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ABREVIATURAS

APTC: angioplastia percutanea transluminal coronaria

apoE: apolipoproteina E

apoE-KO: raton deficiente en apo 'E

CE: célula endotelial

CDK : quinasa dependiente de ciclina (“Cyclin-Dependent Kinase”)

CKI: inhibidor de CDK (“Cyclin-dependent Kinase Inhibitor”)

CMLYV: célula de musculo liso vascular

ERK: quinasa regulada por sefiales extracelulares (Extracellular signal-
Regulated Kinase)
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LDL: lipoproteina de baja densidad (“Low-Density Lipoprotein”)

MAPK: quinasa activada por mitdgenos (“Mitogen-Activated Protein

Kinase™)

MEFs: fibroblastos embrionarios murinos primarios

MEK: quinasa de la quinasa regulada por mitégenos (“MAPK kinase”)

P27S10A: ratén “knock-in” con la Serina 10 de p27"*" mutada a Alanina

p27T187A: ratén “knock-in” con la Treonina 187 de p27"?' mutada a

Alanina

p27T187-P: p27**' fosforilado en el residuo Treonina 187

PDGEF: factor de crecimiento derivado de plaquetas (“Platelet Derived-

Growth Factor”)

Rb: retinoblastoma

RLDL: receptor de lipoproteina de baja densidad

$10: serina 10

T157: treonina 157

T187: treonina 187

TMO: transplante de médula 6sea

VLDL: lipoproteina de muy baja densidad (“Very Low-Density

Lipoprotein”)
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Capitulo 1: Introduccion

1. Ciclo Celular en Mamiferos

La regulacion del ciclo celular, proceso por el cual una célula se duplica y
da lugar a dos células hijas, es un aspecto esencial durante todas las fases
de desarrollo de los animales, desde el estadio de zigoto hasta el
desarrollo postnatal. El ciclo celular se ha dividido arbitrariamente en 5
fases (figura 1):

e Gl: es la fase inicial del ciclo durante la cual la célula se prepara
para duplicarse.

e S:esla fase de replicacion (sintesis) del ADN.

e G2: es la fase en la que se comprueba que la duplicaciéon del
material genético ha sido correcta antes de pasar a la fase
siguiente. Si hay errores importantes que no pueden corregirse,
la célula inicia el proceso de muerte celular por apoptosis.

e M: es la fase de mitosis que da lugar a las dos células hijas.

e GO: es la fase adicional del ciclo celular en la que la célula se
encuentra en un estado de reposo. Si no ha iniciado la
replicaciéon del ADN, la célula puede “detenerse” en Gl y
permanecer en estado de reposo durante dfas, semanas o
incluso afios si no recibe estimulos mitogénicos.

El control del ciclo celular esta regulado por la accién de al menos
tres familias de protefnas altamente especializadas: las ciclinas, las
proteinas quinasas dependientes de ciclinas (CDKSs, de cyclin-dependent
protein kinases), y las CKls, proteinas que actian como inhibidores de

CDK:s.

Las ciclinas, llamadas asi porque sufren un ciclo de sintesis y
degradacion en el transcurso de cada division celular, (Evans et al., 1983;
Pines, 1995) se unen a las CDKs y controlan su capacidad para fosforilar
las proteinas dianas. Pueden clasificarse en:

Ciclinas mitéticas (ciclina A y ciclina B) que se unen a CDKSs durante
las fases S, G2 y M temprana y son necesarias para entrar en mitosis.

Ciclinas G1 (ciclina D1, D2 y D3 y ciclina E1 y E2), que se unen a
CDK durante G1 y son necesarias para entrar en la fase S.

Las CDKs son las quinasas que se activan mediante la unién a
ciclinas. Los complejos CDK/ciclina activados fosforilan proteinas en
residuos de serinas y treoninas, permitiendo asi la progresion del ciclo
celular. En la mayoria de las células de mamiferos se expresan al menos 5

CDKs: CDK1, CDK2, CDK3, CDK4 y CDKG6.



Las CKIs son proteinas que se unen a las CDKs regulando
negativamente su actividad. En funcién de su estructura y funcion, las
CKIs se clasifican en dos familias: a) La familia INK (p15™*, p16™*
pl18™ vy p19"™) " caracterizada por tener multiples repeticiones de
dominios ankirinas y por inhibir especificamente las quinasas CDK4 y
CDKG6; y b) La familia CIP/KIP (p21©PV/WAR " 57Kl 55782
caracterizada por tener un amplio espectro de inhibicién, aunque son
mas activas contra la quinasa CKD2 que contra las quinasas CDK4 y
CDKI1. Tienen un dominio comun aminoterminal inhibidor de
CDK/ciclina, y un dominio carboxiterminal divergente, tanto estructural
como funcionalmente.
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Figura 1: Proteinas implicadas en el control del ciclo celular en
mamiferos. A) La progresion a través de G1/S esta controlada de modo
secuencial por la activaciéon ordenada de distintos complejos ciclina-CDK. La
estimulacién por mitégenos activa los holoenzimas ciclina D-CDK4/6 y ciclina
E-CDK2, los cuales provocan la hiperfosforilacion de la proteina Rb y la
liberacion del factor de transcripcion E2F, el cual permite la transcripcion de
genes necesarios para la progresion del ciclo. Entre estos, se induce la
expresion de la ciclina A, que al interaccionar con CDK2 permite la progresion
a través de la fase S de sintesis de ADN. Mais tarde, durante la fase G2, la
ciclina A forma complejo con CDKI1. Durante la fase M actia el holoenzima
formado por ciclina B1-CDK1. B) Existen dos familias de inhibidores de
CDKs, la INK y la CIP/KIP.
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Durante G1 los mitégenos inducen la expresion de ciclinas de tipo D
que se unen a las quinasas CDK4 y CDKG6 (Sherr, 1993). Estos
holoenzimas secuestran CKls, disminuyendo asi los niveles de inhibidor
libre, y fosforilan la proteina del retinoblastoma (Rb) y proteinas
“pocket” relacionadas (p107 y p130), provocando su inactivaciéon. Se
libera entonces el factor de transcripcion E2F, permitiendo asi la
activacion de genes necesarios para la entrada en fase S, como son la
ciclina E y la ciclina A. Una vez terminada la fase M, las células entran
nuevamente en G1, disminuyen los niveles de los holoenzimas ciclina-
CDK, se defosforila y activa la proteina Rb, que interacciona e inactiva
E2F hasta la llegada de nueva fuente mitogénica y comienzo de un nuevo
ciclo de division celular.

Actualmente, el modelo tradicionalmente aceptado de que la mayoria
de las ciclinas y CDK son esenciales para la proliferaciéon celular esta
siendo replanteado en mamiferos a consecuencia de los ultimos
descubrimientos obtenidos del analisis de ratones modificados
genéticamente para ciclinas, CDK y CKls. Inesperadamente, la mayoria
de los holoenzimas ciclina-CDK son dispensables para la proliferacion
celular, debido a un elevado nivel de redundancia funcional,
promiscuidad y/o mecanismos compensatorios. Brevemente, la mayoria
de los tejidos embrionarios no requieren la actividad de complejos ciclina
D-CDK4/6. Ademas, se ha demostrado que la CDK2 es dispensable
para la proliferacion y desarrollo somatico, aunque es esencial en meiosis.
La ciclina E es dispensable para si no todo, la mayoria del desarrollo
embrionario, aunque sigue siendo requerida para la funcién placental.
Muy recientemente, Santamarfa y Ortega han revisado con detalle el
efecto de la manipulaciéon de genes de ciclo celular en el raton
(Santamaria and Ortega, 2000).

Por su relevancia para los estudios desarrollados en esta Tesis
Doctoral, en los siguientes apartados se discute el papel de la CKI p27~F"
y del gen supresor de tumores p53 en el control del ciclo celular.



1.1 Papel de p27""! en el control del ciclo celular.

Los niveles de p27""! se encuentran normalmente elevados durante la
fase GO/G1 y disminuyen rapidamente por accion de mitdgenos,
permitiendo que las células entren en la fase S. Entre los factores
mitogénicos destacan ciertas hormonas y los factores de crecimiento. Por
el contrario, existen sefales fisiopatologicas que provocan la quiescencia
celular aumentando los niveles de p27"*!, como por ejemplo el factor de
crecimiento tumoral B (TGFEP), bajos niveles de suero, interleuquina-10,

interferény y diversas drogas citostaticas.

Regulacion de p27Kipl.

La abundancia de })27Kip1 esta controlada por multiples mecanismos, a
saber: a) inactivaciéon por interacciéon con otras proteinas (Sherr and
Roberts, 1999); b) mecanismos transcripcionales (Servant et al., 2000); c)
mecanismos traduccionales (Hengst and Reed, 1996; Millard et al., 1997;
Miskimins et al., 2001); y d) proteolisis.

Se ha demostrado que las rutas que regulan p27"?! por debajo de la
cascada de sefializacion de Ras son diferentes en las distintas fases del
ciclo celular (Sa and Stacey, 2004). Por un lado, inhibidores de la quinasa
quinasa activada por mitégeno (MEK) y de la fosfato inositol 3 quinasa
(PI3K), inducen la expresiéon de p27™P' en la fase G1. Por otra parte,
inhibidores de la actividad de la proteina quinasa B (PKB o AKT)
inducen la acumulacién de p27"®' en la fase S. Estas observaciones
proporcionan una conexiéon molecular entre vias de transduccion de
sefiales y control de ciclo celular mediado por p27™F".

Se han descrito tres mecanismos de proteolisis de p27™' que ocurren
secuencialmente durante la progresion del ciclo celular (figura 2): a)
degradacion en el citoplasma durante G1 (Malek et al, 2001); b)
degradacién en el nicleo durante la transicion G1/S (Pagano et al.,
1995); vy ¢) degradacion en el estado de quiescencia (Besson et al., 20006).

En cultivos celulares mantenidos en ausencia de suero, p27""" es
fosforilado en la serina 10 (S10) en la fase GO/G1 temprana por accion
de la quinasa Mirk/dyrk1B (Deng et al, 2004). Esta fosforilacién
conduce a una estabilizaciéon de la proteina fosforilada, que se mantiene
en el nicleo en GO. En presencia de mitégenos, la quinasa hKIS (de
human kinase interacting stathmin) fosforila a p27"F" en la S10,
exportandose entonces p27~?! fosforilado al citoplasma (Boehm et al.,
2002). Se ha demostrado que en este proceso participan los complejos
CRM1 (Connor et al, 2003; Ishida et al, 2002) y COP9
signalosoma/Jabl (CSN5). Se ha postulado que Jabl actuatia como un
adaptador entre p27""' y CMR1 para inducir el exporte al citoplasma
(Tomoda et al., 2002; Tomoda et al., 1999). Muy recientemente se ha



Capitulo 1: Introduccion

demostrado que Jab1 requiere de la interaccion directa con la proteina p8
para inducir la translocacion de p27"F' al citoplasma (Malicet et al.,
2006). Una vez translocada, al citoplasma, p27""' se ubiquitina por
accion del complejo KPC (de “Kip1 ubiquitilation-promoting complex”)
y se degradada en el proteasoma (Kamura et al., 2004).

Estudios recientes han arrojado controversia sobre el papel de la
fosforilacion de S10 para el transporte de p27°*' del nuicleo al
citoplasma. Asi, analizando el ratén “knock-in” en el que la S10 de
p27"?! se ha mutado a alanina (ratén p27S10A), Kotake y colaboradores
demostraron que la fosforilacion en S10 era efectivamente importante
para la estabilidad de la proteina en GO, pero no para su salida al
citoplasma (Kotake et al., 2005). Por el contrario, Besson vy
colaboradores han mostrado recientemente que la mutacién a alanina en
este residuo impide el transporte de p27™?" al citoplasma (Besson et al.,
2000).

3
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Figura 2: Mecanismos de proteolisis de p27""' en el citoplasma durante la
fase G1 y en el nucleo durante la transicion G1/S. La fosforilacion en S10
representa aproximadamente el 70% de p27"*" fosforilado. En GO, la fosforilacién
en S10 por accién de MIRK mantiene a p27**" en el nicleo. En presencia de
mitégenos hKIS fosforila a p27*"" en la S10 y, con la participacién de CMR1 y
Jabl, se transporta al citoplasma, se ubiquitina por el complejo promovedor de
ubiquitinacién Kip-1 (KPC) y se degrada en el proteasoma. El descenso en los
niveles de p27"*" permite la activacion de ciclina E-CDK2. En el nucleo, los
complejos ciclina E-CDK2 activos fosforilan pZ7KilDl en T187, provocando su
ubiquitinacién por el complejo SCF** y la protefna adaptadora Cksl, y su
subsiguiente degradacion en el proteasoma. La fosforilacién de p27™*" en el residuo
T157 por accién de PKB/AKT impide su re-entrada al nicleo.
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El segundo mecanismo proteolitico de degradacion de p27°F' es el
mas estudiado y es dependiente de la fosforilaciéon del residuo treonina
en posicion 187 (T187) y de la proteina Skp2. En el ntcleo, el complejo
ciclina E-CDK2 activado fosforila a p27™?! en T187 (Montagnoli et al.,
1999; Morisaki et al., 1997; Sheaff et al., 1997; Vlach et al., 1997), de
modo que la proteina queda marcada para ser ubiquitinada y degradada
por la ruta del proteasoma (Pagano et al., 1995). La ubiquitinacién esta
mediada por el complejo SCFP* formado por las subunidades Cul-1,
Skpl, Rbx1 y Skp2 (Carrano et al, 1999; Montagnoli et al., 1999;
Nakayama et al., 2004; Nakayama et al.,, 2001; Tsvetkov et al., 1999).
Ademas, se ha demostrado la participacion de la proteina accesoria Cksl
(Ganoth et al.,, 2001; Spruck et al., 2001) que actuaria como puente entre
p27"?! fosforilado, Skp2 y CDK2 (Hao et al., 2005; Ungermannova et al.,
2005). Ademis se ha demostrado que la ubiquitinacién de p27°F'
requiere la interaccion fisica con la ciclina E y reconocimiento de T187

fosforilado por SCF** (Ungermannova et al., 2005) (figura 3).

Figura 3: Interacciones propuestas para la proteolisis nuclear de p27<"'.
Interacciones proteicas del complejo E3 6 SCF™ (formado por Skp2, Skpl,
Cul-1, Rbx1) con Cksl, pZ7KiP1 y ciclina E-CDK2. El contacto directo de
p27"?! y la ciclina E, una vez el holoenzima ha fosforilado el residuo T187 de
p27""" s necesario para que el complejo SCF** ubiquitine a p27""'. Este
complejo precisa del adaptador Cksl, el cual interacciona con Skp2 y con la
subunidad quinasa del holoenzima ciclina E-CDK2. Este complejo interacciona
con el enzima E2-Cdc34 y éste a su vez con el enzima E1 de la maquinaria de
ubiquitinacion. Modelo segin (Ungermannova et al., 2005).

La treonina 157 (T157) también juega un papel importante en la
regulacion de p27™P'. Este residuo es fosforilado en el citoplasma por
accion de la proteina quinasa B (PKB/AKT), de manera que se impide la

interaccién de p27™P' con la importina @ y su transporte del citoplasma

al nucleo (Liang et al., 2002; Shin et al., 2005).
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Recientemente se ha demostrado la existencia de una tercera ruta de
degradacion proteolitica de p27"*" dependiente de ubiquitinacién en el
estado quiescente de las células. Esta via depende de la fosforilaciéon en
S10 y de la interaccién de p27°" con los complejos ciclina-CDK (Besson
et al., 2000).

Raton “knock in” p27T187A

Con el fin de estudiar el papel que juega la fosforilacion de p27~P' en
T187 in vivo, Malek y colaboradores generaron un ratén “knock-in” en el
que el gen p27*" endégeno se reemplazé por un mutante en el que la
T187 se substituyo por alanina (raton p27T187A) (Malek et al., 2001). El
analisis de estos ratones permiti6é postular el mecanismo de proteolisis de
p27"P! en la fase G1 del ciclo celular que ocurre en el citoplasma (ver
apartado anterior). Si bien el analisis por Western blot demostré niveles
similares de p27"P" al comparar diversos tejidos, en cultivos primarios
de fibroblastos embrionarios (MEFs) se observéd que las células que
expresaban el mutante T187A no regulaban a la baja los niveles de
p27P! durante la transicion S/G2 del mismo modo que lo hacian las
células con p27~P! silvestre. La interpretacion de estos resultados es que
la ausencia de fosforilaciéon en T187 bloquea el mecanismo proteolitico
que opera en el nicleo durante la transicion G1/8S, sin verse afectada la
degradaciéon que tiene lugar en el citoplasma durante la fase Gl
temprana.

Sorprendentemente, el efecto de bloquear la fosforilacion de T187
sobre la proliferacion fue dependiente del tipo celular. Asi, experimentos
in vitro demostraron una reducciéon de un 20-30% en la proliferacion de
fibroblastos derivados de ratones p27T187A, mientras que el efecto
inhibidor fue del 80% en células T CD4" esplénicas estimuladas (Malek
et al, 2001). Del mismo modo, experimentos de proliferaciéon de
queratinocitos 7z vivo analizados a los 4.5 dias después de producir
heridas circulares punzantes en la piel, demostraron un retraso en el
cierre de la herida en los ratones p27T187A como consecuencia de una
disminucioén en el crecimiento de las células epiteliales. No obstante, en
un segundo modelo, en el que la cicatrizacién se debe mayormente a una
migracién de células epiteliales, no se observaron diferencias en la
curacién de las heridas producidas por incisién. Recientemente, Kossatz
y colaboradores analizaron el proceso de regeneraciéon hepatica en
ratones p27T187A y deficientes en Spk2 y sugirieron que la capacidad de
p27"P" de parar el ciclo celular estaba limitada a un corto periodo en G1
(Kossatz et al., 2004).

Otro resultado inesperado es que, al igual que el raton deficiente en

p27"P! (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996),



el raton p27T187A presenta mayor peso corporal que el raton silvestre
(Malek et al., 2001). El fenotipo del ratén deficiente en p27*P' se ha
atribuido a la hipertrofia de diversos 6rganos debido a una mayor
actividad proliferativa. En el caso del raton p27T187A, no se ha
demostrado el mecanismo responsable del aumento de su tamafio
corporal.

1.2 Papel de p53 en el control del ciclo celular

Debido en parte a su actividad citostatica, los genes supresores de
tumores son componentes clave de la maquinaria celular de proteccion
frente a procesos cancerosos (Hanahan and Weinberg, 2000). Los
mecanismos que conducen a la inactivacién de supresores tumorales
incluyen procesos mutacionales estocasticos, genéticos y/o epigenéticos.
Entre los genes supresores de tumores, p53 fue el primer regulador
del punto de restriccion del ciclo celular descubierto en humanos. Se
trata de un factor de transcripciéon ubicuo que en condiciones normales
esta latente e inactivo. Su baja concentraciéon esta mantenida por la
ubiquitinacién mediada por MDM2 y su posterior proteolisis (Haupt et
al., 1997; Kubbutat et al., 1997). Sin embargo, cuando la célula se somete
a estrés dafiino (por ej., hipoxia, radiacion ultravioleta, radiacién 7,
agentes quimicos, estrés oncogénico, pérdida de telomeros, etc), p53 se
activa, elevandose sus niveles y bloqueandose su degradacion (figura 4).
La activacion de p53 conduce a un complejo programa de transcripcion
que, dependiendo del tipo celular y contexto en el que se lleva a cabo,
provoca parada del ciclo celular, muerte celular programada,
diferenciacién, senescencia, reparacion del ADN o inhibicién de
angiogénesis (Aloni-Grinstein et al., 1995; Atadja et al., 1995; Dameron
et al., 1994). Estas acciones de p53 responden a una compleja red de
mecanismos regulados, como son: a) activacion transcripcional de genes
pro-apoptéticos y anti-proliferativos (por ej., bax y p21“PVVARL
respectivamente); b) represion transcripcional de genes pro-proliferativos
y anti-apoptoticos (por ej., IGF-II y bcl2, respectivamente); y c)
interacciones con proteinas reguladoras (por ej., helicasas y caspasas).
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Acortamiento Telémeros Radiacion
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Figura 4: p53 y control del ciclo celular. Tras un insulto celular
(por ¢j., pérdida de telomeros, activacion oncogénica, estrés
oxidativo, y radiacion), p53 se activa y, mediante una compleja red
de mecanismos, puede provocar muerte celular por apoptosis o
parada de ciclo celular.

Brevemente los puntos de control y mecanismos por los que p53
regula el ciclo celular son:

Control de fase G1: La diana principal de p53 en esta fase del ciclo
celular es p21Cipl/ WA de modo que la activacién de p53 aumenta los
niveles de ARN mensajero y proteina p21“P"/¥*" T.a acumulacién de
esta CKI inhibe la actividad quinasa de varios complejos ciclina-CDK,
permitiendo la acumulacién de proteina Rb hipofosforilada que provoca
la parada del ciclo celular en G1 (Harper et al.,, 1995). También se ha
demostrado el efecto citostatico de p53 por mecanismos independientes
de p21Cip1/ WAL (Deng et al.,, 1995; Michieli et al.,, 1994). No obstante,
cabe destacar que las células carentes de p21“P/VA4" tienen perturbado el

control en G1 tras dafo en el ADN (Deng et al., 1995).

Control de fase G2/M: p53 puede actuar: a) reprimiendo la transcripcion
de la ciclina B1 (Agarwal et al., 1995; Stewart et al., 1995), cuya expresion
es necesaria para la entrada en fase M (Elledge, 1996; O'Connor, 1997);
b) activando la transcripcion de GADD45, BTG2 y 14-3-30; c)
induciendo la muerte celular programada o apoptosis. Este tipo de
muerte celular se produce de modo natural durante el desarrollo
embrionario y postnatal temprano en multiples tejidos. Su funciéon puede
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ser la eliminacién de células superfluas en un lugar determinado. Sin
embargo, en el organismo adulto la apoptosis se desencadena ante
insultos celulares. Cuando el ADN que va a ser o esta siendo replicado
presenta alteraciones, la apoptosis inducida por p53 u otros mecanismos
evita la generacién y/o propagaciéon de células con material genético
dafiado. Existen evidencias que sugieren que la apoptosis podria
inducirse por p53 tanto por mecanismos dependientes como
independientes de transcripcion. La activacion transcripcional de bax y
Fas/APO1 se ha implicado en la apoptosis inducida por p53 (Miyashita
and Reed, 1995; Owen-Schaub et al., 1995). Por ejemplo, bax se
transloca a la mitocondria y provoca la liberaciéon de citocromo ¢ y
activacion de caspasas (Eskes et al., 1998; Goping et al., 1998). Este
importante aspecto de la funciéon de p53 se revisa con detalle en
(Somasundaram, 2000).

