colesterol plasmaticos®’. Postulamos que el incremento de los niveles de colesterol total en
nuestros ratones Lrp5'/' HC en comparacién con los de ratones Wt HC podria ser ademads debido
en parte a una eliminacion diferencial de LDL en el higado dependiente de los receptores de
LDL. Para probar esta hipdtesis, analizamos la expresién hepatica de otros miembros de la
familia de receptores de LDL que estan caracterizados por su participacion en el metabolismo
de las lipoproteinas, como son LDLR, VLDLR, LRP1, LRP2 y LRP6. Al igual que en otros modelos
de animales hipercolesterolémic05213’214, la administraciéon de la dieta HC en nuestro modelo de
ratones deficientes para LRP5 disminuye la expresidon hepatica de LDLR independientemente

del genotipo.

La expresién de LRP2 y LRP6 se ha encontrado reducida en el higado de ratones Lrp5'/' HC lo
qgue nos indica su posible participacion en la eliminacién de LDL y otras lipoproteinas. LRP2 es
un receptor de ApoM, una lipoproteina anti-aterogénica presente en las particulas de HDL, CM,

VLDL y LDL®*. LRP6 regula la captacion de LDL mediada por LDLR ya que la internalizacion de

174



DISCUSION GLOBAL

672'>. VLDLR presenta una expresion diferencial en los

LDLR es disminuida en células Lrp
higados de ratones Wty Lrp5'/'. En los ratones Wt, la expresién de VLDLR aumenta tras la
administracion de la dieta HC. Sin embargo, en los ratones Lrp5'/' los niveles de expresion de
VLDLR permanecen constantes. Este resultado explicaria el incremento en los niveles de
colesterol no-HDL (donde se incluyen LDL y VLDL) en los ratones Lrp5'/' HC en comparacion con
los ratones Wt HC. Estos resultados parecen indicar que existe una reduccion en la eliminacidn
hepatica de lipoproteinas en ausencia de LRP5. Se ha reportado que la expresién ectdpica de

216 pe hecho, se

VLDLR en el higado de ratén aumenta la internalizaciéon de lipoproteinas
observé que LRP5 es necesario para una adecuada eliminacién hepdtica de lipoproteinas ya que
30 minutos después de la inyeccién de CM residuales marcados con fluorescencia en ratones
Lrp5'/' y Wt alimentados con una dieta HC, el 80% de los CM permanecen en el plasma de los
ratones Lrp5'/'82. Sin embargo, los autores asumen que esta eliminacion retardada de
quilomicrones es causada solamente por la ausencia de LRP5 y no analizan la expresién de
otros receptores. En nuestro estudio, hemos descrito que los bajos niveles de expresién de
VLDLR, LRP2 y LRP6 contribuyen a la reducida eliminacidon hepatica de lipoproteinas en los

ratones Lrp5‘/‘ HC y en consecuencia, a sus altos niveles de colesterol.

Al analizar el area cubierta por lipidos en las aortas de los ratones, observamos que los ratones
Lrp5'/' HC presentan una mayor acumulacién de lipidos en la aorta que los ratones Wt HC. Con
el objetivo de determinar qué receptores de LDL podrian estar participando en la acumulacién
de lipidos observada en la pared arterial de los ratones Lrp5'/' HC, analizamos la expresién
génica de miembros de la familia de LRP5 para los que se ha descrito participacién en la
progresion de la enfermedad cardiovascular. Asi, analizamos la expresion de los genes Ldlr,
VidIr, Lrp1, Lrp2, Lrp8 y Cd36 en las aortas de los ratones. Los niveles de expresion de Ldlir, Lrp2
y Lrp8 eran mas bajos en las aortas de los ratones Lrp5'/' HC indicando que estos receptores no
contribuyen a la acumulacién de lipidos observada en las aortas. La deficiencia de CD36 se ha
asociado con aterosclerosis severa y con un aumento en la incidencia de enfermedad
coronaria?"’, sin embargo, macréfagos derivados de monocitos de personas deficientes para

CD36 presentan una captacion de LDL oxidadas reducida®*®

. Nuestros resultados no apoyan la
contribucién de CD36 al fenotipo rico en lipidos de las aortas de ratones Lrp5'/', ya que su
expresion incrementa en los ratones Wt HC pero se reduce en los ratones Lrp5'/' HC. La

expresion adrtica de VIdIr, un receptor que se une a las VLDL y a los CM residuales, no esta
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modificada por la hipercolesterolemia moderada ni por la deficiencia de Lrp5. Por el contrario,
Lrpl esta sobreexpresado en las aortas de los ratones Lrp5'/' HC. Este receptor se encuentra
sobreexpresado en las VSMC y en macréfagos humanos tras el tratamiento con lipidos