Raton transgénico Super p53

El grupo del Dr. Manuel Serrano gener6 el raton transgénico Saper p53,
el cual presenta una dosis adicional del gen p53 murino (Garcia-Cao et
al., 2002). Cabe destacar que el transgen contiene la regiéon promotora de
p53, de modo que su regulacion es idéntica a la del gen p53 enddgeno.
Experimentos 7z vitro con MEFs provenientes de ratones con una copia
del transgen pero deficientes en p53 enddgeno demostraron la
funcionalidad del transgen Stper p53, tanto en ensayos de expresion de
p21CPVVARL - que estaba aumentada, como en respuesta a dafio en el
ADN vy estrés, que provocé una mayor tasa de apoptosis en ratones
Super p53. La funcionalidad del transgen en respuesta a dafio en el ADN
también fue demostrada 7z zivo. En ambos tipos de experimentos, los
parametros analizados presentaron valores similares a los obtenidos en
ratones con un alelo de p53 inactivado.

El ratén Super p53 muestra un desarrollo normal, es fértil, y envejece
normalmente. Ademads, comparado con el ratén silvestre, presenta
resistencia a desarrollar tumores, tanto espontaneos como provocados
por agentes quimicos. También se ha demostrado que la replicacion del
virus de la estomatitis vesicular esta disminuida en MEFs derivados de
ratones Super p53 como consecuencia de un aumento de apoptosis

(Mufioz-Fontela et al., 2005).

Con estos precedentes, el raton Super p53 parece un modelo
adecuado para estudiar el efecto de aumentar Ia funcion de p53
sobre el desarrollo de arteriosclerosis, uno de los objetivos
perseguidos en esta Tesis Doctoral.
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2. Remodelado vascular patologico: aterosclerosis y lesion
vascular inducida por daino mecanico

Aunque el proceso de arteriosclerosis en circunstancias normales puede
considerarse un proceso protector en respuesta a dafio en el endotelio,
cuando la inflamacion es persistente se convierte en un proceso NOcCivo.
La arteriosclerosis y enfermedades cardiovasculares asociadas (infarto de
miocardio y embolia) son la causa principal de mortalidad y morbilidad
en paises desarrollados (1996; Garcia Almagro et al., 2001; Murray and
Lopez, 1996). El desarrollo de la placa de ateroma es un proceso
multifactorial en el que participan de un modo destacado mecanismos
inmunes adaptativos e innatos (1996; Fuster et al., 1992; Murray and
Lopez, 1996; Ross, 1993). El tipo mas comuin de arteriosclerosis es la
aterosclerosis, caracterizada por la formaciéon de lesiones con un
componente blando lipidico (athers) y un componente duro de naturaleza
tibrosa o calcificada (sclerotic). Estas lesiones ateroscleroticas, que ocurren
principalmente en las arterias elasticas y musculares de calibre grande y
medio, provocan la obstrucciéon progresiva de la luz del vaso afectado y
disminuyen su capacidad de vasodilatacion. En fases avanzadas del
proceso, la rotura de la placa de ateroma puede provocar la formacion de
trombos y, eventualmente, accidentes isquémicos agudos en corazon,
cerebro o extremidades (infarto de miocardio, embolia cerebral, etc).

En la homeostasis, las células de musculo liso vascular (CMLVs)
residentes en la capa media de las arterias elasticas presentan un fenotipo
diferenciado (contractil) con tasas de proliferacion y migraciéon celular
muy bajas. A diferencia del miocito esquelético y cardiaco, una
caracteristica del CMLV maduro es que puede sufrir una modulacion
tenotipica y re-entrar en el ciclo celular en respuesta a varios estimulos
fisiolégicos y/o patolégicos (figura 5). Es en este estado activado, el
CMLYV puede no sélo proliferar, sino también migrar hacia la luz arterial
y sintetizar componentes de matriz extracelular y proteasas que
modifican la matriz, contribuyendo asi a la formaciéon del ateroma

(Campbell and Campbell, 1990; Sjolund et al., 1990).
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Figura 5: Modulacion fenotipica de las células de musculo liso
vascular. En condiciones de homeostasis, las CMLVs en el
individuo adulto se encuentran en un estado diferenciado,
quiescente y estatico, caracterizado por la expresion abundante de
proteinas contractiles y tasas muy reducidas de proliferacion y
migraciéon. En respuesta a diversos estimulos aterogénicos, las
CMLVs maduras sufren un cambio hacia un fenotipo mas sintético
caracterizado por una elevada capacidad proliferativa y migratoria y
abundante produccién de proteinas de matriz extracelular.

2.1 Pared vascular y componentes celulares.

En el organismo adulto, la pared de una arteria sana esta formada por
tres capas. La parte mas externa, denominada adventicia, es la capa de
tejido conectivo formada por abundantes fibras de colageno, fibras
elasticas, numerosos fibroblastos y algunas CMLVs, ademas de por
numerosos vasos (vasa vasorum). La parte central, denominada media, es
una capa muscular formada principalmente por CMLVs y fibras elasticas.
La capa mas interna, denominada intima, esta formada por una
monocapa de células endoteliales (CEs). La lamina elastica interna
separa la intima y la media, y la lamina elastica externa separa la media
y la adventicia.

Células endoteliales. Entre otras funciones, se encargan de: a)
proporcionar una superficie no trombogénica; b) actuar como barrera
permeable a través de la cual existe intercambio y transporte activo de
sustancias entre la sangre y la pared arterial; ) mantener el tono vascular
gracias a la liberacién de sustancias que modulan la vasodilatacion-
vasoconstriccion; d) producir y secretar moléculas reguladoras de

14



Capitulo 1: Introduccion

crecimiento y citoquinas y componentes de la matriz extracelular,
participando en el mantenimiento de la membrana basal; y e)
proporcionar una superficie no adherente para los leucocitos.

Monocitos/Macrofagos. El papel normal de los macréfagos es
actuar no s6lo como molécula presentadora de antigenos a los linfocitos
T, sino también como células “scavenger” para eliminar materiales
nocivos. Ademas, son fuente de moléculas reguladoras de crecimiento y
citoquinas, que en conjunto contribuyen al proceso fibroproliferativo
caracteristico de la arteriosclerosis. Los macrofagos se convierten en
células “espumosas” cuando internalizan lipoproteinas modificadas por
accion de los receptores “scavenger” CD36 y SR-A, ademas de oxidarlas
ellos mismos a través de diferentes rutas. El macrofago esta presente en

todos los estadios de la lesion ateromatosa. (Gown et al., 1986; Jonasson
et al., 19806; Ross, 1980).

Linfocitos T. También presentes en el ateroma. Aunque en menor
medida que los macréfagos y CMLVs, parecen estar relacionados con la
presentacion antigénica a los macréfagos de la placa, con la consiguiente
liberacion de sustancias como lipoproteinas de baja densidad oxidadas.

Células de musculo liso vascular. Durante el desarrollo
embrionario se originan a partir del mesodermo o de la cresta neural
(Schwartz et al., 1990). Se ha demostrado que las CMLVs de arterias con
diferente origen embrionario pueden responder de modo diferente a los
efectores con los cuales tienen contacto, lo que contribuiria a la diferente
susceptibilidad a desarrollar ateroma observada en los diferentes lechos
vasculares (Castro et al, 2003; Hultgarh-Nilsson et al., 1991). La
capacidad de contraccion-relajacion del CMLV en respuesta a
vasomoduladores (vasoconstrictores y vasorelajadores) juega un papel
fundamental en el mantenimiento del tono vascular. De hecho, entre las
alteraciones del CMLV durante la arteriosclerosis destaca su alterada
respuesta a vasomoduladores. Ademas, como se ha indicado
anteriormente, un factor clave en el crecimiento del ateroma es la
excesiva respuesta proliferativa y migratoria del CMLV. Al igual que el
macréfago, el CMLV de la lesién ateromatosa se convierte en célula
“espumosa” al captar lipidos presentes en la matriz extracelular.
Numerosos trabajos demuestran que en el proceso aterogénico se
produce el cambio del CMLV desde el estado contractil al fenotipo
sintético (figura 5).

Plaquetas. Se adhieren al endotelio dafiado y, tras su agregacion y

activacion, liberan una gran cantidad de sustancias que aumentan la
adhesion de monocitos y la proliferaciéon y migraciéon de las CMLVs.
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Tras la ruptura de la placa, las plaquetas son las responsables de la
formacion del trombo.

2.2 Progresion de la placa de ateroma

Desde que en el afio 1973 Ross propusiera la hipotesis de la “respuesta
a dano arterial”, muchos han sido los estudios realizados con el fin de
llegar a comprender el mecanismo por el que una lesién ateromatosa se
inicia y progresa. Hoy en dfa se acepta la hipotesis de la disfuncién
endotelial, propuesta también por Ross en 1993 y que supone que la
aterosclerosis es iniciada por un sutil dafo en las CEs en respuesta a
diversos factores de riesgo cardiovascular, como por ejemplo
hipercolesterolemia, hipertension, tabaquismo, niveles elevados de
homocisteina, inactividad fisica, estrés, edad, sexo (mayor incidencia en
varones comparado con mujeres premenopausicas) y factores genéticos
(Ross, 1993; Ross, 1999).

En la figura 6 se muestra un esquema que reproduce la progresion de
la placa de ateroma. La disfuncion endotelial provoca el incremento en la
adhesion de monocitos/macréfagos y linfocitos T, que migran a través
del endotelio y liberan una plétora de citoquinas y quimioquinas que
estimulan tanto la de-diferenciaciéon como la proliferacién de las CMLVs.
Ademas, el CMLV activado migra desde la media hacia la luz del vaso,
donde sintetiza componentes de matriz extracelular y proteasas capaces
de disminuir la estabilidad de la placa ateromatosa (Ross, 1999). De
modo que el crecimiento y respuesta sintética de las CMLVs y
macrofagos y la acumulacion de lipidos y componentes de matriz
extracelular contribuye al desarrollo del ateroma y la subsiguiente
oclusiéon progresiva del vaso afectado. Cuando se produce la rotura de la
placa y entran en contacto los componentes del centro ateromatoso con
las sangre, se estimula la adhesién y agregacion plaquetaria, formandose
un trombo que puede ocluir por completo la luz. Una placa vulnerable
a la ruptura se caracteriza por presentar una gran cantidad de lipidos,
cubiertos de una cubierta fibrosa delgada, con poco colageno y con alto
componente inflamatorio (Mann and Davies, 1990).
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Figura 6: Desarrollo de la lesiéon ateromatosa. En la parte izquierda de la
figura se representa las tres capas de una arteria sana (adventicia, media e
intima, separadas por la lamina elastica externa e interna). Cuando acontecen
estimulos aterogénicos (hipercolesterolemia, hipertension, diabetes, etc.) se
desencadena la disfuncién endotelial, que conduce a una adhesién y activacion
leucocitaria. Los leucocitos que se acumulan en la neointima liberan citoquinas
que estimulan la entrada de monocitos y su posterior transformaciéon a
macréfagos, que liberan mas citoquinas y chemoquinas. Estas sustancias
promueven la proliferacion celular y la captaciéon de lipidos, formandose las
células espumosas que constituyen la estrfa grasa (ateroma temprano).
Conforme esta lesion inicial va progresando se convierte en lesion intermedia,
en la que las CMLVs procedentes de la media se acumulan, proliferan y captan
lipidos, formando nuevas células espumosas que sintetizan proteinas de matriz
extracelular. Posteriormente se forman las lesiones fibrosas, con ntcleos
necroticos rodeados de una cubierta fibrosa. La sintesis y degradacion de
proteinas de matriz, asi como el espesor de la capa fibrosa son aspectos clave
en la regulacion de la estabilidad de las lesiones. En caso de ser poco fibrosas y
con pocas CMLVs, el ateroma es altamente vulnerable a la rotura.
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2.3 El ratéon deficiente en apolipoproteina E como
modelo experimental de aterosclerosis
El raton silvestre es muy resistente a desarrollar arteriosclerosis, incluso
cuando se le somete durante tiempo prolongado a dietas con un elevado
contenido en colesterol y grasas. Sin embargo, existen diversos modelos
de ratones modificados genéticamente que presentan alta susceptibilidad
a desarrollar arteriosclerosis, como por ejemplo el raton deficiente en el
receptor de las lipoproteinas de baja densidad (RLDL-KO), deficiente en
apolipoproteina E (apoE-KO), y los ratones transgénicos para la
apolipoproteina E3 humana (apoE3*Leiden) o para la apolipoproteina B
humana (apoB). Por ser el ratéon apoE-KO el modelo experimental
empleado en diversos estudios de esta Tesis Doctoral, se describen a
continuacion sus caracteristicas principales.

La apoE es una glicoproteina de aproximadamente 34 Kd sintetizada
mayoritariamente en el higado, tanto en humanos como en ratones,
aunque también se expresa en macréfagos y cerebro. Es un componente
estructural de las lipoproteinas de muy baja densidad (VLDL)
sintetizadas por el higado, y de una subclase de lipoproteinas de alta
densidad (HDL) implicadas en el transporte del colesterol entre células
(Mahley, 1986). La apoE media la unién de alta afinidad de las
lipoproteinas que la contienen con el RLDL, siendo pues la responsable
de la captaciéon celular de esas particulas (Hui et al., 1981). La apoE
también forma parte de los quilomicrones remanentes sintetizados por el
intestino (Driscoll and Getz, 1984). Ademas, se ha descrito que la apoE
es un ligando de receptores relacionados con lipoproteinas de baja
densidad (LDL), como el LRP (LDL-related protein) (Mahley and Ji,
1999), donde apoE juega un papel importante en la unién tanto a la
superficie de lipoproteinas como en la unién a proteoglicanos heparan
sulfato. Entre sus funciones también se ha observado un papel
antioxidante (Miyata and Smith, 1996), anti proliferativo (Ishigami et al.,
1998), en la agregacion plaquetaria (Riddell et al., 1997) y propiedades
inmunomoduladoras (Zhou et al., 1998).

El ratén apoE-KO fue creado independientemente en 1992 por dos
laboratorios (Piedrahita et al., 1992; Plump et al.,, 1992). Son ratones
viables, fértiles y de tamafio similar a los silvestres. Las diferencias
principales estriban en el perfil lipidico y lipoproteico, como se
muestra en la figura 7. Asi, el perfil lipoproteico de los ratones silvestres
se caracteriza por niveles elevados de colesterol en forma de HDL,
mientras que las lipoproteinas con tamano correspondiente a muy baja
densidad, baja o intermedia (VLDL, LDL e IDL respectivamente) se
encuentran en niveles de trazas. Por el contrario, los ratones apoE-KO
presentan una reducciéon muy significativa en los niveles de HDL y un
aumento de los niveles de colesterol asociado a la fraccion VLDL. Los
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niveles de triglicéridos, aunque estadisticamente elevados en ausencia de
apoE, pueden considerarse proximos a los normales.

Colesterol total Colesterol en HDL Triglicéridos
Genotipo (mg/dl) (mg/dl) (mg/dl)
Silvestre 86+ 20 73+28 73+36
Heterocigotos 88+ 22 75+18 102 £ 40
Deficiente 434 + 129 33+15 123 +51
VLDL IDL LDL  HDL
i ir—————1
0.15—
£
f=
(=]
3 0.10-] — Silvestre
[a] — apoE-KO
(o]
0.05-
T T T T T T T T
10 20 30 40

Numero de fraccion

Figura 7: Perfil lipidico y lipoproteico del ratéon deficiente en
apolipoproteina E. En la tabla se representan los niveles de colesterol, el
contenido de colesterol en las HDLs y el nivel de triglicéridos en plasma para
los tres genotipos en estudio (silvestre, heterocigoto y deficiente en apoE)
(media * desviacién estandar). En la grafica se muestra el contenido de
colesterol en las distintas fracciones lipoproteicas obtenidas por cromatografia
para ratones silvestres y apoE-KO. Basicamente la deficiencia en apoE produce
un cambio pro-aterogénico en el perfil lipidico y lipoproteico, permitiendo el
desarrollo de lesiones ateromatosas, incluso de modo espontaneo, con un
fenotipo similar al de la lesiones desarrolladas por humanos. Datos obtenidos
por Zhang y colaboradores (Zhang et al., 1992).

Ademas, el fenotipo de estos ratones es muy parecido al de los
humanos con alteraciones en este gen, presentando hipercolesterolemia,
niveles de triglicéridos similares a los niveles normales, disminucién de
HDL, acumulacién de VLDL y LDL, y acumulacién de apoB. Por todo
ello constituyen un modelo experimental muy adecuado para el estudio
de la aterosclerosis. Del mismo modo, la progresion y la histopatologia
de las lesiones de los ratones deficientes en apoE presentan
caracterfsticas similares a las observadas en humanos, incluyendo la
presencia de estrias grasas, nudcleos necréticos y cubiertas fibrosas
(Nakashima et al., 1994; Plump et al., 1992; Reddick et al., 1994; van Ree
et al., 1994; Zhang et al., 1994; Zhang et al., 1992). Recientemente se ha
demostrado la presencia de lesiones en la arteria braquioencefalica con
caracterfsticas similares a las placas vulnerables de los humanos,
incluyendo la formacién de un nuicleo necrético, erosion de la masas
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necrotica a través de la luz arterial y hemorragia intraplaca (Rosenfeld et
al., 2000).

El ratén apoE-KO  desarrolla  espontaneamente  lesiones
ateroscleréticas cuando se mantiene en dieta control, y este proceso se
acelera al someterlo a dietas ricas en grasa, especialmente si contienen
colato sédico (Nishina et al., 1990). Las primeras lesiones observadas en
un ratén apoE-KO joven alimentado con dieta control se localizan en la
aorta proximal y estan formadas principalmente por monocitos. A las 10
semanas de edad, las lesiones estan formadas por células “espumosas” y
a partir de las 15 semanas de edad encontramos ya las lesiones
intermedias, que se convierten en avanzadas cuando los ratones cumplen
las 20 semanas de edad. En presencia de una dieta tipo Western (por
ejemplo, con un contenido de colesterol del 0,15%) la apariciéon y
desarrollo del ateroma se acelera, y la localizaciéon varfa, apareciendo
lesiones tras 10 semanas en las ramificaciones de la arteria mesentérica
superior, en las arterias renales y en la bifurcacion de la arteria pulmonar.
El tipo de lesién observada a tiempos largos en ambas dietas es similar
(Sehayek et al., 2000). Sin embargo, los ratones heterocigotos con un
solo alelo de apoE inactivado necesitan una dieta rica en grasa y colestrol
para desarrollar placas de ateroma (van Ree et al., 1994; Zhang et al,

1994).

2.4 Lesion mecanica de la pared vascular

La angioplastia percutianea transluminal coronaria (APTC) es una técnica
de revascularizaciéon ampliamente empleadas desde 1977 para el
tratamiento de pacientes con enfermedad coronaria severa (Gruentzig,
1984). El proceso consiste en hacer pasar por el interior de la arteria
ocluida un catéter con un extremo hinchable, con lo que se consigue la
dilatacién de la pared arterial, restableciéndose el flujo sanguineo. Sin
embargo, un 30-40% de pacientes sufre, normalmente dentro de los tres-
doce primeros meses tras la intervencion, un proceso de reoclusion del
vaso denominado reestenosis (Mabin et al., 1985; Phillips-Hughes and
Kandarpa, 1996; Roubin et al, 1988). Actualmente se utilizan
dispositivos que reducen significativamente las tasas de reestenosis,
como son los stent coronarios, con los que la reestenosis es de 10-20%
en los primeros 6 meses tras la intervencion.

Se acepta que la reestenosis es un proceso inflamatorio vascular
similar a la aterosclerosis, que se origina por la lesion mecanica de la
monocapa endotelial. Este fenémeno aparece como consecuencia de la
activacion, de-diferenciacion, proliferacion y migraciéon de las CMLVs
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desde la media hacia la luz del vaso. Utilizando modelos animales se han
realizado numerosos estudios sobre los procesos moleculares y celulares
que ocurren en respuesta al dafilo mecanico arterial provocado tras una
angioplastia. Se acepta que hay una fase inicial de proliferaciéon y
migracioén de las CMLVs que conduce al engrosamiento de la neointima
durante las primeras semanas, seguida del restablecimiento del fenotipo
quiescente en un plazo de tiempo variable dependiendo del modelo,
tipicamente de 2 a 4 semanas (Geary et al., 1996; Groves et al., 1995;
Kohchi et al., 1987; Reis et al., 2000; Roqué et al., 2000). Las lesiones
desarrolladas tras denudacioén en ratones apoE-KO alimentados con una
dieta control estan formadas fundamentalmente por CMLVs (Zhu et al.,
2000), mientras que en ratones alimentados con una dieta grasa se
observa ademas la formaciéon de células espumosas y cristales de
colesterol (Weingartner et al., 2005).

2.5 Importancia de la proliferacién en el desarrollo de la
neointima

Aunque varios estudios en conejos hipetlipidémicos han demostrado una
correlacion inversa entre el tamafio de la lesion ateromatosa y el indice
de proliferacion arterial (McMillan and Stary, 1968; Rosenfeld and Ross,
1990; Spraragen et al., 1962a; Spraragen et al., 1962b), se ha observado
que existe proliferacion celular en la pared arterial en todas las fases de
desarrollo del ateroma (Cortés et al., 2002; Diez-Juan and Andrés, 2001;
Ross, 1993). Tal y como se ha detallado con anterioridad, las CMLV's
juegan un papel importante y critico en la patogénesis de desordenes
proliferativos cardiovasculares como la aterosclerosis, la reestenosis post-
angioplastia, la arteriosclerosis por transplante y la vasculopatia cardiaca.
Se acepta que esta respuesta hiperproliferativa en la pared arterial ocurre
fundamentalmente durante las fases iniciales del proceso aterogénico.
Asi, la expresion de marcadores de proliferacion se ha
documentado en placas ateromatosas humanas y lesiones reestenoticas
(Burrig, 1991; Essed et al., 1983; Gordon et al., 1990; Katsuda et al,,
1993; Kearney et al., 1997; Nobuyoshi et al., 1991; O'Brien et al., 1993;
Orekhov et al., 1998; Rekhter and Gordon, 1995; Tanner et al., 1998;
Veinot et al., 1998; Wei et al., 1997). Sin embargo, existe controversia en
la magnitud de la respuesta hiperplastica, habiéndose descrito tanto
indices de proliferaciéon muy bajos (Gordon et al., 1990; Katsuda et al.,
1993; O'Brien et al., 1993; Rekhter and Gordon, 1995; Veinot et al.,
1998) como elevadas tasas proliferativas (Essed et al., 1983; Kearney et
al., 1997; Nobuyoshi et al., 1991; Pickering et al., 1993). Esta variabilidad

puede explicarse por las diferentes arterias analizadas en los diferentes
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estudios (arterias periféricas, coronarias y carotidas), variabilidad en el
estadio de aterosclerosis en el momento de analizar las muestras, y
aspectos metodoldgicos.