180,219

extracelulares, asi como en las placas aterosclerdticas humanas . Ademas, se han

encontrado niveles altos de expresion de LRP1 en las aortas de conejos y cerdos después de
una dieta HC, sugiriendo un papel proaterogénico para la sobreexpresiéon de LRp7 180220
Nuestros resultados también muestran un aumento de la expresidén de LRP1 en los ratones Wt
y Lrp5'/' hipercolesterolémicos. La expresion de LRP6 aumenta en la aorta de los ratones Lrp5'/'
HC y este incremento se correlaciona positivamente con el drea que cubre la lesidén adrtica.
LRP6 se encuentra sobreexpresado en lesiones aterosclerdticas humanas®! y regula la
captacién de LDL por parte de LDLR en células derivadas de ovario de hamster adulto (CHO) a
través de la formacién de un complejo con clatrina, LDLR y la proteina de la hipercolesteromia
autosdémica recesiva (ARH) que permite la internalizacién de LDLR tras la estimulacién con las
LDL?*. Estos resultados sugieren que Lrp1 y Lrp6 contribuyen al incremento de la acumulacién

de lipidos en las aortas de los ratones Lrp5'/' HC, pero son necesarios mas estudios sobre las

interacciones de LRP1-LRP5 y LRP6-LRP5 para poder completar esta via de regulacién.

Los analisis por inmunohistoquimica (IHC) muestran un mayor nimero de macréfagos en la
capa intima de las aortas de los ratones Lrp5'/' HC en comparacién con los Wt, apoyando
nuestros resultados in vitro donde los monocitos que sobreexpresan LRP5 presentan una
inhibicion de la diferenciacion mediante el secuestro de B-CATENINA en la membrana celular.
Ademads, se evidencia una infraexpresién de las proteinas B-CATENINA y MMP7, componentes
de la via de sefializacidon por Wnt, en los ratones deficientes para Lrp5 confirmando nuestros
resultados previos que muestran que el silenciamiento de LRP5 en los macréfagos humanos
impide la activacién de la via de sefializacion Wnt/B-CATENINA. De esta manera, demostramos
gue los ratones Lrp5'/' HC presentan mayor acumulacién de macréfagos en la pared vascular
probablemente como consecuencia de la falta de activacién de la via candnica de sefializacién

por Wnt.

Los macrdéfagos activados estimulan la produccidn y secrecién de citoquinas que provocan un

27,2834 Analizamos la expresion de algunas citoquinas pro- y

estimulo crénico pro-inflamatorio
anti-inflamatorias en leucocitos circulantes de los ratones Wty Lrp5'/' alimentados con una

dieta HC (estimulo pro-inflamatorio) o con una dieta HC suplementada con fitoesteroles
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esterificados (PSE, estimulo anti-inflamatorio). Tras la administracion de la dieta HC, varios
genes pro-inflamatorios incrementan su expresidn en leucocitos circulantes de los ratones Lrp5
" en comparacion con los ratones Wt, sugiriendo que los ratones Lrp5'/' no pueden regular
apropiadamente la respuesta inflamatoria durante la hipercolesterolemia. IL18 induce la

222

produccion de IFNG en las células Th1 y natural killer (NK)“““ y ha sido ampliamente descrita

como una citoquina pro-inflamatoria de la progresién de la aterosclerosis®?

. La expresién de
1118 es mayor en los ratones Lrp5'/' HC en comparacion con los ratones Wt HC, sugiriendo un

aumento de la respuesta inflamatoria en ausencia de LRPS5.

[115 estd sobreexpresada en leucocitos de sangre periférica de ratones Lrp5'/' HC. Esta citoquina
tiene propiedades pro-inflamatorias, es producida por las células endoteliales en respuesta a
IFNG y estimula la migracién de las células T a los sitios de inflamacién®**. Otros genes pro-
inflamatorios que estan sobreexpresados en los ratones Lrp5'/' HC son Fasl y Tnfsfi3b,
miembros de la familia del factor de necrosis tumoral (TNF). FASL estd expresado
principalmente en las células T activadas, en las células NK, en macréfagos y en las células de
cancer e induce la apoptosis provocando dafio tisular’®®; mientras TNFSF13B, también conocido
como el factor activador de células B (BAFF), es producido y secretado principalmente por las
células mieloides y su expresion es estimulada por IFNG, IL10 y CD40L durante la inflamacién e

infecciones crénicas®®®.

Durante la progresion de la inflamacién las células tratan de restablecer sus condiciones
normales. En nuestro modelo, dos citoquinas anti-inflamatorias se encuentran sobreexpresadas
en los ratones Lrp5‘/’ con altas concentraciones de colesterol en suero, //27 y FIt3]. La citoquina
IL27 inhibe la muerte de las células T inducida por FasL y reduce la inflamacidn del sistema
nervioso central, la secrecidn de citoquinas inflamatorias y la inflamacién de las articulaciones
en modelos de ratén con esclerosis multiple y artritis reumatoide?’*%. La sefializacién de FLT3L
es crucial en el desarrollo temprano de los linfocitos progenitores y es el principal factor de

. . .y . ree 229,2
diferenciacion para las células dendriticas®**?*°.

La adicion de los PSE a la dieta HC, induce la expresion génica de varias citoquinas anti-
inflamatorias en leucocitos de los ratones Wt. Ademas de Fit3/ e 1127, las citoquinas Tnfsf10 y
Tnfsf13 también estan sobreexpresadas en ratones Wt alimentados con la dieta HC

suplementada con PSE. Tnfsf10 y Tnfsf13 pertenecen a la familia de TNF, conocida por sus
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funciones inductoras de apoptosis y pro—fibrosism. Sin embargo, algunos de sus miembros
pueden inducir funciones anti-inflamatorias, anti-apoptdticas y de supervivencia. TNFSF10
induce la proliferacién y supervivencia de las células endoteliales vasculares humanas y reduce

232,233

la adhesion entre leucocitos y células endoteliales . Ademas, TNFSF10 reduce los niveles de

glucosa en ayunas y de citoquinas pro-inflamatorias mejorando la diabetes mellitus tipo 2 en un

234

modelo de ratones hipercolesterolemicos™". Ratones deficientes para TNFSF13 presentan un

incremento en la proliferacién de células T, una elevada produccion de citoquinas Th2 y una

235

susceptibilidad reducida a la artritis™". La adicién de los PSE a la dieta también reduce los

niveles de expresidon de Tnfsf9, una citoquina pro-inflamatoria que estimula la activacién y

% El aumento en la expresién de citoquinas anti-inflamatorias

supervivencia de las células T
tras el consumo de los PSE en los ratones Wt demuestra su efecto benéfico en la resolucion de

la inflamacién durante la hipercolesterolemia.

Con el objetivo de determinar los mecanismos por los cuales la ausencia de LRP5 participa en la
respuesta inflamatoria analizamos la expresién de varios genes diana de la via candnica de
sefializacion por Wnt en leucocitos de ratones Wty Lrp5'/'. Observamos que la expresion de
Lrp5, B-catenina, Lefl, Bmp2 y Opn, aumenta en los ratones Wt HC confirmando nuestros
resultados previos in vitro que demuestran la activacién de la via candnica en presencia de altos
niveles de lipidos en cultivos de macrofagos humanos. Ademas, analisis de regresion
demuestran que los niveles altos de colesterol en suero se correlacionan positivamente con
mayores niveles de expresion de los genes de la via de sefializacién por Wnt. Por el contrario, la
expresion de los genes de la via de sefializacién por Wnt en leucocitos de ratones Lrp5'/' HC no
aumenta a pesar de presentar mayores niveles de colesterol en suero que los ratones Wt.
Estudios de subfraccionamiento celular en monocitos humanos evidencian una reduccién en la
cantidad de B-CATENINA translocada al nucleo en ausencia de LRP5, indicando una disminucién
de la sefializacién de la via candnica. Estos resultados apoyan una funcién anti-inflamatoria y de
supervivencia para LRP5 y la via de sefializacién por Wnt en leucocitos circulantes de los

ratones Wt.

A continuacién analizamos la expresién de los genes de la via de sefializacién por Wnt en los
ratones alimentados con la dieta HC suplementada con PSE. Los niveles de expresion de Lrp5, 8-
catenina, Lefl, Bmp2 y Opn disminuyen significativamente al aifadir PSE a la dieta HC en los

ratones Wt. Probablemente, el mecanismo por el cual los PSE disminuyen la activacion de la via

178



DISCUSION GLOBAL

candnica es dependiente de los niveles de colesterol. Los PSE han sido descritos por su
habilidad para disminuir los niveles de colesterol reduciendo su absorcion en el duodeno y
yeyuno por medio de su integracion en las micelas lipidicas con mayor afinidad que el

colesterol®’

. Otro mecanismo por el cual los PSE pueden disminuir la concentracién del
colesterol plasmatico implica la reduccion de la absorcion intestinal del colesterol a través de la
regulacién de dos receptores transportadores con dominio de unién al ATP, ABCG5 y ABCGS,

. . .y 146,1
mediante la activacién del receptor nuclear LXR***%

. En nuestro modelo, la expresién en el
yeyuno de estos dos transportadores incrementa en ambos genotipos por igual tras la dieta HC
independientemente de la administracidn de los PSE, indicando que este mecanismo no es el

responsable del incremento del colesterol en suero observado en los ratones Lrp5'/' HC.