Los tipos celulares que proliferan en el tejido aterosclerético son las
CMLVs, los leucocitos y las CEs (Burrig, 1991; Gordon et al., 1990;
Katsuda et al., 1993; O'Brien et al., 1993; Orekhov et al., 1998; Rekhter
and Gordon, 1995; Veinot et al., 1998). Analisis histolégicos de 20
pacientes sometidos a APTC revelaron que la extensiéon de marcadores
de proliferacion en la lesion era significativamente mayor en tejido con
evidencias de tener roturas en la media o adventicia comparado con
lesiones sin ninguna rotura o solo presente en la intima (Nobuyoshi et
al., 1991). Ademas, en las lesiones examinadas dentro de los 6 meses tras
la angioplastia, las CMLVs proliferantes presentaban el fenotipo
sintético, y se observaba abundante contenido de matriz extracelular
compuesta por proteoglicanos. Cuando se examinaron lesiones entre los
6 meses y los dos afios después de realizar la APTC, el fenotipo de las
CMLVs habia regresado al estado contractil, y la matriz extracelular
estaba compuesta sobre todo por colageno. Después de dos afios tras la
revascularizacion, las lesiones eran practicamente indistinguibles de las
lesiones ateromatosas.

Ademas, también se observé mayor actividad proliferativa en tejido
aterosclerético primario comparado con la zona de la media en muestras
de arteria carétida de pacientes sometidos a endarteroctomia quirtrgica
(Rekhter and Gordon, 1995). En la intima de estas lesiones, el 46% de las
células proliferantes fueron monocitos/macréfagos, frente a un 10% de
CMLVs, 14% de CEs y 13% de linfocitos T. Por el contrario, el tipo
celular proliferante mayoritario en la media fue la CMLV (44%), seguido
de CE (20%), linfocitos T (14%) y monocitos/macréfagos (13%).

También es importante resefiar que la proliferacion celular en arterias
periféricas humanas y arterias coronarias es mayor en lesiones
reestenoticas que en lesiones ateromatosas primarias (O'Brien et al.,
1993; Pickering et al, 1993). Ademas, la capacidad proliferativa de
cultivos de CMLVs obtenidas de lesiones estendticas avanzadas es
menor que la de CMLVs obtenidas de lesiones reestenoticas recientes

(Dartsch et al., 1990).

Podemos pues concluir que, tanto en humanos como en modelos
animales, la proliferacion celular en la pared arterial ocurre
predominantemente al principio de la formaciéon de lesiones
ateromatosas y reestenoticas, declinando progresivamente. Es pues de
gran importancia conocer los mecanismos que controlan la
hiperplasia de la lesién neointima. Dada la complejidad del tema, nos
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centraremos Gnicamente en discutir el papel que juegan p27°<*' y p53 en
este proceso, por ser estas proteinas el objetivo principal de buena parte
de los estudios presentados en esta Tesis Doctoral (trabajo 3 y 4,
respectivamente).

2.5.1 Papel de p27“"*! en la hiperplasia de la neointima

Varios estudios han implicado a la proteina p27*?' en el control del
crecimiento de las CMLVs. Por ejemplo, la regulacion de la respuesta
tenotipica de las CMLVs a factores mitogénicos esta regulada por
p27"P! determinando cuando las células crecen de un modo hipertréfico
o hiperplasico (Braun-Dullaeus et al., 1999; Servant et al., 2000). Ademas,
se ha demostrado que las CMLVs usan mecanismos transcripcionales y
post-traduccionales para regular p27*' dependiendo de los estimulos a
los que se encuentran expuestas (Sedding et al., 2003).

La tabla 1 resume los trabajos que han estudiado el papel de p27™'
en el control de la hiperplasia de la neointima utilizando modelos

animales de aterosclerosis inducida por dieta y denudaciéon mecanica.

p27K1p1 v reestenosis

En 1997 nuestro grupo demostré que la unién de p27**' a2 CDK2 en
cultivos de CMLVs crecidas en ausencia de suero provocaba una
disminucién de su actividad quinasa (Chen et al, 1997). La
sobreexpresion de p27"P' mediante vectores adenovirales reproducia
este efecto, que se acompafiaba de la represiéon del promotor de ciclina
A. En un modelo iz vivo de engrosamiento de la neointima tras
angioplastia por balén en arteria carétida de rata se observo un aumento
progtesivo en los niveles de p27"*', cuyo nivel maximo coincidia con
una disminucién de la actividad CDK2 y el reestablecimiento del
tenotipo quiescente en la pared arterial. Por otro lado, la sobreexpresion
de p27"P" en las arterias lesionadas reducfa la formacién de la neointima.
Trabajos posteriores de nuestro laboratorio han demostrado que la
induccién del factor de transcripcién Spl contribuye a la induccion de
p27"P'a tiempos tardios post-angioplastia (Andrés et al., 2001).

Estudios posteriores de otros grupos en arterias de conejo y cerdo
sometidas a angioplastia han corroborado la eficacia terapéutica de la
sobreexpresion de p27"P! (Tanner et al, 2000) 7y de la proteina
quimérica p27/pl6 (McArthur et al, 2001; Tsui et al, 2001). Sin
embargo, existe controversia respecto al efecto de inactivar p27"~?! sobre
el desarrollo de la lesion neointima inducida por dafilo mecanico. Por un
lado, Roqué y colaboradores no observaron diferencias en la cantidad de
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lesién en arteria femoral comparando ratones silvestres y deficientes en
p27"P" (Roqué et al., 2001). Por el contrario, Boehm y colaboradores
observaron un aceleramiento en la formacion de la neointima en ratones
deficientes de p27""! (Boehm et al., 2004). Una posible explicacién a esta
discrepancia podria ser la distinta cepa de los ratones analizados, un
fondo mixto C57BL/6-SV129 frente a wuno puro C57BL/6,

respectivamente.

Recientemente se ha relacionado de un modo indirecto la inhibicién
de la neointima con elevados niveles de p27""!. Se sabe que los factores
de transcripcion FORKHEAD pertenecientes a la subfamilia FOXO
inhiben el crecimiento y la progresion del ciclo celular en una gran
variedad de células. Cuando en un modelo de angioplastia por balén en
la arteria carétida de rata se transfectaron las CMLVs con adenovirus
portando un factor FORKHEAD constitutivamente activo (el mutante
resistente a fosforilacion TM-FKHRL1), se observo un incremento en
los niveles de p27"P' que se correlacioné con menor hiperplasia de la
neointima. Este resultado sugiere la posibilidad de utilizar esta cascada de
seflalizacion como diana terapéutica para estas vasculopatias (Abid et al.,

2005).

Modelo de
Enfermedad Manipulaciéon Genética Efecto sobre la lesion Referencia
Vascular
Angioplastia Sobreexpresion arterial Reduccion Tanner, 2000
(rata, cerdo) de p27KiP1 con adenovirus Chen, 1997
Angioplastia Sobreexpresion de la Reduccion McArthur, 2000
(conejo, cerdo) quimera w9 (p27/p16) Tsui, 2001
Denudacién Inactivacion global de Sin efecto Roqué, 2001
endotelial (ratén p27Kirt
C57BL/6/SV129)
Denudacion « Inactivaciéon global de Aumento (infiltracion Boehm, 2004
endotelial (ratén p27Kip1 de células inmunes
C57BL/6) « Transplante de médula e inflamatorias)
6sea de ratones

deficientes en p27Kie! en

arterias de ratones

silvestres lesionadas

mecanicamente
Aterosclerosis « Inactivacion global de « Aumento dependiente Diez-Juan, 2001
(ratén apoE-KO) p27¢ir1 (de 1 o 2 alelos) de dosis

* Transplante de médula * Aumento Diez-Juan, 2004

6sea de ratones doble
deficientes p27Xirl-apoE
en ratén apoE-KO irradiado

Tabla 1. Efectos de la manipulacién de la expresién de p27*?' sobre
el desarrollo de lesiones vasculares obstructivas en modelos
experimentales de denudacién endotelial (dafio mecanico) y
aterosclerosis.
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p27"?! y aterosclerosis

Tanner y colaboradores (Tanner et al., 1998) describieron que p27""' se
expresaba preferentemente en células no proliferantes de ateroma
humano, sugiriendo una relacién inversa entre los niveles de p27"*" y la
tasa de proliferacion en la placa de ateroma. Otros autores demostraron

co-localizacién de TGFB y p27"F' en lesiones de ateroma humanas,

sugiriendo que el efecto antimitogénico de TGFP en la placa podria estar
mediado por p27°P" (Thling et al., 1999). Posteriormente, nuestro grupo
demostré una relacién causa-efecto entre ausencia de p27°P' y
aceleramiento de aterosclerosis, puesto que ratones doblemente
deficientes para p27""' y apoE sometidos a dieta rica en grasa y
colesterol presentaban una exacerbacion de la lesion ateromatosa al
compararlos con ratones silvestres para p27~*! pero deficientes en apoE,
a pesar de mostrar una hipercolesterolemia comparable (Diez-Juan and
Andrés, 2001). Este incremento de la lesién se acompand de un aumento
en la tasa de proliferacion de macrofagos y CMLVs. En este trabajo se
comprobé que la ausencia de p27"P' per se no es aterogénica, pues
ratones deficientes en esta CKI con una dotaciéon normal de apoE, los
cuales no mostraron hipercolesterolemia, no desarrollaron ateromas a
pesar de su alimentacién con una dieta rica en grasa, colestrol y colato
sédico. Otro hecho remarcable fue que el incremento de lesion fue dosis
dependiente de la cantidad de p27™*', de modo que en ratones apoE-KO
el fenotipo fue més acusado en ausencia total de p27**' comparado con
ratones con un unico alelo de p27*"" inactivado (Diez-Juan and Andrés,
2001).

En un trabajo posterior nuestro grupo empleé una estrategia de
transplante de médula 6sea (TMO) procedente de ratones deficientes en
apoE o dobles deficientes en p27™*' y apoR para estudiar el efecto de la
ausencia de p27""" de un modo selectivo en los macréfagos (Diez-Juan
et al, 2004). Los ratones apoE-KO irradiados sub-letalmente que
recibieron médula 6sea doble deficiente p27°F'-apoE mostraron un
incremento en la proliferacion de los macréfagos del ateroma y de la
produccién de la citoquinas inflamatorias CCL2/MCP-1 (proteina
quimiotrayente de monocitos) y de CCL5/RANTES, que se correlaciond
con la formacién de lesiones ateromatosas de mayor tamafo.

La existencia de diferentes linajes sugiere que las CMLVs en las
diferentes zonas del arbol aértico puedan responder diferencialmente
frente a estimulos aterogénicos. De hecho, esta bien establecido que
existen diferencias en la susceptibilidad a desarrollar arteriosclerosis en
diversos lechos vasculares (Chamley-Campbell et al., 1981; Hao et al.,
2003; Li et al., 2001; Majack et al., 1996; Olson et al., 2000; Yang et al.,
1998). Diversos estudios sugieren que estas diferencias estan relacionadas
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con los niveles intrinsecos de p27"P. Asi, la mayor respuesta
proliferativa de CMLVs humanas derivadas de vena safena comparada
con arteria mamaria se correlacionan con menor capacidad de disminuir
los niveles de p27™P! en respuesta a PDGF-BB (Yang et al, 1998).
Ademas, nuestro grupo ha demostrado una distinta regulaciéon de la
cascada de sefializacién de la quinasa activada por mitégeno (MAPK) y
de p27"P' en CMLVs de diferentes lechos vasculares de conejo,
sugitiendo un papel de p27"P' en el establecimiento de la variabilidad
fenotipica regional (Castro et al., 2003). Asi, las CMLVs aisladas del
cayado aoértico (ACMLVs) tienen mayor actividad proliferativa y
migratoria que las CMLVs aisladas de arteria femoral (FCMLVs). En
concordancia, las ACMLVs presentan niveles de p27""' més bajos,
debido probablemente a una mayor cantidad de fosforilaciéon en T187 y
ubiquitinizacién de la proteina, y la sobreexpresion de p27™P' en estas
células reduce su tasa de proliferacién y migracion. Las diferencias en la
expresion de p27"*' en ACMLVs y FCMLVs se explican debido a una
regulacion diferencial de la quinasa regulada por sefiales extracelulares
(ERKSs), cuya activacion por PDGF-BB es mayor en las ACMLVs.
Ademas, la inhibicién de ERKs con inhibidores especificos de MAPK,
como PD98059, incrementa los niveles de p27°"' e inhibe Ila
proliferacién y la migracion de ACMLVs. Por el contrario, al forzar en
las FCMLVs la actividad ERK mediante la sobreexpresion de un
mutante constitutivamente activo (MEKE), los niveles de p27"F'
disminuyeron y se observé un aumento significativo de proliferaciéon y
migracion celular.

2.5.2 Papel de p53 en la hiperplasia de la neointima

Una de las primeras observaciones zz vivo que sugirieron un papel de p53
en el control del desarrollo de la lesion neointima data de 1994, al
observarse que el 38% de las lesiones reestenéticas humanas de pacientes
sometidos a angioplastia presentaban niveles elevados de p53, que
ademas correlacionaron con la presencia de citomegalovirus humano
(Speir et al., 1994). Los autores demostraron 7z vitro como la uniéon de
IE84, una de las proteinas de citomegalovirus humano, era la
responsable de la inhibicién de la funcién de p53. Estos resultados
sugirieron que la infecciéon por citomegalovirus puede aumentar el riesgo
de reestenosis debido a una mayor respuesta proliferativa causada por la
inactivaciéon de p53. lacopetta y colaboradores demostraron que p53 se
encontraba sobreexpresado, pero no mutado, en el 61% de las muestras
de tejido aterosclerético humano analizado (Iacopetta et al,, 1995).
Ademas, la sobreexpresion con adenenovirus de p53 en CMLVs de aorta
de humanos condujo a un aumento de los niveles de p21“P/¥4" " que se
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tradujo en una parada del ciclo celular en la fase G1, ademas de una
acumulacion de células apoptoticas (Katayose et al., 1995).

Posteriormente se sugirié que la activaciéon transcripcional de
p21CPVVARL 561 553 es un mecanismo protector frente al crecimiento de
ateroma, puesto que en lesiones arterioscleroticas humanas avanzadas se
comprob6 que las células vasculares (CMLVs, macrofagos y CEs) que
carecian de marcaje positivo para marcadores proliferativos expresaban
p53 v p21“PYYAT (Thling et al., 1997). Ademas, se ha demostrado que
existe co-localizacién de MDM?2 y p53 tanto en macréfagos como en
CMLVs. Dado que MDM?2 es una proteina que regula negativamente los
efectos de p53 en el ciclo celular, se ha sugerido que la célula prolifera o
sufre apoptosis en funcién de la abundancia de cada una de estas
proteinas (proliferaciéon cuando predomina MDM?2 y apoptosis cuando

hay mayor cantidad de p53) (Ihling et al., 1998).

Al igual que ocurria con p27"P' | los niveles de expresién de p53 son
distintos en funcién del estado y procedencia de las células. El grupo de
la doctora Badimon demostré que la proliferacion y migracion de las
CMLVs de explantes arteriales porcinos inducida por mitégenos estaba
precedida de la disminuciéon de los niveles de p53, cuya expresion
aumentaba en ausencia de suero (Rodriguez-Campos et al., 2001).
También los niveles de p53 varfan en CMLVs humanas en funcién de si
proceden de arterias sanas o reestenéticas (r-CMLVs). Tras dafio en el
ADN, ambas células incrementan los niveles de p53, pero solo las r-
CMLVs eran capaces de parar el ciclo celular e inducir apoptosis,
presentando pues una mayor respuesta a p53 (Scott et al., 2002).

La inactivacion de p53 en CMLVs, lograda mediante transfeccion de
oligodeoxinucleétidos antisentido, se tradujo en un aumento en la
proliferacion celular, (Aoki et al., 1999; Matsushita et al., 2000) mientras
que la sobreexpresion de p53 mostro el efecto contrario (Yonemitsu et
al., 1998). El analisis ex vvo de cultivos de 6rganos demostré que la
sobreexpresion de p53 en vena safena humana inhibia la formacién de la
neointima a los 14 dias, efecto que se asociaba con una reduccion de la
migracion de las CMLVs y un aumento de apoptosis. Sin embargo, el
efecto de la sobreexpresion de p53 sobre la proliferacion celular en la
neointima fue bifasico, con actividad reducida a los 4 dfas después de la
transfecciéon pero no hubo diferencias a los 14 dias. Sin embargo, la
proliferaciéon en la media no se vi6 afectada en ningun tiempo estudiado
tras la infecciéon con p53 (George et al., 2001).

A continuacién se resumen los diferentes modelos experimentales de
aterosclerosis, denudacién mecanica y arteriosclerosis por transplante en
los que se ha examinado el papel de p53 sobre el desarrollo de la
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neointima utilizando estrategias de terapia génica y ratones modificados
genéticamente (ver Tabla 2).

p53 y aterosclerosis:

La primera demostracion de wuna relaciéon causa-efecto entre
aterosclerosis y p53 se debe a Guevara y colaboradores, quienes
demostraron en 1999 que ratones doblemente deficientes en p53 y apoE
alimentados con dieta rica en grasa y colesterol desarrollaban mas
aterosclerosis que ratones apoE-KO con dotaciéon normal de p53, sin
mostrar diferencias en la hipercolesterolemia al comparar ambos grupos
de ratones (Guevara et al, 1999). Estudios inmunohistoquimicos en
tejido ateromatoso mostraron que el agravamiento del proceso
aterogénico en ratones doblemente deficientes p53-apoE  se
correlacionaba con un aumento del 280% en la proliferacion celular
(principalmente macréfagos) y un incremento del 180% en la apoptosis
(aunque solo las diferencias en proliferaciéon fueron estadisticamente
significativas). Recientemente, utilizando también ratones doblemente
deficientes p53-apoE, el grupo del Dr. Bennett ha corroborado un
incremento significativo de la lesion en la aorta, aunque no observaron
diferencias en la arteria braquioencefalica (Mercer et al., 2005). También
coincidieron en observar mayor proliferacion celular en las lesiones de
ratones doblemente deficientes p53-apoE, pero sus estudios revelaron
una disminuciéon de la apoptosis, a diferencia del trabajo de Guevara y
colaboradores (Guevara et al., 1999).

Existen mas evidencias que demuestran el papel ateroprotector de
p53. Primero, ratones apoE-3*Leiden transplantados con médula 6sea de
ratones deficientes en p53 presentaron lesiones de mayor tamafio (2,3
veces), mas fibrosas, con mayor necrosis (5 veces) y mas depositos de
colesterol que los transplantados con médula 6sea de ratones silvestres
(van Vlijmen et al.,, 2001). La deficiencia de p53 en los macréfagos no
alter6 de un modo estadisticamente significativo ni la proliferacion ni la
apoptosis, si bien en el caso de la apoptosis se observo una tendencia a la
baja que indujo a los autores a pensar que la menor apoptosis seria el
mecanismo que contribuirfa al incremento de lesion observada en
ausencia de p53 en los macrofagos. En un segundo trabajo, los ratones
deficientes en RLDL transplantados con médula 6sea proveniente de
ratones deficientes en p53 presentaron un incremento de 330% en la
proliferacién de células del ateroma (siendo también los macréfagos las
células mas proliferantes) y lesiones ateromatosas de mayor tamafo
(Merched et al., 2003). Tampoco hubo efecto en la apoptosis de las
células de la lesion. En ambos estudios se observo una disminucion en el
contenido de fibras de colageno en ratones transplantados con médula
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6sea carente de p53, sugiriendo que p53 es un factor que contribuye a la
estabilizacién del ateroma (Merched et al,, 2003; van Vlijmen et al.,
2001).

Recientemente, el grupo del Dr. Bennett ha realizado experimentos
de TMO en los que los ratones receptores del transplante eran
doblemente deficientes para apoE y p53 (Mercer et al, 2005). No
observaron diferencias en la lesion desarrollada en la arteria
braquioencefalica de ratones que recibieron TMO silvestre y deficiente
para p53. Sin embargo, la arteriosclerosis en la aorta fue menor en los
ratones transplantados con p53 silvestre. El analisis de las lesiones
mostro una reducciéon de la proliferacion celular, apoptosis y de la
relacion cubiertas fibrosas enterradas/multicapas en aquellas lesiones
procedentes de ratones transplantados con médula Osea silvestre para
p53. Ademas, estos autores demostraron que p53 protege frente a
apoptosis en CMLVs y células estromales derivadas de médula Osea,
mientras que inducia apoptosis en macréfagos. También observaron que
p53 reducia la transdiferenciaciéon de las células estromales derivadas de
médula 6sea a CMLVs sin afectar a la formacién de células espumosas.

Modelo de i L . » i
Enfermedad Manipulacién Genética Efecto sobre la lesion Referencia
Vascular
Angioplastia Sobreexpresion arterial Reduccion Yonemitsu, 1998
(conejo, rata) de p53 (adenovirus, plasmido) Scheinman, 1999
Denudacién Inactivacion global de p53 Aumento Sata, 2003
Arteriosclerosis Inactivacion global de p53 Aumento Mayr, 2002
por transplante
(ratén)
Arteriosclerosis Sobreexpresion de p53 arterial Aumento del lumen con Wan, 2004

por transplante (adenovirus) bloqueo de formacion

Inducida por
Dieta tras
transplante en ratén
apoE-3Leiden,
LDLR-KO o doble
deficiente p53 y apoE

Aterosclerosis
Inducida por collar
perivascular
(raton apoE-KO)

Cultivo de 6rgano
(vena safena
humana)

carente de p53 en ratones
Irradiados
* apoE*3-Leiden
« deficiente en RLDL
Transplante de medula 6sea
p53-silvestre- apoE-KO en
ratén doble deficiente
p53-apoE

Sobreexpresion de p53
(adenovirus) en MLVs de
la capa fibrosa

Sobreexpresion arterial
de p53 (adenovirus)

>vulnerabilidad

Reduccién en la lesién total
Idéntica en braquioencefalica

< capallntima
< matriz colagenosa
> Vulnerabilidad

Reduccién

(cerdo) Neointimal
Aterosclerosis Inactivacion global de p53 Aumento Guevara, 1999
Inducida por dieta Mercer, 2005
(raton apoE-KO)
Aterosclerosis Transplante de Médula 6sea Aumento Van Vlijem, 2001

Merched, 2003

Mercer, 2005

Von der
Thiisen, 2002

George, 2001

Tabla 2. Efectos de la manipulacion de la expresion de p53 sobre el

desarrollo de lesiones vasculares obstructivas.
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El efecto de sobreexpresar p53 mediante vectores adenovirales ha
sido estudiado en lesiones ateromatosas preestablecidas utilizando un
modelo experimental denominado collar perivascular (von der Thisen et
al., 2002). Al dia siguiente de la transfeccion se observé una disminucion
en la proliferacion y un aumento de la apoptosis en CMLVs que
sobreexpresaban p53 en la cubierta fibrosa. Sin embargo, a los 14 dias,
ambos parametros fueron indistinguibles en las CMLVs al comparar

ateromas de animales infectados con adenovirus-p53 y adenovirus-f3-
galactosidasa (control). Tampoco se observaron efectos sobre los
macrofagos. A pesar de estos hallazgos, las lesiones infectadas con
adeno-p53 presentaron un fenotipo caracteristico de placa vulnerable,
consistente en una disminucion de la superficie fibrocelular y matriz
colagenosa, y menor relacién cubierta fibrosa/intima. Del mismo modo,
la sobreexpresion de p53 en conejos con lesiones establecidas (inducidas
por una combinacién de angioplastia por balon y dieta rica en colesterol),
resulté en un incremento de apoptosis celular y contenido de células
inflamatorias, y una disminucién del contenido de CMLVs y menor
grosor de la capa fibrosa, corroborando estudios anteriores en los que se
demostré la induccion de inestabilidad de 1a lesion al sobreexpresar p53
(Chen et al., 2004). Sin embargo, estos resultados parecen contrastar con
la mayor vulnerabilidad de la placa observada en ratones transplantados
con médula 6sea deficiente en p53 (Merched et al., 2003; van Vlijmen et
al., 2001).

p53 y desarrollo de la neointima tras dafio mecanico:

Estudios de sobreexpresion de p53 en arteria carétida sometida a
denudaciéon demostraron el papel protector de p53 frente a dafio
vascular mecanico (Scheinman et al., 1999b; Yonemitsu et al., 1998),
efecto que puede deberse en parte a un incremento en la apoptosis en la
pared arterial observado a las 48 horas después de la intervencion
(Scheinman et al., 1999a). Por el contrario, la denudacion de la arteria
femoral provoca en ratones deficientes en p53 un aceleramiento de la
hiperplasia de la neointima comparado con ratones silvestres (Sata et al.,
2003). Esta respuesta a la inactivaciéon de p53 cursa con menor expresion
de p21“P/YA sin afectarse la apoptosis en la pared arterial lesionada.
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p53 v desarrollo de 1a neointima tras transplante:

Los transplantes de vena autélogos son una practica comun para
revascularizar arterias muy afectadas por arteriosclerosis (derivacién o
“by-pass”). Sin embargo, su efectividad a medio-largo plazo esta limitada
frecuentemente debido a la hiperplasia de la neointima que se desarrolla
rapidamente en la venas al entrar en contacto con la presiéon sanguinea
arterial (Motwani and Topol, 1998). Los eventos iniciales siguientes al
transplante de venas en territorios arteriales incluyen la apoptosis de las
CMLVs, la infiltraciéon de células mononucleares y la proliferaciéon de
CMLVs, siendo el balance entre la apoptosis y la proliferacion de
CMLVs un factor determinante en el desarrollo de la lesién en la
arteriosclerosis por transplante.