Por ultimo, nos propusimos demostrar la modulacion de LRP5 por parte de los lipidos
extracelulares in vivo y estudiar el contenido lipidico de las lesiones adrticas presentes en los
ratones deficientes para Lrp5. Nuestra hipdtesis es que la modulacién de los niveles de
colesterol en suero puede regular la expresidon adrtica de LRP5. Las placas aterosclerdticas
estan formadas por acidos grasos libres, colesterol y lipidos neutros que incluyen los

238

acilglicéridos y los ésteres de colesterol (CE)*"". Ya que el incremento de algunos lipidos neutros

estd asociado con la progresion de la aterosclerosis®??*!, analizamos el contenido de
acilglicéridos y CE en las aortas de los ratones mediante cromatografia en capa fina.
Encontramos un incremento del contenido de CE en los ratones Wt tras ser alimentados con la
dieta HC que estd correlacionado con un incremento en la expresién adrtica de Lrp5, apoyando

nuestros estudios previos donde las aglLDL aumentan la expresién de LRP5 en macréfagos

humanos en cultivo.

La acumulacién de acilglicéridos también aumenta en los ratones Lrp5'/' y Wt tras ser
alimentados con la dieta HC. La acumulacion de triacilglicéridos (TAG) en la pared vascular es
realizada por los macréfag05242. Los mecanismos implicados en esta acumulacién incluyen el
aumento en la captacién de glucosa y su incorporacién en los lipidos, el aumento en la sintesis

de TAG y el descenso en la lipdlisis de TAG**

. Estudios previos han demostrado que los ratones
Lrp5'/' tienen una insuficiencia en la eliminacién de TAG del plasma sugiriendo que LRP5 modula
su eliminacién al estimular la hidrélisis de TAG®. Se ha descrito que macréfagos estimulados

242-244

con lipopolisacaridos (LPS) almacenan mas TAG y CE y que la cantidad de lipoproteinas

ricas en TAG aumenta durante la inflamacion®®. Por esto, un incremento en la acumulacion de
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TAG en las aortas de los ratones Lrp5'/' puede ser consecuencia de una respuesta inflamatoria

incrementada apoyando una funcién anti-inflamatoria para la via de sefializaciéon candnica por

115,118,119,246
Whnt .

Una reduccidon en los niveles de TAG en suero tras el consumo de PSE se ha descrito en los

ratones C57BI6 alimentados con una dieta HC'*

, en personas sanas’*’ y en pacientes con
sindrome metabolico®*®. Hemos observado un incremento en los niveles de TAG en suero y un
aumento en la expresion hepdatica de VLDLR en los ratones Wt HC. Tras la suplementacion de la
dieta HC con PSE, los niveles de TAG en suero disminuyen y los niveles de expresidn hepatica de
VLDLR vuelven a los observados en normocolesterolemia. Sin embargo, no se observa ningin
cambio en la concentracién de TAG en suero ni en los niveles de la expresién hepatica de VLDLR

en los ratones Lrp5'/' HC sugiriendo que LRP5 es necesario para modular los niveles de TAG en

suero a través de la interaccion con VLDLR en el higado.

El consumo de PSE disminuye los niveles de lipidos en suero modulando la expresién de Lrp5y
el contenido de CE en las lesiones aterosclerdticas. De hecho, observamos una reduccién en los
niveles de colesterol total en suero y en el drea de las lesiones en la aorta tras la administraciéon
de la dieta HC suplementada con PSE. La habilidad de los PSE para reducir lesiones

7 alimentados con una dieta HC

aterosclerdticas se ha descrito en los ratones Apoe
suplementada con fitoesteroles al 2%, los cuales presentan lesiones tempranas con células
espumosas superficiales a diferencia de las lesiones avanzadas encontradas en los ratones
Apoe'/' HC'*®. De modo similar, el drea de células espumosas en el arco aértico de hamsteres
alimentados con una dieta proaterogénica suplementada con PSE es menor que en los

1" Estudios en ratones LdIr”" también sugieren que los PSE no son

hamsteres contro
aterogénicos ya que la adicidn de los PSE a la dieta HC inhibe la progresién de las lesiones
aterosclerédticas existentes™. Asi, nuestros resultados respaldan un efecto benéfico del
consumo de PSE en la progresiéon de la aterosclerosis y demuestran la modulacién de la

expresion adrtica de LPR5 por parte de los niveles de colesterol en suero.