En ratones deficientes en p53 sometidos a transplante de vena se
observa un aceleramiento en el desarrollo de la neointima a las 4 semanas
de la operacion (Mayr et al.,, 2002). Mientras que las lesiones de los
ratones silvestres estan formadas mayoritariamente por macréfagos y
tienen una matriz acelular, las lesiones de los ratones deficientes en p53
contienen principalmente CMLVs proliferantes y no tienen depositos de
matriz acelular. Ademas, en ausencia de p53 se observo en el ateroma
una baja tasa de apoptosis al comparar con ratones silvestres.

La sobreexpresion de p53 en la superficie luminar de vena safena
transplantada provocé un incremento de la luz del vaso y un bloqueo de
la formaciéon de la neointima, debido al aumento de apoptosis y a la
inhibicién de la proliferacién de las células de este tejido patologico.
Estos cambios fenotipicos se observaron a los 7 y 28 dias de la
interposicion de la vena y se mantuvieron al menos hasta los 3 meses
(Wan et al., 2004). No hubo diferencias en la composiciéon celular, en el
contenido de colageno y en la actividad de metaloproteasas. Los autores
concluyeron que la induccién de apoptosis en el ateroma es el
mecanismo por el cual la sobreexpresion de p53 altera el remodelado de
la pared vascular durante la arteriosclerosis por transplante.

En resumen, gracias a los estudios con ratones modificados
genéticamente se ha podido establecer de manera concluyente una
relacion causa-efecto entre p53 y arteriosclerosis. La inactivacion
génica de p53, global o selectivamente en las células
hematopoyéticas, acelera el desarrollo del ateroma en la aorta de
ratones deficientes en apoE o en RLDL y en ratones transgénicos
para apoE*3-Leiden, asi como el desarrollo neointimal tras dafo
mecanico o transplante (Guevara et al., 1999; Mayr et al., 2002; Mercer
et al., 2005; Merched et al., 2003; Sata et al., 2003; van Vlijmen et al.,
2001). Sin embargo, el mecanismo por el que se producen lesiones
de mayor tamafo en ausencia de p53 no estd totalmente
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esclarecido, existiendo resultados controvertidos respecto a cémo
se afecta la proliferacion y la apoptosis. También es un tema
debatido el efecto de p53 sobre la estabilidad de las lesiones, pues
tanto la sobreexpresion de p53 en lesiones ateromatosas
previamente establecidas como el TMO carente de p53 conducen a
una mayor vulneralibilad de la lesion (Merched et al., 2003; van
Vlijmen et al., 2001; von der Thiisen et al., 2002). Por otra parte, la
sobreexpresion de p53 mediante vectores adenovirales inhibe el
desarrollo de lesiéon neointima inducida por angioplastia
(Scheinman et al., 1999b; Yonemitsu et al., 1998) y transplante (Wan et
al., 2004).
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Capitulo 2: Justificacion del trabajo y objetivos

El ciclo celular en mamiferos esta regulado positivamente por
holoenzimas formadas por una subunidad reguladora, denominada
ciclina, y una subunidad con actividad quinasa, denominada CDK, que
de manera ordenada y especifica se activan e inhiben en las diferentes
fases del ciclo celular. Ademas, existen reguladores negativos del ciclo
celular. Si bien el control de la proliferacion ciclo celular es un proceso
muy complejo, se acepta que el balance neto entre reguladores positivos
y negativos es un factor clave. La presencia de mitégenos activa
inicialmente los complejos ciclina D-CDK4/6, que fosforilan a la
proteina Rb y la inactivan, liberandose y activandose el factor E2F. La
acumulacion de E2F “libre” permite entonces la expresion de genes
necesarios para el avance en el ciclo celular (figura 1, pag. 4).

La proteina p27*?' es una CKI de la familia CIP/KIP que actia
como inhibidor universal de CDKs. Sus niveles son elevados en células
en reposo y disminuyen durante la entrada en el ciclo celular inducida
por mitégenos. Los niveles de p27"P" estin regulados por mecanismos
transcripcionales, traduccionales y post-traduccionales. Entre estos
ultimos destaca la proteolisis dependiente de fosforilaciéon en T187, que
degrada p27"F" en el nicleo por la ruta del proteasoma durante la
transicion G1/S (Pagano et al., 1995). En este proceso, la fosforilacion
en T187 dependiente del complejo ciclina E-CDK2 (Montagnoli et al.,
1999; Morisaki et al., 1997; Sheaft et al., 1997; Vlach et al., 1997) induce
la ubiquitinacién de p27™*" mediada por el complejo SCF*?* (Carrano et
al., 1999; Montagnoli et al., 1999; Nakayama et al., 2004; Nakayama et al.,
2001; Tsvetkov et al., 1999) (figura 2, pag. 7).

La proteina supresora de tumores p53 también regula negativamente
el ciclo celular. En respuesta a determinados insultos celulares, este
factor de transcripcién se activa e induce la expresion de genes pro-
apoptoticos y anti-proliferativos, y/o reprime genes pro-proliferativos y
anti-apoptéticos, de modo que puede desencadenar una respuesta
citostatica o apoptotica (Somasundaram, 2000) (figura 4, pag. 11).

Diversos modelos animales de arteriosclerosis, denudacion mecanica
y arteriosclerosis por transplante han demostrado que p27"P' y p53
protegen frente al desarrollo de lesiones vasculares obstructivas, cuya
formacién depende en parte de una respuesta hiperproliferativa de
células de la pared arterial (principalmente CMLVs y macrogafos). Asi,
trabajos previos de nuestro grupo han demostrado un papel clave de
p27"P' en el control de la proliferacién y migraciéon de células vasculares
y en el desarrollo de la placa de ateroma: 1) La inactivaciéon de p27°F",
tanto global como selectivamente en macrofagos, aumenta la
proliferacion en la pared arterial y agrava la arteriosclerosis en ratones
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apoE-KO hipercolesterolémicos (Diez-Juan and Andrés, 2001; Diez-
Juan et al., 2004); 2) La ruta p27"?'/CDK/pRb controla de un modo
coordinado la proliferaciéon y migracion de CMLVs y fibroblastos, de
modo que cambios celulares que ocurren normalmente durante la
locomocion celular (formaciéon de lamelipodios, y reorganizacion de
filamentos de actina y adhesiones focales) son inhibidos por p27"!
(Diez-Juan and Andrés, 2003); y 3) Diferencias intrinsecas en los niveles
de p27"F" en CMLVs de aorta (ACMLVs) y arteria femoral (FCMLVs)
se correlacionan con diferencias en su capacidad proliferativa y
migratoria y en la susceptibilidad a desarrollar arteriosclerosis de las
arterias de procedencia, de modo que niveles inferiores de p27"F" se
asocian con la mayor actividad proliferativa y migratoria de las ACMLVs
(y con la mayor propensién a desarrollar ateroma comparado con arteria
femoral) (Castro et al., 2003); la reducida expresion de p27°F' en
ACMLVs se correlacioné con una acumulacion de proteina fosforilada
en T187. Sin embargo, se desconoce si Ia fosforilacién de p27<F" en
T187 afecta al desarrollo de Ia placa de ateroma.

En cuanto al papel ateroprotector de p53, ha sido demostrado por
diversos autores utilizando estrategias de disrupcion génica en modelos
murinos de aterosclerosis (tanto espontanea como inducida por dieta rica
en grasa y colesterol), y de desarrollo de la neointima tras dafilo mecanico
o transplante (Guevara et al., 1999; Mayr et al., 2002; Mercer et al., 2005;
Merched et al., 2003; Sata et al., 2003; van Vlijmen et al., 2001). Por otra
parte, esta bien establecido que la sobreexpresiéon de p53 mediante
vectores adenovirales inhibe el desarrollo de lesiéon neointima inducida
por angioplastia (Scheinman et al., 1999b; Yonemitsu et al., 1998) y
arteriosclerosis de transplante (Wan et al., 2004). Sin embargo, se
desconoce si la ganancia de funcion de p53 puede Ilimitar el
desarrollo del ateroma.
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Con todos estos antecedentes nos planteamos los siguientes objetivos:

OBJETIVO I: Investigar los mecanismos moleculares responsables del
efecto citostatico que los farmacos PCA-4230 y STI571
ejercen sobre las CMLVs (y sobre celdlas cancerosas)
(Capitulo I1I: Trabajo 1y Trabajo 2).

OBJETIVO 2: Investigar si la fosforilacion de la proteina p27"F" en
T187 es importante en la regulaciéon del desarrollo del
ateroma en ratones deficientes en apoE alimentados con
dieta rica en grasa y colesterol (Capitulo I1I: Trabajo 3).

OBJETIVO 3: Investigar si la ganancia de funcién p53 inhibe el
desarrollo de la neointima en un modelo murino de
aterosclerosis, espontanea o inducida por dieta rica en grasa
y colesterol, y en un modelo murino de lesion vascular
mecanica (Capitulo III: Trabajo 4).
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TRABAJO 1

Inhibition of the cyclin D1/E2F pathway by PCA-4230, a potent
repressor of cellular proliferation

David Goukassian, Silvia M. Sanz-Gonzalez, Ignacio Pérez-Roger,
Jaime Font de Mora, Jests Urefia and Vicente Andrés

British Journal of Pharmacology 132: 1597-1605 (2001)

En este trabajo se incluyen los estudios llevados a cabo para cumplir con
el Objetivo 1 de esta Tesis Doctoral: Investigar los mecanismos
moleculares responsables del efecto citostatico que el farmaco PCA-4230
ejerce sobre las CMLVs y sobre celdlas cancerosas.

RESUMEN: La etiopatogénesis de la aterosclerosis y reestenosis post-
angioplastia se asocia con una excesiva proliferacion de CMLVs. Por
tanto, farmacos dirigidos contra el crecimiento patolégico de CMLVs
podrian ser de wutilidad terapéutica para el tratamiento de estas
enfermedades. Nuestro objetivo en este trabajo fue investigar los
mecanismos moleculares por los que el agente farmacologico PCA-4230
inhibe la proliferacion de CMLVs. El tratamiento con PCA-4230
bloqueé la induccién de la expresion de la ciclina D1 y de la ciclina A
observada en CMLVs re-estimuladas con suero. Ademas, el farmaco
inhibi6 la actividad de CDK2 e impidi6 la hiperfosforilacion de Rb. De
un modo similar, la inhibicién de la proliferaciéon de lineas celulares
transformadas en presencia de PCA-4230 curs6 con una disminucién en
los niveles de la proteina ciclina D1 y una inhibicién de la actividad
CDK2. De acuerdo con estos hallazgos, el PCA-4230 reprimi6 la
actividad del promotor de la ciclina A en presencia de suero, mientras
que la sobreexpresion de ciclina D1 o E2F rescataba de modo eficaz este
efecto inhibidor del PCA-4230. Asimismo, la sobreexpresion de E2F1
restauré la entrada en fase S de CMLVs tratadas con PCA-4230.
Nuestros resultados demuestran que el efecto inhibidor de PCA-4230
sobre la transcripcion del gen de la ciclina A y la proliferacién de las
CMLVs esta mediado por la represion de la ruta ciclina D1/E2F.
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Inhibition of the cyclin D1/E2F pathway by PCA-4230, a potent

repressor of cellular proliferation
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1 Tight control of cellular growth is essential to ensure normal tissue patterning and prevent
pathological responses. Excessive vascular smooth muscle cell (VSMC) proliferation is associated
with the pathophysiology of atherosclerosis and restenosis post-angioplasty. Thus, drug targeting of
pathological VSMC growth may be a suitable therapeutic intervention in vascular proliferative
diseases.

2 In the present study, we investigated the mechanisms underlying VSMC growth arrest induced by
the pharmacological agent PCA-4230. Addition of PCA-4230 to cultured VSMCs blocked the
induction of cyclin D1 and cyclin A expression normally seen in serum-restimulated cells. Moreover,
PCA-4230 inhibited cyclin-dependent kinase 2 (CDK?2) activity and abrogated hyperphosphorylation
of the retinoblastoma (Rb) gene product. Similarly, PCA-4230-dependent growth arrest of
transformed cell lines correlated with reduced level of cyclin D1 protein and inhibition of CDK2
activity. Consistent with these findings, PCA-4230 repressed serum-inducible cyclin A promoter
activity, and overexpression of either cyclin D1 or E2F1 efficiently circumvented this inhibitory
effect. Importantly, adenovirus-mediated overexpression of E2F1 restored S-phase entry in PCA-
4230-treated VSMCs, demonstrating that PCA-4230 represses cyclin A gene expression and VSMC
growth via inhibition of the cyclin D1/E2F pathway.

3 Because of its ability to inhibit the growth of human VSMCs and transformed cell lines, future
studies are warranted to assess whether PCA-4230 may be a suitable therapeutic intervention for the

treatment of hyperproliferative disorders, including cardiovascular disease and cancer.
British Journal of Pharmacology (2001) 132, 1597 —1605

Keywords: PCA-4230; 1,4-dihydropyridine; vascular smooth muscle cells; tumour cells; cell cycle
Abbreviations: Ad-E2F1 (Ad-figal), replication-defective adenovirus encoding for E2F1 (f-galactosidase); CDK(s), cyclin-
dependent kinase(s); DMSO, dimethyl sulphoxide; MEF, mouse embryonic fibroblast; MEF-Myc, mouse
embryonic fibroblast transformed with the proto-oncogen Myc; Rb, retinoblastoma susceptibility gene
product; TCA, trichloroacetic acid; VSMC(s), vascular smooth muscle cell(s)
Introduction

Cell cycle progression is controlled by several cyclin-
dependent kinases (CDKs) that associate with regulatory
subunits called cyclins (Nurse, 1994; Morgan, 1995). Active
CDK/cyclin holoenzymes are presumed to hyperphosphor-
ylate the retinoblastoma (Rb) gene product and the related
pocket proteins pl07 and pl130. The interaction among
members of the E2F family of transcription factors and
individual pocket proteins is a complex regulatory event that
determines whether E2F proteins function as transcriptional
activators or repressors (Helin & Harlow, 1993; Weinberg,
1995; Dyson, 1998; Mayol & Graia, 1998; Lavia & Jansen-
Durr, 1999). It is accepted that phosphorylation of pocket
proteins from mid Gl to mitosis is involved in the
transactivation of genes with functional E2F-binding sites.
The genes activated by E2F include several growth and cell-
cycle regulators (i.e., c-myc, Rb, p34° cyclin E, cyclin A),

*Author for correspondence.

as well as genes encoding proteins that are required for
nucleotide and DNA biosynthesis (i.e., DNA polymerase o,
histone H2A, proliferating cell nuclear antigen, thymidine
kinase) (Lavia & Jansen-Durr, 1999).

Excessive proliferation of vascular smooth muscle cells
(VSMCs) is considered a key event in the pathophysiology
of vascular proliferative diseases (Ross, 1993; Bauters &
Isner, 1997; Andrés, 1998). In the adult organism, at
homeostasis, VSMCs are found in a ‘contractile’ phenotype
characterized by the expression of a unique repertoire of
differentiation markers and an extremely low proliferation
index (Owens, 1995). Numerous observations have suggested
that VSMCs in primary atheromas and restenotic lesions
have changed to a ‘synthetic’ state in which they can
respond to different growth factors and cytokines that
induce cellular hyperplasia (Campbell & Campbell, 1990;
Ross, 1993). Therefore, drug targeting of pathological
VSMC growth may be a suitable therapeutic intervention
in vascular proliferative diseases.
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Inhibition of cellular proliferation by PCA-4230

PCA-4230 is a dihydropyridine derivative showing antith-
rombotic activity that has long lasting although reversible
effects (Gutierrez Diaz et al., 1992; Ortega et al., 1993). A
recent study demonstrated the ability of PCA-4230 to
reversibly inhibit serum-inducible proliferation of cultured
rat VSMCs (del Rio et al., 1997). However, neither the
mechanism underlying the antimitogenic effect of PCA-4230
on VSMCs, nor its effect on the proliferation of human
VSMCs have been reported. In the present study we
demonstrate that PCA-4230 suppresses cyclin A gene
transcription and VSMC proliferation via inhibition of the
cyclin D1/E2F1 pathway. We also show that PCA-4230
inhibited, in a dose-dependent manner, the growth of human
VSMCs and transformed cell lines.

Methods

Cell culture, flow cytometry and °>H-thymidine
incorporation

Human VSMCs were isolated from saphenous vein (Pickering
et al., 1992). E19P cells (gift from C. Shanahan, Addenbroo-
ke’s Hospital, Cambridge, U.K.) were obtained from explant
cultures of embryonic day 19 aorta from Fisher rats. These
cells express SM22a, calponin and SM-g-actin mRNAs.
Human cancer cell lines MCF7 (breast adenocarcinoma) and
U20S (primary bone osteosarcoma) were purchased from
American Type Culture Collection (Manassas, VA, U.S.A.).
Primary mouse embryonic fibroblasts transformed with the c-
Myc oncoprotein were generated as previously described
(Perez-Roger et al., 1999). VSMCs were maintained in M 199
medium supplemented with 10% FBS. For serum starvation,
VSMCs were maintained for 3 days in 0.5% FBS/M199.
Transformed cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS.
Cultures were maintained at 37°C (95% air and 5% CO,).

PCA-4230 (2(1, 1, 3-trioxo-2, 3-dihydro-1, 2-benzisothia-
zol-2-yl)ethyl 2, 6-dimethyl-5-(ethoxycarbonyl)-4-methyl-1, 4-
dihydropyridincarboxylate) (gift from M.P. Ortega, Labor-
atorios Alter, Madrid, Spain) was dissolved in dimethyl
sulphoxide (DMSO) and immediately used at a dilution
giving a final concentration of 0.1% DMSO. Control cells
were treated with 0.1% DMSO. Media were changed daily
throughout the experiments. For flow cytometric analysis,
PCA-4230 or vehicle was administered to starvation-
synchronized cells 1-2 h before serum restimulation and
throughout the 16 h of serum treatment. Flow cytometric
analysis was performed as previously described (Sylvester et
al., 1998).

For experiments with adenovirus encoding for E2F1 or f-
galactosidase (provided by J.R. Nevins, Duke University
Medical Center, NC, U.S.A.), cells were seeded in 6-well
dishes (25 x 10° cells/well) and were maintained in 10% v v~
FBS. Two days later, cells were starvation-synchronized and
harvested for FACS analysis, or were pretreated with DMSO
or 50 uM PCA-4230 followed by 16 h of serum restimulation.
When indicated, starved cells were infected with adenovirus
at different multiplicities of infection (MOI) during the last
8 h prior to serum restimulation.

To assess the effect of PCA-4230 on DNA synthesis in
MEF-Myc cultures, cells were seeded in 12-well dishes at a

density of 60 x 10° cells/well in 10% FBS/DMEM supple-
mented with vehicle or PCA-4230. The following day, cells
were treated for 2h with 1 uCiml™' of *H-thymidine
(Amersham Pharmacia, Little Chalfont, U.K.). The amount
of *H-thymidine incorporated into DNA was determined by
precipitation with trichloroacetic acid and scintillation
counting.

Western blot analysis, immunoprecipitation and immune
complex kinase assays

Cells were lysed in ice-cold lysis buffer (20 mmM HEPES buffer
[pH 7.5], 10 mm EGTA, 40 mM f-glycerophosphate, 1% w
v-! NP-40, 2.5mM MgCl,, 2 mM orthovanadate, 1 mm
DTT, 1 mMm phenylmethyl sulfonyl fluoride, 10 pug ml™'
aprotinin and 10 ug ml~' leupeptin). Following centrifuga-
tion at 15,000 xg for 20 min at 4°C, supernatants were
recovered. Western blot and CDK2 assays were performed as
previously described (Chen et al., 1997) using the following
dilutions of primary antibodies: anti-CDK2 (sc-163, 1/250),
anti-cyclin A (sc-751, 1/100), anti-cyclin D1 (sc-450, 1/100),
anti-cyclin E (sc-481, 1/250), anti-p27 (sc-528, 1/1000), and
anti-p21 (sc-397, 1/250) (Santa Cruz Biotechnology, Santa
Cruz, CA, U.S.A.). Rb was detected using a 1/1000 dilution
of monoclonal antibody 3C8 (Wen et al., 1994).