Los niveles de expresidn adrtica de Lrp5 aumentan en los ratones Wt HC con grandes lesiones
aterosclerdticas y disminuye tras el consumo de PSE en ratones con lesiones ateroscleréticas de
menor tamafio. Ademas, existe una correlacidn positiva entre el tamano del drea cubierta por

lipidos y la expresion génica de Lrp5 en la aorta de ratones Wt HC que no se observa en los
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ratones Lrp5'/’. Tras el consumo de los PSE, se observa una correlacidon entre los niveles de
colesterol no-HDL y las lesiones adrticas de los ratones Wt, y la correlacion entre los niveles de
colesterol no-HDL v los niveles de expresién de Lrp5 en la aorta de los ratones Wt observada
con la dieta HC continua siendo significativa. Estos resultados sugieren que la expresiéon de Lrp5

en la pared vascular esta modulada por los niveles de lipidos en plasma.

En resumen, este trabajo describe la implicacion de LRP5 en diferentes procesos celulares
claves durante la formacién de la lesidon, como son la infiltracion y diferenciacién de las células
monociticas, la adhesién y migracién celular y la captacién de lipidos. Ademas, demostramos
gue la ausencia de este receptor durante la hipercolesterolemia ocasiona una deficiencia en la
respuesta inflamatoria y en el metabolismo de las lipoproteinas a nivel sistémico. En conjunto,
nuestros resultados demuestran la participacion de LRP5 en el desarrollo de la lesidon
aterosclerdtica y evidencian un papel ateroprotector y de supervivencia para LRP5 y la via

candnica de sefalizacién por Wnt.
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Los macréfagos deficientes para LRP5 presentan una menor acumulacion intracelular de
lipidos y una capacidad migratoria reducida.

La sobreexpresion de LRP5 en monocitos activa la maquinaria de apoptosis y disminuye su
capacidad de proliferacion y diferenciaciéon a macrofagos debido al secuestro de B-CATENINA
en la membrana celular.

Un incremento de los lipidos extracelulares provoca un incremento en la expresién celular
de LRP5 y la activacion de la via candnica de sefializacién por Wnt en cultivos primarios de
macroéfagos humanos y en la aorta de ratones alimentados con una dieta HC.

Ratones deficientes para Lrp5 alimentados con una dieta HC presentan mayores niveles de
colesterol en plasma, mayor acumulacion de lipidos en las aortas y mayor expresién de
proteinas pro-inflamatorias en leucocitos circulantes en comparacién con los ratones WT HC,
sugiriendo un rol anti-inflamatorio y protector para LRP5 durante la progresién de la lesidn
aterosclerotica.

La deficiencia de Lrp5 impide la activacién de la via candnica de sefializacién por Wnt en
respuesta a la dieta HC, ocasionando el aumento de la infiltracion de lipidos y monocitos en
la pared vascular e incrementando la inflamacion sistémica.

LRP5 y la via de sefializacién por Wnt tienen un papel anti-inflamatorio durante la progresion
de la lesidn aterosclerdtica ya que ratones Wt con elevados niveles de colesterol en sangre
presentan una mayor expresion de LRP5 y proteinas de la via de sefializacion por Wnt en
leucocitos circulantes y una menor expresion de citoquinas inflamatorias en comparacion
con los ratones Lrp5‘/’ HC.

La adicién de los PSE a la dieta HC disminuye la formacién de lesiones ateroscleréticas
mediante la reduccion de los niveles de colesterol en suero, la reduccién de CE en las aortas
de los ratones y la secrecidn en sangre de citoquinas anti-inflamatorias.

LRP5 y la via candnica de sefalizacion por Wnt son protectores contra el desarrollo de

lesiones aterosclerdticas.
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ARTICLE INFO ABSTRACT

Keywords: Cardiovascular diseases (CVD) remain a leading cause of death worldwide. In the past years new biomarkers
cardiovascular disease have drawn the clinician’s attention for their use in primary prevention and in the identification of individuals
biomarker at cardiovascular risk. Biomarkers also provide information on the progression and possible recurrence of cardio-
"_Tl-lfﬂgﬂfdlﬂl infarction vascular events, and include inflammatory marlkers (C-reactive protein and interleukin-18), endothelial dysfunc-
risk factor

tion markers (intercellular adhesion molecule-1 and vascular cell adhesion molecule-1), neurchormonal
markers (brain natriuretic peptide and copeptine), ischemia biomarkers (apolipoprotein J) and necrosis markers
(troponins). Although biomarkers provide utility for predicting cardiovascular risk, the identification and
characterization of new biomarkers to achieve increasing diagnosis and prognostic efficiency in CVD prevention
is of high clinical interest. In this review we will discuss on recently discovered biomarkers and their clinical

atherosclerosis

applications.