For phosphatidylinositol 3-kinase (PI3K) assay, lysates
containing 1 mg of total protein were immunoprecipitated
with 0.5 ug of anti-PI3K antibody (anti-p85a, sc-423, Santa
Cruz Biotechnology). The reaction was started by mixing the
immunopellet with 25 ul of a cocktail containing 20 pug L-o-
phosphatidylinositol (Avanti Polar Lipids, Alabaster, AL,
U.S.A), 100 mm [y-**P]JATP (10 uCi) and 40 um ATP in
25 mM HEPES [pH 7.4]; 10 mM MgCl, and 0.5 mMm EGTA.
After 20 min the reaction was stopped by addition of 400 pul
of chloroform-methanol (1:2 in 1% HCI), plus 125 ul of
chloroform and 125 pul of 10 mM HCI Samples were
centrifuged briefly and the lower organic phase was removed
and washed once with 500 ul of methanol: 100 mmM HCI plus
2 mM EDTA (1:1). The organic lower phase was extracted,
dried under vacuum and resuspended in 30 pul of chloroform.
Samples were applied to silica gel thin-layer chromatography
plates (Merck, Darmstadt, Germany). The chromatography
was developed with 1-propanol: 2N acetic acid (65:35 v v™!),
dried and visualized by autoradiography. The amount of
radioactivity incorporated into L-a-phosphatidylinositol
phosphate was quantified in a Phosphoimager.

Transient transfections assays

E19P cells seeded into 6-well dishes were transiently
transfected with Superfect as recommended by the manu-
facturer (Quiagen, Santa Clarita, CA, U.S.A.) (1:2 DNA:-
Superfect ratio). The luciferase reporter plasmid driven by the
human cyclin A promoter region from —924 to + 245 (gift of
Sobczak-Thépot, INSERM, France) has been described
previously (Henglein er al., 1994). Final DNA concentration
in experiments involving cotransfected expression vectors for
cyclin D1 and E2F1 driven by the cytomegalovirus promoter
(gift of K. Walsh, St. Elizabeth’s Medical Center of Boston,
MA, U.S.A.) was equalized by adding empty vector. To
correct for differences in transfection efficiency, luciferase
activity was normalized relative to the level of alkaline
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phosphatase activity produced from cotransfected pPSVAPAP
plasmid (Henthorn er al., 1988). Luciferase and alkaline
phosphatase activities were measured as previously described
(Andres et al., 1995).

Results

PCA-4230 inhibits the proliferation of cultured VSMCs
and transformed cell lines

We first examined the effect of PCA-4230 on the kinetics of
proliferation of cultured VSMCs. E19P cells, an established
cell line of rat embryonic aorta VSMCs, and primary cultures
of human VSMCs were maintained in high-mitogen media.
Addition of PCA-4230 reduced cell number in a dose-
dependent manner over a period of 4—6 days in culture
(Figure 1A). For example, when compared to control cultures
at the latest time points investigated, 5 uMm PCA-4230
decreased the number of E19P cells and human VSMCs by
25 and 21%, respectively, whereas 50 uM PCA-4230 reduced
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respectively.

We next performed flow cytometry to analyse the effect of
PCA-4230 on cell cycle profiles. After pretreatment with
vehicle or PCA-4230, starvation-synchronized cells were
restimulated with medium containing 10% FBS and vehicle
or PCA-4230. Analysis after 16 h of serum restimulation
disclosed a dose-dependent inhibition of S-phase in E19P
cells treated with PCA-4230 (Figure 1B). Likewise, under
conditions where serum-restimulation markedly increased S-
phase entry of human VSMCs, 50 um PCA-4230 completely
blocked this response (Figure 1C). Thus, PCA-4230-depen-
dent inhibition of rat and human VSMC growth is associated
with GO/G1 arrest.

The effect of PCA-4230 on the growth of transformed cell
lines was also investigated. Addition of PCA-4230 to the
culture media reduced in a dose-dependent manner the
number of MCF7 cells (human breast adenocarcinoma),
U20S cells (human osteosarcoma), and mouse embryonic
fibroblast transformed with the proto-oncogene c-Myc
(MEF-Myc) (Figure 2A,B). The inhibitory effect of PCA-

by 85 and 74%,
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Figure 1 PCA-4230 inhibits serum-inducible proliferation of rat and human VSMCs. Results represent the mean+s.e.mean of
three independent measurements. (A) The rat E19P cell line and primary human VSMCs were plated into 6-well dishes and
maintained with medium containing 10% FBS plus vehicle or PCA-4230. Cells were trypsinized at different times and cell number
was determined with a haemocytometer. (B, C) Cells were starved for 3 days in medium containing 0.5% FBS. After pretreatment
with vehicle or PCA-4230, cells were stimulated with 10% FBS plus vehicle or PCA-4230. Cells were harvested for FACS analysis

after 16 h of serum stimulation.
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4230 on the growth of MEF-Myc cells correlated with a
marked reduction in *H-thymidine incorporation (Figure 2C).
In agreement with previous studies (del Rio et al., 1997),
PCA-4230-treated cultures resumed growth if drug treatment
was discontinued (data not shown).

Effects of PCA-4230 on the expression and activity of key
cell cycle regulatory proteins

To gain insight into the mechanisms underlying PCA-4230-
dependent inhibition of cell proliferation, we investigated the
effect of this drug on the activity of CDK2, a key positive
regulator of the G1/S transition. Concentrations of PCA-
4230 that caused growth arrest markedly reduced CDK2
activity in serum-stimulated VSMCs and MEF-Myc cells
(Figure 3A). In contrast, PI3K activity in VSMCs exposed to
20 and 50 uM was 89 and 96% of that seen in control cells,
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Figure 2 PCA-4230 inhibits proliferation of transformed cells. Cells
were maintained in medium containing 10% FBS plus vehicle or
PCA-4230. Results represent the mean+s.e.mean of three indepen-
dent measurements. (A) U20S and MCF7 cells were plated in 6-well
dishes. After 3 days, cells were trypsinized and cell number was
determined with a haemocytometer. (B) MEF-Myc cells growing on
6-well dishes were trypsinized at different times and cell number was
determined with a haemocytometer. (C) Effect of PCA-4230 on the
incorporation of *H-thymidine into MEF-Myc cells (see Methods for
details).

respectively (Figure 3B). Consistent with these findings, PCA-
4230 did not affect the phosphorylation status of the PI3K
substrate Akt (data not shown). Collectively, these results
indicate that PCA-4230 may act specifically to block certain
signalling pathways involved in mitogen-induced cell growth.

We next sought to examine by Western blot analysis the
effect of PCA-4230 on key components of the cell cycle
machinery (Figure 4). As expected, serum restimulation of
starvation-synchronized VSMCs led to a transient induction
of cyclin D1 protein expression that showed maximum levels
at 8 h and was followed by the upregulation of cyclin A at
16 h (Figure 4A, lanes 1, 3, 5 and 7). Addition of PCA-4230
markedly inhibited serum-inducible cyclin D1 and cyclin A
expression (Figure 4A, lanes 2, 4, 6 and 8). Neither serum
restimulation nor PCA-4230 treatment affected significantly
the expression of cyclin E and CDK?2 (Figure 4A). Thus, the
remaining CDK2 activity in PCA-4230-treated cells might
result from cyclin E-containing CDK2 holoenzymes. PCA-
4230-dependent inhibition of the level of cyclin DI protein
was also seen in MEF-Myc cells (Figure 4B).

Progression through the mammalian cell cycle requires the
hyperphosphorylation of Rb by active CDK/cyclin holoen-
zymes (Helin & Harlow, 1993; Weinberg, 1995; Dyson, 1998;
Mayol & Grana, 1998). Consistent with its inhibitory effect
on CDK2 activity and the reduction in cyclin D1 protein,
PCA-4230 abrogated the hyperphosphorylation of Rb
normally seen in serum-restimulated VSMCs (Figure 4,
compare lanes 1, 3, 5, 7 and 2, 4, 6, 8). Therefore, growth
arrest of PCA-4230-treated cells is associated with inhibition
of the kinase activity of CDK2 and repression of Rb
hyperphosphorylation. Since CDK2 activity and Rb hyperho-
sphorylation are negatively regulated by specific CDK
inhibitors (CKIs) (Elledge & Harper, 1994; Peter &
Herskowitz, 1994; Grafia & Reddy, 1995; Morgan, 1995),
we considered the possibility that members of this family of
growth suppressors might underlie the growth inhibitory
effect of PCA-4230. However, growth arrest in cells exposed
to PCA-4230 did not correlate with increased expression of
the CKIs p21 and p27 (Figure 4C,D).

A. CDK2 activity

0 25 50 pM PCA-4230 0 5 50 pM PCA-4230
"o g
E19P MEF-Myc

B. PI3K activity
0 20 50 pM PCA-4230

PIP >

Origin> (& & & & 3 »

Figure 3 PCA-4230 inhibits CDK2 activity. Subconfluent E19P and
MEF-Myc cells maintained in 10% FBS were treated for 15 h with
vehicle or the indicated amounts of PCA-4230. (A) Cell lysates were
assayed for CDK2 activity using histone H1 as substrate. (B) PI3K
activity in E19P lysates using L-az-phosphatidylinositol as substrate.
PIP: L-a-phosphatidylinositol phosphate.
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Figure 4 Western blot analysis of cell cycle regulatory proteins in PCA-4230-treated cells. Control cultures were exposed to
vehicle. (A, C) E19P cells were starvation-synchronized for 3 days in medium containing 0.5% FBS. One-and-a-half hours before
serum-restimulation, 50 uM PCA-4230 was added and treatment continued throughout the period of serum restimulation. The
antibody used in each blot is shown. pRb: hypophosphorylated Rb; ppRb: hyperphosphorylated Rb. (B) Cyclin D1 expression in
asynchronously growing MEF-Myc cells. (D) p27 expression in asynchronously growing MCF7, U20S and EI19P cells.

PCA-4230 inhibits serum-inducible cyclin A promoter
activity

Hyperphosphorylation of Rb is necessary to induce tran-
scriptional activation of E2F-dependent target genes that are
required for DNA synthesis (Helin & Harlow, 1993;
Weinberg, 1995; Dyson, 1998; Mayol & Grana, 1998). Since
PCA-4230 inhibited Rb hyperphosphorylation (Figure 4), a
series of experiments were performed to examine the effect of
PCA-4230 on transcriptional activation of the cyclin A gene,
a known E2F-regulated gene which is induced by serum in
VSMC:s (Sylvester et al., 1998). To this end, E19P cells were
transiently transfected with a luciferase reporter gene driven
by the cyclin A gene promoter. These experiments demon-
strated the ability of PCA-4230 to abrogate, in a dose-
dependent manner, serum-inducible cyclin A promoter
activity in starvation-synchronized cells (Figure 5A). Like-
wise, addition of PCA-4230 to asynchronously growing E19P
cells inhibited in a dose-dependent manner cyclin A promoter
activity (Figure 5B). These results suggest that PCA-4230-
dependent inhibition of cyclin A gene expression is achieved,
at least in part, at the transcriptional level.

Ectopic overexpression of cyclin D1 and E2F1 overrides
the inhibitory effect of PCA-4230 on cyclin A promoter
activity and S-phase entry

The results of our Western blot analysis and transient
transfection assays suggested that PCA-4230-dependent

transcriptional repression of cyclin A gene expression and
growth arrest is due, at least in part, to inhibition of the
cyclin D1/E2F pathway. Further evidence in support of this
model was provided by rescue experiments in which the
luciferase reporter gene driven by the cyclin A gene promoter
was cotransfected with either cyclin D1 or E2F1 expression
vectors. In agreement with previous studies demostrating the
ability of cyclin D1 and E2F1 to induce transcription from
the cyclin A gene promoter in fibroblasts (Schulze et al.,
1995; Rudolph et al., 1996; Zerfass-Thome et al., 1997; Lavia
& Jansen-Durr, 1999), overexpression of cyclin D1 and E2F1
increased cyclin A promoter activity by 4 fold in serum-
stimulated VSMCs (Figure 6A,B, respectively; compare gray
bars). While PCA-4230 repressed cyclin A promoter activity
in control cells, ectopic overexpression of either cyclin D1
(Figure 6A) or E2F1 (Figure 6B) efficiently overcame the
inhibitory effect of PCA-4230.

We next wanted to ascertain whether ectopic overexpres-
sion of E2F1 could overcome PCA-4230-dependent growth
arrest. For these studies, we used a replication-defective
adenovirus encoding for E2F1 (Ad-E2F1). Consistent with
the results of Figure 1B, 50 uM PCA-4230 blocked the
induction of S-phase normally seen in serum-restimulated
E19P cells, and infection with Ad-E2F1, but not control
adenovirus encoding for f-galactosidase (Ad-fgal), overcame
in a dose-dependent manner PCA-4230-induced growth
arrest (Figure 7). Taken together, these results suggest that
PCA-4230 represses cyclin A promoter activity and cell
proliferation through inhibition of the cyclin DI1/E2F1
pathway.
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Figure 5 PCA-4230 inhibits serum-inducible cyclin A promoter activity in VSMCs. E19P cells were cotransfected with 2 ug of a
luciferase reporter gene driven by the human cyclin A promoter and 0.5 ug of a control plasmid encoding for alkaline phosphatase.
Results are expressed as the ratio luciferase/alkaline phosphatase. Bars represent the meants.e.mean of three independent
transfections. Control cells were treated with vehicle. Results are referred to the activity seen in control untreated cells (=100%).
(A) Transfected cells were maintained in 0.5% FBS for 2 days. Cells were then harvested to determine basal cyclin A promoter
activity in serum-starved cells (first bar), or were pretreated for 2 h with vehicle or PCA-4230 and then serum-restimulated
overnight. (B) Cells were maintained in 10% FBS throughout the experiment.
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Figure 6 Ectopic overexpression of either cyclin DI or E2F1 can overcome the inhibitory effect of PCA-4230 on cyclin A
promoter activity. Cells were treated as in Figure 5, except that cultures were maintained throughout the experiment in 10% FBS
with vehicle or with 50 um PCA-4230. Results are expressed as the ratio luciferase/alkaline phosphatase. Bars represent the
mean+s.e.mean of three independent transfections. Results are referred to the activity seen in control untreated cells (=100%).

Cells were cotransfected with CMV-Cyclin D1 (0.1 ug per transfection, A), or with CMV-E2F1 (0.2 ug per transfection, B).

Discussion

In this study we have examined the molecular mechanisms
underlying cellular growth arrest by the pharmacological
agent PCA-4230. Our results show that PCA-4230 is a potent
inhibitor of serum-inducible S-phase entry in cultures of both
rat and human VSMCs. This agent also inhibited the growth
of human and murine transformed cells. Potential mechan-
isms underlying PCA-4230-dependent growth arrest include:
(1) inhibition of cyclin D1 and cyclin A protein expression; (ii)
abrogation of CDK2 activity and blockade of Rb hyperpho-
sphorylation; and (iii) transcriptional repression of cyclin A
gene expression. Neither PI3K activity nor cylin E and
CDK2 protein levels were affected by PCA-4230. Moreover,
PCA-4230 failed to inhibit CDK2 activity when added
directly to kinase reactions (data not shown), demonstrating

that the inhibitory effect of this agent was not due to a direct
interaction with CDK?2. These results indicate that PCA-4230
blocks specifically certain signalling pathways involved in
cellular proliferation.

We considered the possibility that members of the CKI
family of growth suppressors might contribute to PCA-4230-
dependent growth arrest. However, increased expression of
the CKIs p21 and p27 was not seen in PCA-4230-treated
cells. In contrast, tranilast, a compound with proven clinical
efficacy for treating postangioplasty restenosis (Holmes et al.,
2000; Tamai et al., 1999), inhibited CDK2/CDK4 activity
and Rb hyperphosphorylation by a mechanism that may
depend upon increased expression of p21 (Takahashi et al.,
1999).

The complex interactions between Rb and members of the
E2F family of transcription factors play an important role in
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Figure 7 Adenovirus-mediated overexpression of E2F1 restores S-phase entry in PCA-4230-treated VSMCs. E19P cells were
maintained for 3 days in 0.5% FBS. Cells were then harvested for FACS analysis to determine basal activity (first bar), or
pretreated with vehicle or 50 um PCA-4230 followed by 16 h of stimulation with 10% FBS. When indicated, starved cells were
infected with replication-defective Ad-E2F1 or Ad-figal at different multiplicities of infection (MOI) during the last 8 h of serum

starvation. Results represent the mean+s.e.mean of three experiments.

the regulation of cell cycle progression (Grana & Reddy,
1995; Dyson, 1998). It is accepted that hyperphosphorylation
of Rb by active G1 CDK/cyclin holoenzymes disrupts Rb/
E2F interactions thus allowing transcriptional activation of
E2F-dependent target genes (i.e., cyclin A, p34°2 cyclin E).
Thus, inhibition of both cyclin D1 expression and CDK?2
activity may account for the blockade of serum-inducible Rb
hyperphosphorylation in PCA-4230-treated VSMCs. Accu-
mulation of hypophosphorylated Rb would in turn hinder the
accumulation of ‘free E2F’, thus preventing cyclin A gene
expression and formation of active CDK2/cyclin A com-
plexes. In this regard, we have recently shown that E2F is an
important component of the signalling cascade that links Ras
activity to cyclin A transcription in VSMCs (Sylvester et al.,
1998). Because disruption of cyclin A function inhibits S-
phase entry (Girard et al., 1991; Pagano et al., 1992; Zindy et
al., 1992), and its overexpression accelerates the Gl-to-S
transition (Resnitzky et al., 1995; Rosenberg et al., 1995),
cyclin A expression appears to be rate limiting for cellular
proliferation. Therefore, repression of cyclin A gene tran-
scription may contribute to PCA-4230-dependent inhibition
of VSMC proliferation.

To ascertain that PCA-4230 does indeed inhibit cyclin A
gene expression and VSMC proliferation through inhibition

of the cyclin DI1/E2F pathway, we performed rescue
experiments by overexpressing cyclins D1 and E2F1. Our
results demonstrate that ectopic overexpression of either
cyclin D1 or E2F1 efficiently overcame the inhibitory effect of
PCA-4230 on cyclin A promoter activity. Moreover,
adenovirus-mediated overexpression of E2F1 restored DNA
synthesis in PCA-4230-treated VSMCs. These results suggest
that PCA-4230 represses cyclin A promoter activity and
VSMC proliferation through inhibition of the cyclin D1/
E2F1 pathway.

Abnormal VSMC proliferation is an important component
of the response to vascular injury, particularly during in-stent
restenosis (Ross, 1993; Bauters & Isner, 1997; Libby &
Tanaka, 1997). We have previously shown that VSMC
proliferation in response to arterial injury in rat and human
arteries correlated with the induction of CDK2 and cyclins
(Kearney et al., 1997; Wei et al., 1997). Importantly, gene
therapy strategies targeting CDK2 and E2F function and Rb
hyperphosphorylation have proven efficient at preventing
vascular proliferative diseases in animal models (reviewed in
Andrés, 1998; Braun-Dullacus et al., 1998) and human
bypass-graft atherosclerosis (Mann ez al., 1999). Previous
studies have demonstrated that PCA-4230 has platelet
aggregation inhibitory activity and in vivo antithrombotic
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activity (Gutierrez Diaz et al., 1992; Ortega et al., 1993;
Sunkel et al., 1988). Our in vitro studies show that inhibition
of the cyclin DI/E2F pathway by PCA-4230 is effective at
suppressing the growth of human VSMCs and cancer cells.
Because PCA-4230 was well tolerated when administered to
healthy volunteers (Cillero et al., 1991), future studies are
warranted to assess whether PCA-4230 may be a suitable
pharmacological agent for the treatment of hyperproliferative
disorders, including cardiovascular disease and cancer.
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TRABAJO 2

Role of E2F and ERK1/2 in STI571-mediated smooth muscle cell
growth arrest and cyclin A transcriptional repression

Silvia M. Sanz-Gonzalez, Claudia Castro, Paloma Pérez and Vicente
Andrés

Biochemical and Biophysical Research Communications 317: 972-
979 (2004)

En este trabajo se incluyen los estudios llevados a cabo para cumplir con
el Objetivo 1 de esta Tesis Doctoral: Investigar los mecanismos
moleculares responsables del efecto citostatico que el farmaco STI571

ejerce sobre las CMLVs.

RESUMEN: Un evento clave durante la enfermedad vascular
obstructiva es la proliferacién excesiva de CMLVs. Se ha demostrado
que el factor de crecimiento PDGF-BB es un potente mitégeno de
CMLVs. Trabajos previos han demostrado que el inhibidor de tirosin
quinasa del receptor de PDGF-BB, STI571, atenta la proliferacion de
CMLVs y el engrosamiento de la neointima en modelos animales.
Nuestro objetivo ha sido investigar los mecanismos moleculares
responsables del efecto antiproliferativo del STI571 en CMLVs en
cultivo. Demostramos que el tratamiento con este farmaco inhibe la
expresion de ciclina D1 y ciclina A observada en CMLVs re-estimuladas
con PDGF-BB. También demostramos una inhibicién de la actividad del
promotor de la ciclina A en presencia de STI571, efecto que requiere un
sitio de unién E2F funcional. Ademas, el STI571 inhibe la actividad de
unién a ADN de E2F y la expresion ectopica de E2F previene el efecto
inhibidor de STI571 sobre la transcripcion de ciclina A. Demostramos
también que STI571 bloquea la activacion de las ERK1/2 inducida por
PDGF-BB, y que la activacion forzada de estas quinasas impide el efecto
inhibidor de STI571 sobre la transcripcion de la ciclina A y la
proliferacién de CMLVs. En conclusion, la represion de las quinasas
ERK1/2 y del factor E2F juega un papel clave en la parada de ciclo
celular de CMLVs inducida por STI571, asi como en la represion
transcripcional que ejerce este farmaco sobre la ciclina A. Estos
resultados pueden ser importantes en el desarrollo de nuevas estrategias
terapéuticas para el tratamiento de la hiperplasia de la neointima.
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Abstract

Platelet-derived growth factor (PDGF) ligand and receptors (PDGF-R) activate smooth muscle cell (SMC) proliferation, a key
event during vascular obstructive disease. The PDGF-R tyrosine kinase inhibitor STI571 attenuates SMC proliferation and ex-
perimental neointimal thickening. Here, we investigated the molecular mechanisms underlying STI571-dependent SMC growth
arrest. STI571 abrogates PDGF-BB-dependent cyclin D1 and cyclin A protein expression and inhibits transcriptional activation of
reporter genes driven by the human cyclin A gene promoter. Repression of cyclin A promoter activity by STI571 requires a
functional E2F-binding site, and forced expression of E2F overrides this inhibitory effect. Moreover, STI571 inhibits E2F DNA-
binding activity in SMCs. We also found that STI5S71 abrogates PDGF-BB-dependent activation of extracellular-regulated kinase 1
and 2 (ERK1/2), and forced activation of these factors impaired STI571-dependent inhibition of both cyclin A promoter activity and
SMC proliferation. Thus, E2F and ERK1/2 play an important role in STI571-mediated SMC growth arrest and cyclin A tran-
scriptional repression. These findings may have importance in the development of novel therapeutic strategies for the treatment of

neointimal hyperplasia.
© 2004 Elsevier Inc. All rights reserved.