© 2012 Elsevier Ltd. All rights reserved.

Introduction

Cardiovascular diseases (CVD) are the leading cause of death in
industrialized countries [1]. Effective primary prevention relies on the
accurate identification of individuals at risk of developing heart disease
|2]. Traditional risk factors including age, gender, dyslipemia, hyperten-
sion, diabetes and smoking are useful, but the identification of new
cardiovascular risk factors to improve our understanding of disease
biology and clinical disease manifestation as well as therapeutic efficacy
are still needed.

Biomarkers are analytical tools used to assess biological parameters.
An NIH working group standardized the definition of a biomarker as “a
characteristic that is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention” [3]. Biomarkers are currently
used to identify high-risk individuals, to diagnose disease conditions
promptly and accurately, and to effectively prognosticate and treat
patients with disease [4]. It is of clinical value only if it is accurate,
reproducible in a standardized manner, adequate to the patient, easy
to interpret by clinicians and has high specificity and sensitivity for
the parameter it is expected to identify [5].

Atherosclerosis, myocardial infarction and other CVD have complex
progression so it is simplistic to assume that a group of biomarkers can
determine the inter-individual variation and susceptibility to develop a
certain disease manifestation. Scientific approaches should involve the

* Corresponding author at: Cardiovascular Research Center, C/Sant Antoni Maria
Claret 167, 08025 Barcelona, Spain. Tel.: + 34 935565880; fax: + 34 935565559,
E-mail address: Ibadimon@csic-iccc.org (L. Badimon).

0049-3848/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.thromres.2012.08,262

analysis of multiple biomarkers that cover different aspects of the phys-
iopathological processes associated to disease progression.

In this review we will describe cardiovascular biomarkers already
implemented in clinical diagnosis and novel biomarkers that are under
evaluation for future medical applications. We will also describe the
different contributions of each biomarker to the progression of CVD.

Cardiovascular Disease Biomarkers

Several biomarkers have been highlighted for their ability to predict
cardiovascular events. These include inflammation, endothelial dys-
function, neurohormonal activation, ischemia biomarkers and necrosis
biomarkers (Table 1).

Inflammation and Endothelial Dysfunction biomarkers

Atherosclerosis is usually initiated by endothelium damage that
releases soluble forms of cellular adhesion molecules. These proteins
are accepted as markers of endothelial dysfunction and vascular disease
|5]. Indeed, trans-endothelial migration of leukocytes is regulated by
soluble cell adhesion molecules including intercellular adhesion
molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1) and
E-selectin. When endothelial cells are activated by pro-inflammatory
stimuli such as bacterial endotoxins, interleukin 1b (Il-1b), tumour
necrosis factor-a (TNF-at), C reactive protein (CRP), oxidized low-
density lipoproteins (LDL) or hemodynamic forces related to blood
flow, adhesion molecule expression is increased. Therefore adhesion
molecules are considered early systemic inflammation and endothelial
cell activation markers [5].
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Other molecules including soluble CD40 ligand (sCD40L),
interleukin-18 (IlI-18), monocyte chemotactic protein-1 (MCP1),
fibrinogen and CRP are inflammatory biomarkers that result in
endothelial activation [1]. sCD40L belongs to the TNFo family and
is involved in the pathogenesis of atherosclerosis through its inflamma-
tory and pro-thrombotic properties [1,6]. IL-18 is highly expressed in
atherosclerotic plaques when compared to healthy arteries and high
serum levels are found in individuals who have suffered a myocardial
infarction or unstable angina episode [7]. MCP1 promotes plaque insta-
bility by recruiting monocytes to sites of inflammation [8]. Fibrinogen is
related to atherosclerosis and thrombosis by its participation in the
coagulation cascade where it increases blood viscosity, promotes
platelet aggregation and stimulates smooth muscle cells migration
[1,9]. High CRP plasmatic levels are associated to risk of stroke, angina
and myocardial infarction and are predictors of atherosclerosis and vas-
cular death [10]. Besides acting as an inflammation biomarker, CRP is
also a vascular disease mediator as it can alter endothelial cells pheno-
type contributing to lesion formation, plaque rupture and coronary
thrombosis [1]. A monomeric form of CRP displays a pro-thrombotic
phenotype enhancing not only platelet deposition, but also thrombus
growth; however, it is mainly attached to vascular components [11].

Myeloperoxidase (MPO) has emerged as a potential participant in
the promotion and/or propagation of atherosclerosis and other CVD
[12]. It is an enzyme present in activated neutrophils, monocytes and
tissue macrophages that catalyzes the formation of reactive oxygen
species (ROS). MPO and ROS are abundant in human atherosclerotic
plaques [13] and show increased expression levels in the infarct area
after an acute myocardial infarction (AMI) [14]. High plasmatic MPO
levels predict endothelial dysfunction and coronary artery disease [15]
while low plasmatic levels and certain specific MPO polymorphisms
have been described as cardioprotective [16].

The molecular and cellular features associated with vulnerable
plaques are considered potential diagnostic markers for plaque rupture
and for the identification of patients at risk. The Athero-Express vascu-
lar bio-bank has been used to prospectively study atherosclerotic
plaque in relation to future local and systemic vascular outcomes. This
proteomic search of atherosclerotic plaque-derived biomarkers has
identified osteopontin (OPN) as a potential plaque biomarker. High
plasma levels of OPN strongly predict the risk of a new vascular compli-
cation [17].

There is an increasing interest on the role of free fatty acids (FFA)
on early steps of atherogenesis and their implications on the preven-
tion and treatment of CVD. FFA can increase the generation of ROS by
the production of cytokines in mononuclear cells. They can also in-
duce the activation of pro-inflammatory NF-xB pathways in human

Table 1
Traditional risk factors and biomarkers in CVD.

Traditional risk factors Known and Novel Biomarkers

Modifiables Non Inflammation Neurohormonal Ischemia Necrosis

modifiables and activation
Endothelial
Dysfunction
Dyslipemia Age ICAM-1 BNP FFA cTnT

Hypertension Gender VCAM-1 NT-proBNP IMA cTnl
Diabetes Family E-selectin ADM Apo]
Smoking History CRP MR-proADM
Obesity sCD40L Copeptin
Physical IL-18
Inactivity MCP-1

Fibrinogen

MPO

ROS

OPN

FFA
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endothelial cells [18]. To prove the clinical relevance of FFA a group
of healthy subjects received a 48-hour infusion of low-dose lipid to
increase plasma FFA to levels of obesity and diabetes. Plasmatic levels
of endothelial activation biomarkers (ICAM and VCAM), systemic in-
flammation biomarkers (MPO) and thrombosis biomarkers (total
plasminogen inhibitor-1 -tPAI-1-) were increased providing direct
evidence in humans that mild short-term lipid-oversupply is suffi-
cient to initiate early vascular abnormalities that may lead to athero-
sclerosis and CVD [5].

Neurohormonal activation biomarkers

Activation of neurohormonal pathways is essential for homeosta-
sis in the normal heart, In acute heart failure these systems have ben-
eficial effects but in chronic heart failure their activation produces
deleterious effects by increasing the load on the left ventricle and pro-
moting structural remodelling. Interventions that have favourable he-
modynamic but unfavourable neurohormonal effects can actually
exacerbate cardiac disease and may increase cardiovascular morbidi-
ty and mortality. As neurohormonal activation appears to parallel the
severity of heart failure, an understanding of neurohormonal activa-
tion and its interaction with hemodynamic factors is essential for op-
timizing pharmacologic therapies for CVD [19].

Elevated levels of B-type natriuretic peptide (BNP) are associated
with adverse clinical outcomes in acute coronary syndrome [20] and
in coronary heart disease (CHD) [21]. BNP is released from
cardiomyocytes in response to high arterial pressure or cardiac dilata-
tion [1]. Recent experiments have shown that bedside BNP measure-
ment enhances the prediction of cardiovascular risk at 10 months,
independently of any traditional echocardiography assessment of
dysfunction, suggesting that BNP should be measured in addition to
echocardiography for accurate prognosis [20].

The biological activity of adrenomedullin (ADM) in the cardiovas-
cular system is similar to that of BNP causing vasodilatation and hy-
potension with activation effects on platelet cAMP production [22].
Plasma ADM is elevated in CHD and after AMI. The ADM precursor,
MR-proADM may represent a clinically useful marker of prognosis
after AMI as it is a powerful predictor of adverse outcome, especially
in those subjects with elevated NT-proBNP (BNP precursor) [23].