Keywords: STI571; Smooth muscle cell; Cyclin A; ERK; E2F

Atherosclerosis and associated diseases are the main
causes of morbidity and mortability in developed coun-
tries. Abnormal smooth muscle cell (SMC) proliferation
and migration have been implicated in neointimal lesion
growth during the pathogenesis of atherosclerosis and
restenosis after angioplasty, a complication that limits
the long-term efficacy of this revascularization procedure
[1-3]. Several growth regulatory factors have been in-
volved in both atherosclerotic and restenotic lesion
formation, including platelet-derived growth factor
(PDGF), basic fibroblast growth factor, tumor necrosis
factor-o, insulin-like growth factor-1, heparin-binding
epidermal growth factor-like growth factor, interleukin-
1, and transforming growth factor-f [1-5].
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E-mail address: vandres@ibv.csic.es (V. Andrés).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserve(5555

doi:10.1016/j.bbrc.2004.03.143

In vitro studies have established that PDGF acts as a
potent mitogen and chemoattractant for SMCs [6-8].
Moreover, PDGF has been involved in the transfor-
mation of SMCs from the contractile (quiescent) to the
synthetic (proliferative) phenotype characteristic of
neointimal lesions [6,9]. Both PDGF-BB and its receptor
PDGF-Rf are expressed in neointimal lesions of ex-
perimental animals and humans [10-14]. Importantly,
neutralizing antibodies directed against PDGF [15], or
attenuation of PDGF-R subunit expression [16], in-
hibited neointimal hyperplasia in balloon-injured arter-
ies. In contrast, recombinant PDGF B gene expression
in porcine arteries induces intimal hyperplasia in vivo [17].

PDGF-R binds PDGF-BB with high affinity,
PDGF-AB with low affinity, but does not bind PDGF-
AA [18]. Dimerization of PDGF-Rf occurs after ligand
binding and is closely associated with activation of the
receptor protein tyrosine kinase (PTK). This leads to
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autophosphorylation of specific tyrosine residues within
the intracellular domain of PDGF-R and activation of
downstream signal transduction pathways involved in
cell proliferation and chemotaxis. Importantly, PTK
inhibitors attenuate both SMC growth and chemotaxis
[19-21]. STI571 (also named Gleevec, Imatinib, and
CGP57148B) is a low molecular weight inhibitor of the
PTK activity of both PDGF-R subtypes [22,23], as well
as that of Abl [24], Ber-Abl [25,26], and c-kit [23,24,
27,28]. STI571 is currently being used clinically with
great success to treat several forms of malignancies, in
particular chronic myelogenous leukemia (reviewed in
[29,30]). The therapeutic efficacy of STI571 has been
also demonstrated in animal models of vascular prolif-
erative disease, including restenosis after balloon angi-
oplasty [31], diet-induced atherosclerosis [32], and
transplant atherosclerosis [33]. Recently, oral STI571
has been shown to improve the efficacy of local intra-
vascular endothelial growth factor-C gene transfer in
reducing neointimal growth in hypercholesterolemic
rabbits [34]. Furthermore, STI571 completely inhibits in
vitro angiogenesis in fibrinogen-embedded mouse aorta
[35]. To gain insight into the molecular mechanisms
underlying STI571-dependent effects on the vasculature,
we examined here the effects of this drug on the ex-
pression and activity of signal transduction and cell
cycle regulatory factors in SMCs.

Materials and methods

Cell culture. Rat embryonic aorta E19P cells (gift from C. Shana-
han, University of Cambridge, Cambridge, UK) and primary SMCs
from adult rat aorta were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal serum bovine (FBS),
100 U/mL penicillin, 0.1 mg/mL streptomycin, and 2 mmol/L L-gluta-
mine (Life Technologies). The latter were prepared by digesting with
collagenase (Worthington) the aorta of adult Wistar rats. Arteries were
dissected free from surrounding tissue and adventitia. Tissue was cut
into small pieces and digested in collagenase media supplemented with
10% FBS for 4h in a shaking bath at 37°C. Cells were used between
passage 2 and 14. Preparation of primary cultures of rabbit femoral
artery SMCs (FSMCs) and retroviral infection with control pBabeP-
uro-LacZ (FSMC-LacZ) and pBabePuro-MEKE (pBabePuro-
MEKE), which encodes for a constitutively active MEK1 mutant [36],
were carried out as previously described [37]. Cultures were maintained
at 37°C in a humidified 5% C0O,-95% O, atmosphere.

Effect of STI571 on SMC proliferation. STIS71 was provided by
Novartis Pharma AG (Basel, Switzerland). Both solid and stock so-
lution of STI571 (10mM in 0.9% NaCl) were stored at —20°C. Rat
SMCs for [*H]thymidine incorporation assays were seeded in 12-well
plates (Sarstedt) at a density of 5 x 10° cells/well in 10% FBS/DMEM.
To render the cells quiescent, the next morning cultures were switched
to mitogen-free insulin-transferrin-selenium media supplemented with
250 uM ascorbic acid and 107" M FeCl; (ITC media, Life Technology)
[38] and maintained for 48 h under these conditions. Control cultures
were stimulated with 10 ng/mL PDGF-BB (Sigma-Aldrich) to induce
cell cycle reentry. For STI571 treatment, starvation-synchronized cells
were treated with this drug during the last 12h and throughout the
period of mitogen stimulation. Cells were pulsed with 1mCi/L
[*H]thymidine (Amersham) during the last 12h of stimulation. After
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washes with phosphate buffered saline (PBS), cells were lysed with 1%
sodium dodecyl sulphate (SDS) and then DNA was precipitated with
15% trichloroacetic acid (TCA). This solution was filtered through
Whatman GF/C 2.5cm glass fibre (Afora) and washed with 5% TCA.
After a wash with 100% ethanol, filters were dried and placed in
scintillation vials. The radioactivity incorporated into DNA was
measured in a 1414 liquid scintillation counter (Wallac) after addition
of 5-6mL Optiphase ‘HISAFE’3 scintillation fluid (Wallac).

Asynchronously growing rabbit FSMCs were plated in 10% FBS/
DMEM-F12 at a density of 40 x 10° cells/well in 12-well plates. Once
cells were firmly attached (6-8 h later), the medium was removed and
cells were washed with PBS before stimulation for 24 h with 10 ng/mL
PDGF-BB in the presence of increasing doses of STI571 (0, 0.5, 2, and
5uM). Cells were pulsed with 1 mCi/L [*H]thymidine during the last
4h of stimulation and radioactivity incorporated into DNA was
measured as indicated above.

Western blot analysis. Cultures were rendered quiescent by serum
starvation in mitogen-free ITC media during 48 h and then stimulated
with 10ng/mL PDGF-BB in the presence or absence of 5uM STI571
(which was added to the cells 10-12 h prior to PDGF-BB stimulation).
Cell lysates were prepared in either ice-cold lysis buffer A or buffer B
supplemented with protease inhibitor Complete Mini cocktail (Roche
Diagnostics). Lysis in buffer A (50 mM Hepes, pH 7.5, 150 mM NaCl,
2.5mM EGTA, 10 mM B-glycerophosphate, 10% glycerol, 0.1% Tween
20, 0.1mM NaVO;, and 1mM DTT) consisted in three cycles of
freezing in liquid nitrogen and thawing at 37 °C and vortexing. Lysates
were centrifuged at maximum speed for 10min at 4°C in a 5417R
microfuge (Eppendorf). Lysis in buffer B (0.5% Triton X-100, 0.5%
deoxycholate, 20mM Tris-HCI, pH 7.5, 150mM NaCl, 10mM
B-glycerophosphate, 0.1 mM NaVO;, and 1 mM DTT) was carried out
by 20min incubation at 4°C and then lysates were centrifuged at
10,000g for 15min at 4 °C. The protein concentration in the superna-
tants was determined by the Bradford assay (Bio-Rad). Protein sam-
ples (40 ng) were separated onto 7-12% SDS-polyacrylamide gels for
Western blot analysis. The following antibodies were purchased from
Santa Cruz Biotechnology: cyclin D1 (SC-450 1:500), cyclin A (SC-751
1:250), o-tubulin (SC-8035, 1:200), CDK2 (SC-163-G, 1:200),
PDGFR- (SC-432, 1:250), p-ERK1/2 (SC-7383, reactive with Tyr-204
phosphorylated ERK1 and ERK?2, 1:200). Antibodies against ERK1/2
(06-182, reactive with ERK1/2, 1:200) and phospho-Tyr (05-321,
1:500) were purchased from Upstate Biotechnology.

Electrophoretic mobility shift assays (EMSA). Cell extracts were
prepared in buffer C (25% glycerol, 20mM Hepes, pH 7.9, 0.4M
NaCl, ImM EDTA, 1mM EGTA, 1mM DTT, I mM PMSF, 3 png/
mL leupeptin, 3 pg/mL aprotinin) as indicated above for buffer A.
Lysates were centrifuged at 10,000g for 20min at 4°C and protein
concentration was determined using the Bradford assay. EMSA was
performed with a radiolabeled double-stranded E2F consensus oli-
gonucleotide (SC-2507, Santa Cruz Biotechnology). Binding reactions
were carried out as described [39] using 15 pg cell lysate. Competition
experiments were carried out in the presence of a 50-fold molar excess
of unlabeled wild-type or mutant (SC-2508, Santa Cruz Biotechnol-
ogy) E2F oligonucleotides.

Transient transfection and luciferase assays. E19P cells were seeded
at 55x 10°cellssmL onto six-well plates (Sarstedt) 8-10h before
transfection. The luciferase reporter plasmids driven by the human
cyclin A promoter region from —924/+245 (wild type and CRE mu-
tant) and —79/+100 (wild type and E2F mutant) have been previously
described [40-42]. To investigate the effect of STI571 on cyclin A
promoter activity (Fig. 3), transient transfection was carried out ac-
cording to the manufacturer’s instructions using mixtures containing
2 g of reporter plasmid and 6 pul of FuGene 6 transfection reagent
(Roche Diagnostics). After 15h, cells were washed with PBS and
switched to 10ng/mL PDGF-BB in the presence or absence of 5 uM
STI571. After 26h, cell lysates were prepared for luciferase activity
assay according to the recommendation of the manufacturer (Lucif-
erase Reporter Gene Assay high sensitivity, Roche Diagnostics). For
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each sample, luciferase was normalized for protein concentration.
Results represent means &+ SE of 12 independent transfections.

To investigate the effect of forced activation of ERK1/2 (Fig. 6),
FSMC-LacZ and FSMC-MEKE cells were incubated with transfec-
tion mixtures containing the human cyclin A promoter region from
—924/+245 (wild-type) prepared as indicated above for EI9P cells.
After 15h, cells were trypsinized, pooled, and reseeded on six-well
plates. Once cells were firmly attached (approximately 8 h later), cul-
tures were switched to 10 ng/mL PDGF-BB in the presence or absence
of 5uM STIS571. Luciferase activity was determined as indicated above
for E19P cells. Results represent means + SE of six independent assays.

To investigate the effect of forced E2F1 expression (Fig. 4), E19P
cells were incubated with transfection mixtures containing 1.5 pg of the
human cyclin A promoter region from —79/+100 (wild-type), 0.5 pg of
empty pCMV-NeoBam vector or 0.5nug pRc-CMV-HA-E2F1 (gift
from M. Campanero), and 50ng pRL-TK (Promega). Firefly (from
cyclin A reporter) and Renilla (from pRL-TK) luciferase activities were
determined in each lysate according to the manufacturer’s instructions
(Dual-Glo Luciferase Assay System, Promega) and cyclin A promoter
activity was calculated as the firefly/Renilla luciferase ratio. Results
represent means + SE of three independent assays.

Statistical analysis. Results are reported as means + SE. Differences
were evaluated using either a 2-tail, unpaired ¢ test or ANOVA and
Fisher’s post hoc test (Statview, SAS institute).

Results
STI571 inhibits PDGF-BB-stimulated SMC proliferation

Primary cultures of rat aorta SMCs were rendered
quiescent by maintaining the cultures for 48 h in mito-
gen-free ITC media. To induce synchronous cell cycle
reentry, starved cultures were stimulated with 10 ng/mL
PDGF-BB in the presence or in the absence of STI571.
As expected, STI5S71 completely abolished the rapid
induction of PDGF-Rp tyrosine phosphorylation elic-
ited by its ligand PDGF-BB (Fig. 1A). STI571 inhibited
in a dose-dependent manner cell cycle progression in-
duced by PDGF-BB, as determined by [*H]thymidine
incorporation assays (Fig. 1B).

Effect of STI571 on the expression of cell cycle regulatory
proteins

To gain insight into the mechanisms underlying the
inhibition of SMC proliferation by STI571, we exam-
ined the effect of this drug on the expression of cell cycle
regulatory proteins required for progression through the
G1/S phase of the cell cycle. As shown by the repre-
sentative Western blot analysis of Fig. 2, stimulation of
starvation-synchronized primary SMCs with PDGF-BB
resulted in a transient induction of cyclin D1 (with a
maximum peak between 6 and 12h) followed by the
upregulation of cyclin A (with maximal expression be-
tween 18 and 24 h). Treatment with STI571 abolished
PDGF-BB-dependent induction of cyclin D1 and cyclin
A, and reduced CDK2 expression from 12 to 24h. In
contrast, a-tubulin was expressed at similar level in all
experimental conditions tested.
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Fig. 1. The PDGF-R PTK inhibitor STI571 blocks PDGF-BB-de-
pendent autophosphorylation of PDGF-R and attenuates SMC pro-
liferation in a dose-dependent manner. Serum-starved primary rat
SMCs were restimulated with PFGF-BB in the presence or in the
absence of STIS71. (A) Western blot analysis using anti-PDGF-Rf
and anti-p-Tyr antibodies. Cell extracts were prepared in lysis buffer B.
STIS571 inhibits the rapid autophosphorylation of PDGF-Rp in Tyr
without affecting its level of expression. (B) [’H]Thymidine incorpo-
ration assay in serum-starved cells and in cultures re-stimulated for
24h with PDGF-BB. Cells were incubated with [*H]thymidine during
the last 12h of PDGF-BB stimulation. Results represent means + SE
of three assays. Statistical analysis was performed using ANOVA and
Fisher’s post hoc test. For simplicity, only comparisons among PDGF-
BB-treated cells are shown: *p < 0.0001 versus PDGF-BB-induced in
the absence of STI571.

STI571 inhibits PDGF-BB-stimulated human cyclin A
promoter activity by a mechanism involving the transcrip-
tion factor E2F

Having demonstrated the blockade of PDGF-BB-in-
duced cyclin A protein expression in SMCs treated with
STI571, we next sought to examine whether repression
of cyclin A promoter activity may contribute to the in-
hibitory effect of this drug. To this end, E19P cells were
transiently transfected with luciferase reporter genes
driven by different regions of the human cyclin A pro-
moter (Fig. 3). Activity of the fragment from —924 to
+245 relative to the transcription initiation site was in-
hibited by 83% in the presence of STI5S71 (p < 0.0001
versus control, » = 12). Mutation of the CRE cis-cle-
ment within the context of the —924/+245 promoter re-
gion (CRE Mut) reduced the inhibitory effect of STI571
(48% inhibition versus control cells, p < 0.0001, n = 12).
Likewise, STI571 inhibited by 54% the promoter activity
of a construct encompassing the cyclin A —79/+100
wild-type sequence (p < 0.0001 versus control, n = 12).
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Fig. 2. STI571 abolishes PDGF-BB-induced upregulation of cyclin D1 and cyclin A. Rat primary SMCs were maintained for 48 h in mitogen-free
ITC media and then exposed to PDGF-BB for the indicated time in the presence or absence of 5 uM STIS571. Cell lysates were prepared in buffer A
for Western blot analysis of cell cycle regulatory proteins. Similar results as those shown in this figure were obtained in independent experiments.
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Fig. 3. STI571 inhibit human cyclin A promoter activity. E19P cells
transiently transfected with luciferase reporter genes driven by different
regions of the human cyclin A promoter were stimulated for 26 h with
10ng/mL PDGF-BB in the presence or absence of 5uM STIS71. For
each reporter gene, activity in the presence of STIS71 is represented
relative to control (=100%). Results represent means & SE of 12 in-
dependent assays. The asterisk indicates p < 0.0001 versus control, as
determined by 2-tail, unpaired ¢ test. CRE Mut and E2F Mut:
reporters with CRE and E2F sites mutated, respectively.

We also found that mutations that render the E2F site
inactive in the context of the —79/+100 construct (cyclin
A =79/+100 E2F Mut) abrogated the inhibitory effect of
STI571 (promoter activity of 138% versus control,
p < 0.0001, n =12). Further evidence implicating E2F
as a target of STI571 was provided in rescue experiments
using an E2F1 expression vector, which abolished
STI571-dependent inhibition of the cyclin A —79/+100
reporter gene (Fig. 4A). We also performed EMSAs
using a radiolabeled E2F consensus target. As shown in
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Fig. 4B, these studies revealed the existence of a nucle-
oprotein complex that was inhibited by STI57 in PDGF-
BB-stimulated E19P cells and was competed away by
an excess of wild-type (Wt) but not mutated (Mut)
E2F oligonucleotide. In contrast, STI571 did not in-
hibit CRE-dependent DNA-binding activity (data not
shown).

Forced activation of ERKII2 in SMCs impairs the
inhibitory effect of STI571 on cyclin A promoter activity
and cell proliferation

Because the MAPK pathway plays a pivotal role in
transducing environmental cues required for both cell
proliferation and migration [43], we investigated the
effect of STIS71 on the activation of the MAPK iso-
forms of 44 and 42kDa (named ERKI1 and ERK2,
respectively) triggered by PDGF-BB addition to star-
vation-synchronized SMCs. As shown by the represen-
tative Western blot analysis of Fig. 5, STIS71 severely
inhibited the rapid and transient phosphorylation of
ERK1/2 induced by PDGF-BB without affecting total
ERK1/2 protein level.

In order to assess whether ERK1/2 inhibition plays
an important role in STI571-dependent inhibitory effects
in SMCs, we carried out gain-of-function experiments
using a retroviral vector that directs the expression of a
constitutively active mutant of MEK 1. We have recently
shown that infection of rabbit FSMCs with this retro-
virus leads to constitutive phosphorylation of ERK1/2
[37]. STI571 significantly inhibited PDGF-BB-depen-
dent activity of the —924/+245 cyclin A promoter region
in FSMCs infected with control retrovirus (Fig. 6A,
FSMC-LacZ), although to a lesser extent that in E19P
cells (confer Fig. 3). Of note, STI571 failed to inhibit the
activity of the —924/+245 cyclin A promoter in FSMCs
infected with the retrovirus encoding for the constitu-
tively active MEK1 mutant (Fig. 6A, FSMC-MEKE).
Likewise, the efficacy of STI571 as a growth suppressor
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Fig. 4. Role of E2F in STI571-dependent inhibition of cyclin A pro-
moter activity. (A) E19P cells transiently cotransfected with a lucifer-
ase reporter gene driven by the human cyclin A promoter region —79/
+100 (wild-type), pRL-TK, and either control pCMV-NeoBam
(Empty vector) or pPRC-CMV-HA-E2F1 (HA-E2F1) were stimulated
for 26 h with 10 ng/mL PDGF-BB in the presence or absence of 5uM
STI571. For each experimental condition, activity in the presence of
STI571 is represented relative to control without STI571 (= 100%).
Results represent means + SE of three independent assays. The asterisk
indicates p < 0.003 versus control, as determined by 2-tail, unpaired ¢
test. (B) Extracts were prepared from starvation-synchronized E19P
cells restimulated for 12 h with 10 ng/mL PDGF-BB in the presence or
absence of SuM STI571. EMSA was performed using 15pg of cell
extract and a radiolabeled E2F consensus target. Competition exper-
iments were carried out by preincubating cell extracts with a 50-fold
molar excess of unlabeled E2F oligonucleotide (Wt, wild-type; Mut,
E2F site mutated) prior to addition of the probe. Only retarded bands
are shown. The arrow indicates a nucleoprotein complex inhibited by
STI571 and competed away by Wt but not Mut oligonucleotide.

was reduced in FSMC-MEKE compared with FSMC-
LacZ cultures (Fig. 6B). For instance, 0.5 uM STI571
significantly reduced proliferation of FSMC-LacZ but
not FSMC-MEKE cells. At higher concentrations,
STI571 significantly inhibited the proliferation of both
FSMC-LacZ and FSMC-MEKE, although the potency
of the drug was comparatively reduced in the latter.

Discussion

In addition to the beneficial therapeutic effects of the
2-phenylaminopyrimidine derivative STI5S71 on chronic
myelogenous leukemia in humans [29,30], the thera-
peutic efficacy of this PTK inhibitor has been also
demonstrated in animal models of vascular proliferative
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disease, including restenosis after balloon angioplasty
[31], diet-induced atherosclerosis [32], and transplant
atherosclerosis [33]. CGP 53716, another PTK inhibitor
of the 2-phenylaminopyrimidine class, also attenuated
neointimal thickening in a rat carotid artery model of
balloon angioplasty [44], and prevented cardiac allograft
arteriosclerosis [45]. However, the molecular mecha-
nisms by which PTK inhibitors exert these therapeutic
effects are poorly understood. In this study, we have
examined in cultured SMCs the effect of STI571 on key
cell cycle regulators and signal transduction factors in-
volved in cell growth and migration. We found that
STI571 inhibits PDGF-BB-induced SMC growth
(Fig. 1B) and migration (data not shown). Of note,
STI571 has been shown to inhibit in vitro angiogenesis,
and this angiostatic effect was attributed mainly to an
antiproliferative and antimigratory action on SMCs
[35]. Likewise, CGP 53716 has been shown to selectively
inhibit PDGF-R autophosphorylation leading to im-
paired PDGF-dependent c-fos mRNA upregulation and
diminished SMC proliferation and migration in vitro [22].

In order to explore the molecular mechanisms un-
derlying the antiproliferative effect of STI5S71 on SMCs,
we investigated the effect of this drug on cell cycle
and signal transduction molecules implicated in cell
proliferation. We found that STIS71 inhibits PDGF-
BB-induced ERK1/2 activation, a key process in PDGF-
dependent stimulation of cell growth [43]. Moreover,
treatment with STI571 fully prevented the upregulation
of cyclin D1 and cyclin A normally seen in PDGF-BB-
stimulated SMCs. Our transient transfection experi-
ments suggest that the inhibitory effect of STIS71 on
cyclin A protein expression is mediated, at least in part,
by transcriptional repression of the cyclin A gene pro-
moter. Previous studies have documented the binding of
CREB/ATF and E2F factors to the human cyclin A
promoter elements located at position —79/-72 and —37/
—32, respectively [40,42,46-48]. We show here that
STIS571 reduces E2F DNA-binding activity. Moreover,
mutations that disrupted the cyclin A —37/-32 E2F-
binding site abrogated STI571-dependent cyclin A
transcriptional repression, and ectopic overexpression of
E2F fully overrode this inhibitory effect. Thus, E2F is a
critical target of STI571 in SMCs. Regarding the in-
volvement of the cyclin A —79/-72 CRE/ATF site, our
results show that this cis-element is necessary for max-
imum inhibition by STI571 in the context of the —924/
+245 promoter region. However, our EMSAs indicate
that this drug does not prevent PDGF-BB-mediated
induction of binding of cellular proteins to the cyclin A
—79/-72 CRE/ATF site (data not show). Additional
studies are thus required to elucidate the mechanism(s)
underlying the requirement of this CRE/ATF site for
efficient STIS71-dependent inhibition of cyclin A pro-
moter activity. Likewise, further experiments are nec-
essary to identify the cis-element(s) located within —924
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Fig. 6. Forced activation of MAPKs in SMCs impairs the inhibitory
effect of STI571 on both cyclin A promoter activity and cell prolifer-
ation. Rabbit FSMCs were infected with retroviral vectors encoding a
constitutively active MEK1 mutant (FSMC-MEKE) or LacZ for
control (FSMC-LacZ). (A) Cells transiently transfected with a lucif-
erase reporter gene driven by the human cyclin A promoter region
—924/+245 were stimulated for 26 h with 10 ng/ml PDGF-BB in the
presence or in the absence of 5M STI571. Results represent mean-
s+ SE of six assays. Activity in the presence of STIS71 is represented
relative to its corresponding control (= 100%). The asterisk indicates
p < 0.002 versus control, as determined by 2-tail, unpaired ¢ test. (B)
[’H]Thymidine incorporation assay of cells asynchronously growing in
the presence of PDGF-BB, with or without STI571. Results represent
means + SE of three independent assays. For each retroviral infection,
[*H]thymidine incorporation in the presence of STI571 is represented
relative to control (=100%). Statistical analysis was performed using
ANOVA and Fisher’s post hoc test. Comparisons versus untreated
FSMC-LacZ: *p < 0.05; **p < 0.0002; and ***p < 0.0001. Compari-
sons versus untreated FSMC-MEKE: Tp < 0.002; f'p < 0.007. Com-
parisons between FSMC-LacZ and FSMC-MEKE at each dose of
STIS71: #p < 0.05.
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and —80 that are necessary for maximum inhibition of
the —924/+245 cyclin A promoter.

To assess whether inhibition of ERK1/2 by STI571
contributes to reduced cyclin A promoter activity, we
transfected the —924/+245 cyclin A reporter into rabbit
FSMCs infected with a retroviral vector that encodes for
a constitutively active MEK1 mutant that induces con-
stitutive activation of ERK1/2 [37]. We found that
STI571-induced repression of cyclin A promoter activity
is attenuated in FSMC-MEKE compared to control
FSMC-LacZ. Moreover, forced activation of ERK1/2
prevented growth arrest induced by 0.5 uM STI571 and
reduced the growth suppressive effect at higher doses of
STI571.

In summary, our studies suggest that ERK1/2 inac-
tivation and blockade of cyclin D1 and cyclin A up-
regulation play a critical role in STI571-mediated
inhibition of PDGF-BB-induced SMC proliferation.
Consistent with this notion, forced activation of ERK1/
2 in SMCs impaired the inhibitory effect of STI571 on
both PDGF-BB-induced cyclin A promoter activity and
cell proliferation. Our results also demonstrate that E2F
is a critical target of STI571 in SMCs. Gene expression
profiling studies comparing untreated and STI571-
treated SMCs and gain and loss-of-function experiments
are warranted to identify additional regulatory factors
implicated in the antiproliferative properties of this
drug.
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Atheroma development in apolipoprotein E-null mice is not
regulated by phosphorylation of p27(Kip1) on threonine 187.

Silvia M. Sanz-Gonzalez, Raquel Melero-Fernandez de Mera, Nisar P.
Malek, and Vicente Andrés

Journal of Cellular Biochemistry 97:735-743 (20006)

En este trabajo se incluyen los estudios llevados a cabo para cumplir con
el Objetivo 2 de esta Tesis Doctoral: Investigar si la fosforilaciéon de la
protefna p27"*! en T187 es importante en la regulacién del desarrollo del
ateroma en ratones deficientes en apoE alimentados con dieta rica en
grasa y colesterol.

RESUMEN: Se cree que la proliferaciéon celular excesiva contribuye
al desarrollo de la lesion neointimal durante los procesos de
aterosclerosis y reestenosis post-angioplastia. La inhibicion de la
actividad CDK por p27"?" inhibe el crecimiento celular en mamiferos.
Ademss, se ha demostrado que p27"P' regula negativamente el
engrosamiento de la neointima, tanto en modelos animales de reestenosis
como de aterosclerosis, y su pauta de expresion en lesiones vasculares
obstructivas humanas apoya esta idea. La progresion durante la fase G1
tardfa del ciclo celular est4 facilitada por la degradaciéon de p27"*" como
consecuencia de su fosforilaciéon en la T187. El objetivo de este estudio
fue averiguar si esta fosforilaciéon juega un papel durante el proceso de
aterosclerosis. Para ello, generamos ratones deficientes en apoE con los
dos alelos de p27"P! reemplazados por una forma mutante no
fosforilable en T187 (ratones p27T187A-apoE-KO) y analizamos la
cinética de formaciéon de ateroma en estos ratones, comparandola con
ratones control deficientes en apoE con el gen p27"?! endégeno intacto.
Los animales se alimentaron con una dieta rica en grasa y colesterol que
provoco una hipercolesterolemia similar en ambos grupos de animales.
Sorprendentemente, la expresién de proteina p27™*' no aument6 en el
tejido adrtico de ratones p27T187A-apoBE-KO hipercolesterolémicos
comparando con ratones apoE-KO. Ademas, el tamafo, celularidad, tasa
de proliferacion y tasa de apoptosis de la lesion fueron indistinguibles en
ambos grupos de ratones. En conclusion, y al contrario de experimentos
previos de otros autores que demuestran la importacia de la fosforilacion
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de p27"P' en la T187 sobre el control de su expresién y funcién en
diferentes tejidos y condiciones patofisioldgicas, nuestros resultados
demuestran que esta fosforilaciéon no esta implicada en el control de la
expresion aortica de p27"F' y en el desarrollo de ateroma en ratones
hipercolesterolémicos.
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Atheroma Development in Apolipoprotein E-Null
Mice Is Not Regulated by Phosphorylation of p27*'?’
on Threonine 187

Silvia M. Sanz-Gonzalez,' Raquel Melero-Fernandez de Mera,' Nisar P. Malek,” and Vicente Andrés'*

'Laboratory of Vascular Biology, Department of Molecular and Cellular Pathology and Therapy,
Instituto de Biomedicina de Valencia, Consejo Superior de Investigaciones Cientificas, Valencia, Spain
“Department of Gastroenterology, Hepatology, and Endocrinology, and Institute for Molecular Biology,
Hannover Medical School, Hannover, Germany

Abstract Excessive cellular proliferation is thought to contribute to neointimal lesion development during
atherosclerosis and restenosis after angioplasty. Inhibition of cyclin-dependent kinase (CDK) activity by p27 inhibits
mammalian cell growth. Mounting evidence indicates that p27 negatively regulates neointimal thickening in animal
models of restenosis and atherosclerosis, and its expression in human neointimal lesions is consistent with such a
protective role. Cell cycle progression is facilitated by cyclinE/CDK2-dependent phosphorylation of p27 on threonine 187
(T187) during late G1. The purpose of this study was to assess whether this phosphorylation event plays a role during
atherosclerosis. To this end, we generated apolipoprotein E-null mice with both p27 alleles replaced by a mutated form
non-phosphorylatable at T187 (apoE—/—p27T187A mice) and investigated the kinetics of atheroma development in these
animals compared to apoE—/— controls with an intact p27 gene. Fat feeding resulted in comparable level of
hypercholesterolemia in both groups of mice. Surprisingly, aortic p27 expression was not increased in fat-fed
apoE—/—p27T187A mice compared with apoE—/— controls. Moreover, atheroma size, lesion cellularity, proliferation,
and apoptotic rates were undistinguishable in both groups of fat-fed mice. Thus, in contrast to previous studies that
highlight the importance of p27 phosphorylation at T187 on the control of p27 expression and function in different tissues
and pathophysiological scenarios, our findings demonstrate that this phosphorylation event is not implicated in the control
of aortic p27 expression and atheroma progression in hypercholesterolemic mice. J. Cell. Biochem. 97: 735-743, 2006.
© 2005 Wiley-Liss, Inc.

Key words: atherosclerosis; transgenic animal models; protein phosphorylation; p27; cell cycle control

Progression through the mammalian cell
cycle requires the sequential activation of
holoenzymes composed of a catalytic cyclin-
dependent protein kinase (CDK) and a regula-
tory subunit named cyclin [Morgan, 1995].
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Members of the CDK family of inhibitory
proteins (CKls) interact with and inhibit the
activity of CDKs/cyclins [Sherr and Roberts,
1999; Vidal and Koff, 2000]. Accumulation of the
CKI p27 causes growth arrest, and abnormally
low level of p27 protein is associated with
pathological states of excessive cell prolifera-
tion, including cancer [Sherr and Roberts, 1999;
Vidal and Koff, 2000] and vascular obstructive
disease [Andrés, 2004] (see below).

The amount of p27 in the cell is regula-
ted primarily at the level of translation
[Pagano et al., 1995; Hengst and Reed, 1996;
Millard et al., 1997; Servant et al., 2000;
Miskimins et al., 2001] and protein turnover
[Malek et al., 2001; Kamura et al., 2004].
Studies with cultured cells and genetically
modified mice have shown that phosphorylation
of p27 on serine 10 (S10) and threonine 187



736

(T187) play a major role in two sequential
proteolytic pathways that regulate p27 con-
centration in G1 and S phase, respectively.
Although phosphorylation at S10 seems to
account for approximately 70% of the total
phosphorylation of p27 [Ishida et al., 2000],
the bulk of p27 degradation appears to be
mediated by phosphorylation on T187. Nuclear
accumulation of p27 during GO/early G1 phase
appears to depend on its stabilization via S10
phosphorylation by the Mirk/dyrklB kinase
[Deng et al., 2004]. In contrast, in mitogen-
stimulated cells, KIS-dependent phosphoryla-
tion of p27 on S10 during G1 leads to p27
binding to CRM1 and its subsequent nuclear
export and cytoplasmic proteasomal degrada-
tion by a Skp2-independent Kipl ubiquitina-
tion-promoting  complex (KPC)-mediated
pathway [Hara et al., 2001; Boehm et al., 2002;
Ishida et al., 2002; Connor et al., 2003; Kamura
et al., 2004], although evidence also exists sug-
gesting the requirement of Skp2 for the degra-
dation of p27 during early G1 [Malek et al.,
2001; Kossatz et al., 2004]. Moreover, recent
studies have demonstrated that phosphoryla-
tion of S10 is dispensable for p27 nuclear export
[Kotake et al., 2004]. Jab1l/CSN5 and the COP9
signalosome complex have been shown to con-
tribute to the cytoplasmic shuttling and sub-
sequent degradation of p27in G1[Tomodaet al.,
1999, 2002; Chopra et al., 2002]. Nuclear export
and cytoplasmic proteolysis of p27 may serve to
lower the nuclear concentration of p27 below a
critical threshold, thus, allowing the activation
of cyclinE-CDK2 complexes and S-phase pro-
gression. Phosphorylation of p27 on T187 by
CDK2 is thought to trigger the nuclear pathway
for p27 proteolysis, which occurs during the S
and G2 phases of the cell cycle via Skp2-
dependent multiubiquitylation [Morisaki et al.,
1997; Vlach et al., 1997; Carrano et al., 1999;
Montagnoli et al., 1999; Sutterluty et al., 1999;
Tsvetkov et al., 1999; Nakayama et al., 2000;
Malek et al., 2001; Spruck et al., 2001].
Progressive accumulation of cellular and
non-cellular material within the subendothelial
space of the artery wall to form the so-called
neointimal lesion is a hallmark of atherosclero-
sis. Factors contributing to the accumulation of
neointimal cells are the recruitment of circulat-
ing leukocytes and excessive macrophage and
vascular smooth muscle cell (VSMC) prolifera-
tion [Ross, 1999; Lusis, 2000; Libby, 2002;
Andrés, 2004]. Activation of neointimal leuko-
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cytes triggers an inflammatory response char-
acterized by abundant production of cytokines
and chemokines, which exacerbates leukocyte
recruitment and proliferation, and induces
VSMCs to undergo hyperplastic growth and
migration from the tunica media towards the
growing neointimal lesion [Libby et al., 1995;
Burke-Gaffney et al., 2002]. Evidence implicat-
ing p27 as key regulator of vascular re-modeling
include the following: (a) p27 protein level in rat
and porcine arteries is upregulated at late time
points after balloon angioplasty when VSMCs
return to a quiescent state, suggesting that
induction of p27 may be a protective mechanism
that contributes to the cessation of cellular
proliferation in mechanically-injured vessels
[Chen et al., 1997; Tanner et al., 1998]. Indeed,
overexpression of p27 efficiently blocked mito-
gen- and c-fos-dependent induction of cyclin A
promoter activity in cultured VSMCs [Chen
et al., 1997; Sylvester et al., 1998], and adeno-
virus-mediated overexpression of p27 inhibi-
ted neointimal thickening in balloon-injured
arteries [Chen et al., 1997; Tanner et al., 2000];
(b) p27 may serve as a molecular switch that
determines whether VSMCs undergo hypertro-
phic or hyperplastic growth [Braun-Dullaeus
et al., 1999; Servant et al., 2000]; (c) p27 global
inactivation increases arterial VSMC and
macrophage proliferation and accelerates diet-
induced atherosclerosis in fat-fed apolipopro-
tein E-null mice (apoE—/—) [Diez-Juan and
Andrés, 2001]; (d) changes in p27 expression
might regulate human vascular cell prolifera-
tion within atherosclerotic lesions [Tanner
et al., 1998; Thling et al., 1999]; (e) high level of
p27 expression coordinately inhibits VSMC
proliferation and migration [Diez-Juan and
Andrés, 2003]; and (f) differential regulation of
p27 might contribute to establishing differences
in proliferative and migratory properties of
VSMCs, both when comparing neointimal ver-
sus medial cells from the same vessel [Olson
et al., 2000] or VSMCs from distinct vascular
beds [Yang et al., 1998; Castro et al., 2003]. It is
also noteworthy that p27 suppression enhances
hematopoietic progenitor cell proliferation and
facilitates early development of promyeloid cells
into macrophages [Liu et al., 1999; Cheng et al.,
2000]. In agreement with these findings, trans-
plant of irradiated apoE-null mice with p27-
deficient bone marrow (BM) cells enhanced
neointimal macrophage content and prolifera-
tion and accelerated atherosclerosis in fat-fed
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apoE-null mice [Diez-Juan et al., 2004]. Like-
wise, vascular occlusion was substantially aug-
mented when BM-derived cells from p27-null
mice re-populated vascular lesions induced by
mechanical injury in recipients with intact p27,
in contrast to wild-type BM donors [Boehm
et al., 2004].

To further elucidate the molecular mecha-
nisms underlying p27-dependent control of
vascular re-modeling, the present study was
designed to critically test the importance of p27
phosphorylation on T187 during atherosclerotic
plaque progression induced by hypercholester-
olemia. To this end, we took advantage of the
availability of the p27T187A knock-in mouse,
which expresses a mutant form of p27 that
cannot be phosphorylated at T187 [Malek et al.,
2001], and atherosclerosis-prone apoE—/—
mice, which develop hypercholesterolemia and
atherosclerosis, and re-capitulate important
aspects of the human disease [Plump et al.,
1992; Zhang et al., 1992].

MATERIALS AND METHODS
Animals and Atherogenic Diet

Care of animals was in accordance with the
institutional guidelines. Mice deficient in apoE
(apoE—/—) (C57BL6/J, Charles River) and
p27T187A knock-in mice (129sv) [Malek et al.,
2001] were mated. The resulting F1 was inter-
crossed and apoE—/— mice heterozygous for p27
(one allele wild-type and the other T187A) from
F2 were selected and crossed for five genera-
tions to generate the two experimental groups
(apoE—/— and apoE—/—p27T187A).

Mice genotyping was done by PCR using the
following primers: apoE-OIMR180 (5-GCC-
TAGCCGAGGGAGAGCCG-3'), apoE-OIMR181
(5-TGTGACTTGGGAGCTCTGCAGC-3'), apoE-
OIMR182 (5'-GCCGCCCCGACTGCATCT-3),
p27T187A-H3 (5-CCAATATGGCGGTGGAA-
GGGAGGCTGA-3'), and p27T187A-Y1 (5'-GA-
GCAGGTTTGTTGGCAGTCGTACACCTCC-3)
as previously described [Malek et al., 2001; Tan
et al., 2004].

At 2 months of age, mice received an athero-
genic diet containing 15.8% fat, 1.25% choles-
terol, and 0.5% sodium cholate (Ssniff, SM R/M-
H S4892-S010, Germany) for 28 days. Blood was
withdrawn from the retro-orbital plexus before
and after the high diet administration to
measure the plasma cholesterol levels using
the Infinity Cholesterol liquid stable reagent
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(Iberdiagnéstica). Three apoE—/— (two females,
one male) and five apoE—/—p27T187A (three
females, two males) mice died during the period
of fat feeding.

Quantification of Atherosclerosis,
Proliferation, and Apoptosis

Fat-fed mice were killed and their aortas were
first washed in situ with PBS and then fixed
with freshly prepared 4% paraformaldehyde/
PBS. After removal of the heart and ascending
aorta, tissue fixation continued for 16—24 h at
4°C. Specimens were paraffin-embedded and
3-um cross-sections were obtained at the level of
the aortic valves and aortic arch.

All analyses were performed by an investiga-
tor who was blinded to genotype. To determine
the extent of atherosclerosis and lesion cellu-
larity in the aortic valve region, cross-sections
were immunostained with rat monoclonal anti-
body raised against Mac3 (Santa Cruz Biotech-
nology, sc-19991, 1/200), a macrophage-specific
surface glycoprotein [Ho and Springer, 1983]
that is expressed within the aortic wall of fat-fed
apoE—/— mice [Diez-Juan et al., 2004]. Speci-
mens were counterstained with hematoxylin
and images were captured with an Olympus
CAMEDIA C5060 wide zoom digital camera
mounted on a Zeiss Axiolab stereomicroscope.
Digital images were analyzed by computer-
assisted quantitative planimetry using the
Sigma Scan Pro v5.0 software (Jandel Scientific,
San Rafael, CA). For each animal, the reported
lesion area is the average from nine indepen-
dent cross-sections (corresponding to three
consecutives sections of three different zones
of the aortic valve region). Given that no gender
differences in lesion size were observed, data
from both sexes were included in our analysis.
Lesion cellularity (determined as the number of
cells per mm? of atheroma) was quantified in
cross-sections stained with hematoxylin/eosin.

Cell proliferation in atheromatous lesions
from the aortic valves was estimated by Ki67
immunohistochemistry. To achieve antigen
retrieval, slides were boiled for 10 min in a
stainless steel pressure cooker ensuring that
slides were fully immersed in 10 mM sodium
citrate buffer (pH = 6). Slides were washed with
tap water and endogenous peroxidase was
blocked for 30 min with 0.3% H505 in methanol.
After extensive washes with PBS, slides were
blocked for 30 min at room temperature with
5% FBS. After incubation with monoclonal
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anti-Ki67 antibody for 40 min at room tempera-
ture (clon SP6, prediluted, Master Diagnostica)
and extensive washes with PBS, specimens
were incubated with biotin-conjugated anti-
rabbit secondary antibody for 30 min at room
temperature. Immunocomplexes were detected
with the ABC system (Vectastin) and DAB
peroxidase substrate kit (Vector laboratories).
Slides were counterstained with hematoxylin to
visualize all nuclei. For each mouse, the number
of Ki67-immunoreactive cells per mm? of ather-
oma was averaged from three consecutive
sections from the aortic valves.

Apoptosis in the aortic valve region was
determined using oligo B from the Apoptag
peroxidase in situ oligo ligation kit according to
the manufacturer’s instructions (Chemikon).
For each mouse, three consecutive sections
were counterstained with hematoxylin and
apoptosis within the atheroma was estimated
as the number of apoptotic cells/total number of
cells (average from three sections).

Western Blot Analysis

Expression of p27 in the aorta of fat-fed mice
was determined by Western blot analysis. For
each condition, snap-frozen arteries (aortic arch
and thoracic aorta) from two animals were
pooled and lysed in ice-cold 50 mM HEPES
(pH 7.5) containing 150 mM NaCl, 2.5 mM
EGTA, 10 mM B-glycerolphosphate, 10% gly-
cerol, 0.1% Tween 20, 0.1 mM NaVO;, 1 mM
DTT, supplemented with protease inhibitor
Complete Mini cocktail (Roche Diagnostics)
using a Ultraturrax T25 basic homogenizer.
Cell lysates were centrifuged at 14,000 rpm for
20 min at 4°C and the protein concentration in
the supernatants was determined by the Brad-
ford assay (BioRad Laboratories). Protein sam-
ples (40 pg) were separated onto 12% SDS—
polyacrylamide gels for Western blot analysis
using the following primary antibodies from
Santa Cruz Biotechnology: anti-p27 (sc-1641,
diluted 1/100) and anti-tubulin (sc-8035, diluted
1/200). Relative protein intensity was deter-
mined by densitometry using the Multi Gauge
V2.01 software (Fujifilm).

Statistical Analysis

Results are reported as mean 4+ SE. In experi-
ments with two groups, differences were eval-
uated using a two-tail, unpaired ¢-test. For more
than two groups, differences were evaluated
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using ANOVA and Fisher’s PLSD post-hoc test
(Statview, SAS Institute, Cary, NC).

RESULTS

Phosphorylation of p27 in T187 Is Not
Involved in the Control of Aortic p27 Expression
and Atheroma Size in Hypercholesterolemic
apoE—/— Mice

To assess whether phosphorylation of p27 on
T187 participates in the control of atherosclero-
tic plaque progression induced by hypercholes-
terolemia, we intercrossed p27T187A and
atherosclerosis-prone apoE—/— mice to gene-
rate the two experimental groups: apoE—/—
(deficient for apoE and intact p27) and
apoE—/—p27T187A (deficient for apoE and har-
boring a mutated p27 gene non-phosphorylata-
ble at T187). At 2 months of age, both groups of
mice were subjected to 4 weeks of fat feeding.
In agreement with the initial characterizat-
ion of p27T187A mice [Malek et al.,, 2001],
apoE—/—p27T187A mice displayed higher body
weight than did apoE—/— controls at all time
points examined (Fig. 1A). As expected, expo-
sure to the atherogenic diet for 4 weeks signi-
ficantly increased plasma cholesterol and no
differences were observed when comparing
apoE—/— and apoE—/—p27T187A mice (Fig. 1B).