Copeptin is the C-terminal fragment of the vasopressin precursor
hormone with a longer half-life in circulation which makes it easier to
measure [24]. Copeptin is a prognostic biomarker as its levels are
peaked early after AMI and are associated with the incidence of death
or heart failure during follow-up [24]. When used together with cardiac
troponin, copeptin may improve the sensitivity for diagnosing AMI [25].
Copeptin is also a good marker of neurohormonal stress, making it
useful in risk stratification in sepsis and other diseases and hence is
not specific to the cardiovascular system [26].

Biomarkers of Ischemia

One of the most important challenges in the diagnosis of an acute
ischemic event is the identification of biomarkers that will allow the
early detection of the ischemic process before an irreversible injury
occurs [27]. Serum levels of FFA increase after ischemia as a result
of an increased adipose tissue lipolysis and of a decrease in fatty
acid consumption. Therefore, the measurement of FFA serum levels
has been proposed for early detection of cardiac injury as its change
is previous to that of necrosis biomarkers [28,29].

Serum albumin from patients with myocardial ischemia exhibit
low metal-binding capacity for cobalt than albumin from healthy sub-
jects [30]. However, increased ischemia-modified albumin (IMA)
levels have also been found in relation to non-cardiac ischemic pro-
cesses [31] making IMA measurement in need of further studies.

Recently, a proteomic approach has detected changes in the serum
profile of Apolipoprotein ] (Apo J) in patients in the early phase
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post-AMI. Apo] is an HDL-related glycoprotein with anti-inflammatory
properties that has less glycosylated serum isoforms after an ischemic
process [32].

Cardiac necrosis biomarkers

The measurement of the cardiac troponins, cardiac troponin T and
cardiac troponin I, is the current diagnostic reference standard for
myocardial necrosis. Troponins have myocardial tissue specificity and
sensitivity as well as a demonstrated capacity for therapeutic decision
making [24]. Troponins are released from cardiomyocytes following
irreversible myocardial damage. The acute release of cardiac troponins
is considered to mirror cardiomyocyte death, while a sustained increase
in its plasmatic levels is related to the initiation of ventricular
remodelling [33]. The sensitive nature of troponins have revealed that
myocardial necrosis is found in AMI and in a range of other clinical
situations, highlighting the need to use all other clinical information
available (BNP, echocardiography etc) for diagnosis of AMI [34].

Traditional Risk Factor vs Biomarkers

There are conflicting results regarding how much information
biomarkers add to the information provided by traditional risk factors
in cardiovascular risk assessment. For instance, studies with the bio-
markers CRP [10], MPO [13], BNP [20] or MR-proADM [23] have con-
cluded that the biomarker aids to risk prediction; however, other
reports maintain that the contribution of biomarkers to increase the
information obtained with traditional risk factors is little (reviewed in
[35]). Several factors can influence the outcome predicted by a biomarker
including the population studied. While high-risk populations often yield
favourable estimates of biomarkers performance, low-to-intermediate
risk populations usually show conflicting data [36].

There is an increasing interest on the investigation of circulating bio-
markers of cardiovascular risk in adults and their association with
established traditional risk factors in metabolic syndrome progression.
Indeed, increased levels of angiogenic plasmatic biomarkers (vascular
endothelial growth factor and placental growth factor), inflammation
biomarkers (CRP and NT-proBNP) and necrosis biomarkers (TnT) mir-
ror the pathophysiological changes occurring in the cardiovascular sys-
tem in metabolic syndrome [37].

Other studies analyze the associations between traditional risk
factors and relevant biomarkers to enrich and improve cardiovascular
risk prediction models. An example is the contribution of two tradi-
tional risk factors (abdominal obesity and physical inactivity) to the
circulating levels of inflammation biomarkers in CHD [38]. Inflamma-
tory biomarkers including CRP, adiponectin, secretory phospholipase
A2 (sPLA2) and fibrinogen were shown to be linearly associated with
increasing waist circumference and physical inactivity while lipopro-
tein phospholipase A2 and MPO were not. Furthermore, only CRP,
MPO, sPLA2 and fibrinogen were associated with an increased CHD
risk, showing that the association between abdominal obesity and
CHD risk and physical inactivity and CHD risk cannot be explained
by concomitant variation in inflammatory biomarkers. Moreover,
several inflammatory biomarkers contribute to an increased CHD
independently of the two traditional risk factors [38].

In conclusion, although biomarkers provide utility for predicting
cardiovascular risk, the hope that existed a few years ago that new
biomarkers would vastly improve cardiovascular risk prevention has
still not materialized. The current challenge is to find new biomarkers
that alone or in combination with pre-existing biomarkers, can improve
risk evaluation processes with significant statistic and clinical out-
comes. A better understanding of the information flux in pathological
situations will increase the opportunity of interventions that limit
CVD impact.
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