We next examined the level of p27 protein in
aortic tissue from fat-fed mice. To this end, we
pooled the aortic arch and thoracic aorta from
two to three animals of each genotype and
subjected the lysates to Western blot analysis.
Surprisingly, we found no differences in p27
expression when comparing apoE—/—p27T187A
and apoE—/— mice (Fig. 2). Likewise, athero-
sclerotic lesion size in the aortic root, as
determined by computerized planimetry of
cross-sections immunostained with macro-
phage-specific anti-Mac3 antibody [Ho and
Springer, 1983], was undistinguishable when
both groups of mice were compared (Fig. 3).

Histological and Immunohistochemical
Characterization of Atherosclerotic Lesions

Given that both cellular proliferation and
apoptosis have been demonstrated during
atherosclerosis [Ross, 1999; Lusis, 2000; Walsh
and Isner, 2000; Libby, 2002; Andrés, 2004]
and that p27 dysregulation can affect both pro-
cesses, we sought to examine whether fat-fed
apoE—/—p27T187A mice exhibit reduced cell
proliferation compensated for by an attenuated
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Fig. 1. Body weight and plasma cholesterol level in fat-fed
mice. Gender distribution was two females/seven males for
apoE—/— and three females/five males for apoE—/—p27T187A.
A: Body weight before the onset of the atherogenic diet (pre-diet)
and at different times of fat feeding in apoE—/— (white bars) and
apoE—/—p27T187A (black bars) mice. Results were analyzed by
AVOVA. For simplicity, only comparisons between genotypes at

rate of apoptotic cell death, thus, resulting
in normal cellularity and atheroma size. In-
deed, histomorphometric analysis of aortic root
cross-sections stained with hematoxylin—eosin
demonstrated no differences in lesion cellular-
ity in apoE—/—p27T187A versus apoE—/— mice
(4,425 + 438 and 4,149 + 334 cells/mm?, respec-
tively, P> 0.05) (Fig. 4A). Moreover, cell pro-
liferation (Fig. 4B) and apoptosis (Fig. 4C) were

—115.5
- 82.2
— 64.2

-

p27 / tubulin » 0.29 0.31

Fig. 2. Loss of p27 phosphorylation on T187 does not affect
aortic p27 expression in fat-fed apoE-null mice. For each
genotype, Western blot analysis was performed on aortic tissue
(aortic arch and thoracic aorta) pooled from two 7-month-old
males fed the atherogenic diet for 4 weeks. The intensity of p27
protein and tubulin was determined by densitometry using the
Multi Gauge V2.01 software to determine the p27/tubulin ratio.

tubulin

p27 25.9

69
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each time are shown (*, P<0.05, **, P<0.01). For both
genotypes, body weight increased significantly during the first
2 weeks of fat feeding versus pre-diet values. B: Plasma
cholesterol level increased significantly in fat-fed mice regardless
of genotype (*, P<0.0001 vs. pre-diet same genotype), but
no differences were seen when comparing apoE—/— and
apoE—/—p27T187A mice.

undistinguishable when comparing atheroma-
tous cells from mice of both genotypes, as reve-
aled by immunoreactivity for the proliferation
marker Ki67 and ApopTag immunostaining,
respectively.

DISCUSSION

Given that genetic inactivation of p27 leads to
augmented arterial cell proliferation and accel-
erates atherosclerosis in fat-fed apoE—/— mice
[Diez-Juan and Andrés, 2001; Diez-Juan et al.,
2004], and that ectopic expression of p27T187A
leads to p27 stabilization [Morisaki et al., 1997,
Malek et al., 2001; Park et al., 2001; Hurteau
et al.,, 2002], we speculated that apoE—/
—p27T187A mice would accumulate p27 within
the artery wall and display reduced athero-
sclerosis. However, our studies reveal that
both parameters are undistinguishable in fat-
fed apoE—/—p27T187A mice compared with
apoE—/— counterparts with an intact p27 gene.
Likewise, analysis of atherosclerotic lesions
showed that loss of p27 phosphorylation on
T187 affects neither cellularity nor the rate of
cell proliferation and apoptosis. Thus, physio-
logical level of p27T187A does not affect the
course of atherosclerosis in hypercholesterole-
mic mice. Of note in this regard, Park et al.
[2001] have shown that adenovirus-mediated
overexpression of a more stable p27T187M/
P188I mutant protein in cancer cells induced
stronger G1-S arrest and apoptosis than did wild-
type p27. Moreover, these authors showed that
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Fig. 3. Loss of p27 phosphorylation on T187 does not affect protein and counterstained with hematoxylin. The photomicro-

atherosclerosis in fat-fed apoE-null mice. Animals received the
atherogenic diet for 4 weeks. Gender distribution was three
females/eight males for apoE—/— (white bars) and five females/
seven males for apoE—/—p27T187A (black bars). Atheroma size
was quantified in the aortic valves by computerized planimetry of
cross-sections immunostained for macrophage-specific Mac3

intratumoral injection of adenovirus carrying
p27T187M/P188I induced partial regression of
established tumors and inhibited the growth of
human lung cancer xenografts more strongly
than adenovirus encoding for wild-type p27.
Whether supraphysiological level of p27T187A
or p27T187M/P188I might be effective at inhi-
biting diet-induced atherosclerosis remains to
be investigated.

Previous studies with MEFs isolated from
p27T187A mice have shown that p27 is
degraded by at least two different proteolytic
pathways, which act subsequently during the
G1 phase [Malek et al.,, 2001]. The second
pathway, which operates at the G1/S transition,
is blocked in p27T187A MEFs resulting in the
accumulation of p27T187A to high levels during
the remaining phases of the cell cycle. However,
it is becoming increasingly evident that the
consequences of expressing p27T187A diverge
in different cell types, tissues, and pathophy-
siological conditions. In vitro, DNA replicat-
ion in stimulated splenic CD4" T-lymphocytes
expressing p27T187A was reduced by 80%
compared with control T-cells, however, expres-

graphs show a representative example for each genotype. The
discontinuous line marks the boundaries of atherosclerotic
lesions and the bar represents 0.2 mm. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

sion of p27T187A in MEFs caused only a 20—
30% reduction in serum-dependent S-phase
entry and had no effect on thymocytes [Malek
et al., 2001]. In vivo, closure of circular punch
wounds by re-growth of epithelial cells was
delayed in p27T187A mice, and this correlated
with reduced BrdU incorporation in keratino-
cytes at the wound edge (BrdU positive cells in
p27T187A =13.5% vs. control = 35%); however,
the healing of incision wounds, which occurs
mostly by epithelial cell migration rather than
by proliferation, was similar in p27T187A and
control mice [Malek et al., 2001]. On the other
hand, induction of liver re-generation following
partial hepatectomy in p27T187A mice was not
accompanied by perturbations in the onset and
duration of S phase in hepatocytes, but caused a
delay in the passage through G2 compared with
control hepatocytes [Kossatz et al., 2004].
However, in spite of this delayed duration of
G2, p27T187A hepatocytes did not arrest in
mitosis nor did they display changes in ploidy or
cell size.

In summary, our results show that aortic
expression of p27 and atherosclerosis in
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Fig. 4. Loss of p27 phosphorylation on T187 does not affect
cellularity, proliferation, and apoptotic rates within the atheroma
of fat-fed apoE-null mice. Animals received the atherogenic diet
for 4 weeks and cross-sections of the aortic valves region were
examined. The top photomicrographs show representative
examples (bars represent 50 um) and the graphs show the
average in each group of mice. A: Cellularity was quantified in
sections stained with hematoxylin/eosin. Gender distribution
was three females/eight males for apoE—/— and five females/

hypercholesterolemic mice is not regulated by
phosphorylation of p27 on T187A, thus, further
supporting the notion that the relevance of this
phosphorylation event on the level of p27
protein expression and cell cycle regulation
varies in different cell types, tissues, and patho-
physiological conditions in vitro and in vivo. It
remains to be addressed whether alternative
mechanisms of p27 degradation may operate to
compensate for the loss of phosphorylation on
T187 in apoE—/—p27T187A mice. Indeed, it has
been suggested that KPC and Spk2 may be
functionally redundant [Nakayama et al,
2000]. Given that p27S10A knock-in mice have
also revealed striking tissue-specific differences
in the level of p27 protein expression (i.e.,
reduced p27 in the brain, thymus, spleen, testis,
and unchanged level in liver, heart, lung, and
skeletal muscle) [Kotake et al., 2004], future
studies are warranted to analyze the kinetics of
atherosclerosis in mice harboring the p27S10A
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seven males for apoE—/—p27T187A. B: Proliferation was
estimated by immunostaining for Ki67. Gender distribution was
two females/six males for apoE—/— and four females/eight males
for apoE—/—p27T187A. C: Apoptosis was determined as the
percentage of ApopTag-positive cells. Gender distribution was
three females/eight males for apoE—/— and five females/six males
for apoE—/—p27T187A. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

mutation and
mutants.

in double p27S10A-T187A
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Increased p53 gene dosage reduces neointimal thickening
induced by mechanical injury without affecting atherosclerosis

Silvia M. Sanz-Gonzalez, Leire Barquin, Isabel Garcfa-Cao, Merce
Roqué, M. Teresa Castells, José M. Gonzalez, Juana M. Flores, Manuel
Serrano and Vicente Andrés

En este trabajo se incluyen los estudios llevados a cabo para cumplir con
el Objetivo 3 de esta Tesis Doctoral: Investigar si la ganancia de funcion
p53 inhibe el desarrollo de la neointima en modelos murinos de lesién
vascular mecanica y de aterosclerosis, tanto espontanea como inducida
por dieta rica en grasa y colesterol.

RESUMEN: El supresor tumoral p53 es un factor de transcripcion que
juega un papel clave en el control de multiples procesos celulares,
incluyendo sintesis y reparacion del ADN, proliferacién y apoptosis.
Estudios en diversos modelos murinos de arteriosclerosis (ratones
deficientes en apoE, RLDL y transgénicos para apoE*3-Leiden) han
revelado que la eliminacién de ambos alelos de p53, tanto global como
selectivamente en los precursores hematopoyéticos, acelera el desarrollo
del ateroma, aunque el impacto de la ausencia de p53 sobre la
proliferacién y apoptosis celular en la placa de ateroma es un tema
controvertido. La disponibilidad de ratones transgénicos portadores de
un alelo p53 extra (Saper p53), los cuales muestran resistencia al
desarrollo de tumores, nos ha permitido investigar si la ganancia de
funciéon de p53 puede limitar el desarrollo del ateroma. Con este fin,
generamos dos grupos experimentales: ratones apoBE-KO (con
deficiencia en apoE y dotacidon génica normal de p53) y ratones Super
p53-apoE-KO (con deficiencia en apoE y un alelo p53 adicional).
Comprobamos que estos ultimos presentan ganancia de funcién p53, ya
que al irradiarlos se produce una mayor tasa de apoptosis en timocitos
comparado con los niveles observados en timocitos de controles apoE-
KO irradiados. Ademas, de acuerdo con estudios previos en los que se
demostré que la sobreexpresion intraluminal de p53 mediante
transfeccion con liposomas o vectores adenovirales reduce el crecimiento
de lesiones obstructivas inducidas por dafio mecanico o injerto vascular,
observamos en ratones Super p53-apoE-KO wuna reduccién en el
engrosamiento de la lesiéon neointima y en el porcentaje de oclusion
luminal en la arteria femoral sometida a dafio mecanico en comparacion

75



con los vasos de controles apoE-KO, sin verse afectada la tasa de
apoptosis. Sin embargo, el tamano de las lesiones ateromatosas en la
aorta fue comparable en ambos grupos de ratones, tanto si se mantenfan
con dieta control o rica en grasa y colesterol. En concordancia con estos
resultados, el ateroma de los ratones apoE-KO y Stuper p53-apoE-KO
present6 una celularidad y tasas de proliferaciéon y apoptosis semejantes.
Estos resultados sugieren dieferencias profundas en el papel de p53 en el
contexto de arteriosclerosis y lesion vascular en respuesta a dafio
mecanico.
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SHORT TITLE: Extra p53 function and neointimal thickening

ABSTRACT

The tumor suppressor p53 is a transcription factor that plays a major
role in the control of cell proliferation and apoptosis, two key processes
in the pathogenesis of occlusive vascular disease. It has been shown that
disruption of both alleles of p53 accelerated atherosclerosis in several
murine models of atherosclerosis. In contrast, transient p53
overexpression attenuated neointimal thickening induced by either
mechanical injury or vessel grafting. Here, we sought to assess whether
genetically-engineered Super-p53 mice carrying one extra p53 allele that
reproduces the normal expression and regulation of the endogenous p53
gene are protected from neointimal lesion formation in the setting of
both atherosclerosis and vascular mechanical injury. To this end, we
examined two groups of atherosclerosis-prone animals: apolipoprotein
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E-null mice with normal p53 gene dosage (apoE-KO) and apoE-KO
littermates with an additional p53 allele (Supet-p53/apoE-KO). The
latter displayed extra p53 function, as revealed by augmented apoptosis
in thymocytes isolated from irradiated animals. In contrast, neither
apoptosis nor cell proliferation were affected by additional p53 gene
dosage when examined in established atheromas and mechanically-
induced occlusive lesions. Surprisingly, whereas the size of
spontaneously formed and diet-induced aortic atherosclerotic lesions was
indistinguishable in both groups of mice, neointimal thickening in
mechanically-injured femoral arteries was attenuated in Super-p53/apoE-
KO as compared to apoE-KO counterparts. Our observations indicate
that, in the absence of undesirable effects, heightening p53 function
reduces neointimal thickening induced by mechanical vessel denudation
without affecting atherosclerosis in a mouse model of familial
hypercholesterolemia.

INTRODUCTION

Atherosclerosis and restenosis post-angioplasty are multifactorial
processes which involve complex interactions among a variety of
different cell types '*. The development of occlusive neointimal lesions
in both diseases is due in part to excessive proliferation of vascular
smooth muscle cells (VSMCs), macrophages and adventitial
myofibroblasts >, Vascular cell loss by apoptotic death, which has been
documented in animal and human atherosclerosis and restenosis, also
appears to be a major determinant of the size and stability of neointimal
lesions ®. Therefore, unraveling the molecular mechanisms that control
neointimal cell growth and apoptosis is of utmost importance to identify
therapeutic targets to limit neointimal thickening and prevent plaque
rupture.

The tumor suppressor gene p53 is expressed ubiquitously in all cell
types as an inactive, latent, transcription factor. Activation of p53 occurs
in response to a variety of cellular insults, namely DNA damage (signaled
through the ATM and Chk kinases) and oncogenic stress (signaled
through the p53-stabilizing protein ARF) *''. Transcriptionally active
p53 participates in the expression of proapoptotic (eg, Bax, Fas, PUMA)
and antiproliferative (eg, p21“*', GADDA45) genes, and in the repression
of antiapoptotic (eg, bcl-2) and proproliferative (eg, IGF-II) genes .
Whether p53 activation provokes apoptosis or growth arrest, either
reversible or permanent (replicative senescence), depends on the context
and cellular type. We have previously engineered a p53 transgene that
behaves in the mouse as a functional replica of the endogenous gene
when expressed in a p53-null genetic background ". Super-p53
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transgenic mice carrying p53-transgenic alleles in addition to the two
endogenous alleles exhibit an enhanced response to DNA damage and
are significantly protected from cancer compared with normal mice.
Remarkably, in contrast to the early ageing phenotypes observed in
transgenic mice overexpressing deregulated p53 " or its naturally
occurring N-terminally truncated form p44 ') Super-p53 mice age
normally "%, Thus, cancer resistance can be enhanced by a simple genetic
modification and in the absence of undesirable effects.

Accumulating evidence has implicated p53 as a critical regulator of
pathological vascular remodeling. Human VSMCs from restenosis or in-
stent stenosis sites exhibit augmented responses to p53 ", and arterial
p53 inactivation after human cytomegalovirus infection has been
suggested to contribute to coronary restenosis '*'’. Moreover, p53 is
overexpressed but not mutated in human atherosclerotic tissue ', and
expression studies in human endarterectomy specimens have suggested a
role for p53 as a negative regulator of neointimal thickening 1920 Tndeed,
gain- and loss-of-function studies have causally linked p53 and
tibroproliferative vascular disease. First, both global and hematopoietic
cell-specific p53 deficiency aggravates atheroma progression in several
murine models of diet-induced atherosclerosis *'**. Likewise, p53-null
mice exhibit accelerated neointimal thickening induced by vein grafting
. external vascular cuff placement *°, and mechanical denudation *'.
Second, intraluminal transfection of antisense p53 oligodeoxynucleotides
into intact rat carotid artery results in abnormal VSMC growth **) and
p53 gene transfer attenuates neointimal thickening in balloon-injured rat
and rabbit carotid artery **’, porcine saphenous vein grafts >, and organ
cultures of human saphenous vein **. Notably, adenovirus-mediated p53
transfer to pre-established atheromas induced by implantation of a
perivascular collar promoted vulnerability to plaque rupture .

While the mentioned studies all convincingly establish that
endogenous and ectopically expressed p53 limit neointimal thickening,
the role of p53 on neointimal cell proliferation and apoptosis is
controversial (see Discussion). Moreover, none of the studies examined
the consequences of heightening p53 function on diet-induced
atherosclerosis. In this study, we sought to examine occlusive vascular
lesion development in the setting of atherosclerosis and mechanical
injury of the vessel wall in mice carrying an extra p53 allele that
reproduces the normal expression and regulation of the endogenous p53
gene. To this end, we crossed atherosclerosis-prone apoE-KO ** and
Super-p53 "> mice to generate Super-p53/apoBE-KO mice. Compared to
apoE-KO littermates with normal p53 dosage, Super-p53/apoE-KO
mice exhibit reduced neointimal thickening in mechanically-injured
temoral artery but, surprisingly, developed normal aortic atherosclerosis.
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MATERIALS AND METHODS

Mice, genotyping and diets. Care of animals was in accordance with
institutional guidelines. apoE-KO (C57BL6/], Chatles River) and Supet-
p53 (C57BL6/], tg/tg carrying two extra copies of the p53 transgene) "
mice were mated. The resulting heterozygous F1 was crossed with apoE-
KO mice, and F2 apoE-KO mice with or without one extra p53 allele
(Super-p53/apoE-KO and apoE-KO, respectively) were used for our
studies. Additional experimental mice were obtained by crossing apoE-
KO and Super-p53/apoE-KO mice. Genotyping was done by PCR as
previously described '>”. Primers for apoE genotyping were apoBE-
OIMR180 (5-GCCTAGCCGAGGGAGAGCCG-3"), apoE-OIMR181
(5-TGTGACTTGGGAGCTCTGCAGC-3"), and apoE-OIMR182 (5'-
GCCGCCCCGACTGCATCT-3"). Primers for p53  transgene
genotyping were SP6-BAC (5'-GCTATGACCATGATTACGCCAAG-
3", SPo-tg (5-CTAAGTCCCTCTGCATGTGG-3"), T7-BAC (5
TAATACGACTCACTATAGGG-3") and T7-tg (5'-
GAGTCAGGGGTGGGAACTTGG-3").

Mice for spontaneous atherosclerosis and mechanical injury models
were kept on a low fat (2.8% fat), standard rodent diet (catalog number
2014, Teklad global rat/mouse chow, Harlan Interfauna, Spain). Mice for
the diet-induced atherosclerosis model were kept on the regular chow
diet for 2 months and then were switched to a high-fat diet containing
12.8% fat, 1.25% cholesterol and 0.5% sodium cholate (catalog number
S4892-S010, Ssniff, Germany) for the indicated periods of time. Three
Super-p53/apoE-KO and one apoE-KO mice died during the period of
fat-feeding. Blood was withdrawn from the retroorbital plexus before
and after the high-fat diet administration to measure plasma cholesterol
levels using the Infinity Cholesterol liquid stable reagent (Iberdiagnoéstica,
Spain).

Irradiation and analysis of apoptosis. Two-month-old mice fed
control diet underwent whole-body irradiation as previously described
(4.1 Gy/min for a total of 10 Gy using a '”’Cs source) '°. Three hours
later, control and irradiated mice were sacrificed and thymocytes were
isolated and stained with propidium iodide to determine the percentage
of apoptotic thymocytes by flow cytometry (EPICS XL Cytometer,
Coulter Corporation, USA). Cells with sub-2N DNA contents were
considered apoptotic.
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Quantification of atheroma size. Mice maintained on low-fat or high-
fat diet (spontaneous or diet-induced atherosclerosis, respectively, see
above) were euthanized with ether and their aortas were first washed in
situ with PBS and then fixed with freshly prepared 4%
paraformaldehyde/PBS. The heart, pulmonary artery and aorta wete
extracted, and fixation continued for 16-24 hours at 4°C. Quantification
of aortic atheroma size was done by computer-assisted quantitative

morphometry of hematoxylin/eosin-stained 3-um  cross-sections
(obtained from three different zones of the ascending aorta separated 30

um, starting at the end of the aortic valve), or ez face Oil Red O staining
(0.2% in 80% MeOH) (SIGMA), essentially as described before *°.
Images were captured with an Olympus CAMEDIA C5060 wide zoom
digital camera mounted on a Zeiss Axiolab stereomicroscope and were
analyzed by an investigator who was blinded to genotype.

Quantification of neointimal lesion development induced by
mechanical denudation of the femoral artery. Female mice (4 to 5
months of age) maintained in control diet were anesthetized with Forane
and underwent bilateral endoluminal injury to the common femoral
artery by passing 3 times a 0.25 mm-diameter angioplasty guidewire as
described previously *’. For post-operative analgesia, Buprex was
administered subcutaneously. Seams, ulcers and scars suggesting limb
ischemia were controlled daily. After 4 wks, mice were killed and
perfused zn situ with 5 mL of PBS followed by 10 mL of freshly prepared
4% paraformaldehyde/PBS using a peristaltic pump at approximately 1
mI/min. Both hindlimbs and pelvis were isolated in block and fixation
continued for 24-28 hours. Specimens were decalcified for 24 hours at
room temperature with mild shaking in Osteodec (Bio-Optica). After
washes with PBS, transverse segments (approximately 2 mm thick) were

cut at the level of the injury, embedded in paraffin, and 5-um cross-
sections were obtained throughout the injured segment. Images of
specimens from 3-5 different regions were captured using a lLeica
TCS/SP2 confocal microscope (20X objective, argon laser of 488 nm).
Under these conditions, the internal and external elastic lamina exhibit
bright autofluorescence **. Only sections showing both the external and
internal elastic lamina were used to quantify, by an operator who was
blinded to genotype, the area occupied by the intima, media and lumen
(Leica LCS Lite software). Results for each artery represent the average
of all the measurements obtained from 3-5 different zones of the injured
segment.

One  Super-p53/apoE-KO  mouse was discarded because
atherosclerosis in the femoral artery was visible previous to the surgical
procedure. One femoral artery in one apoE-KO was not subjected to
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injury due to its small caliber, and one apoE-KO mouse was sacrificed
during the post-operative period because of severe foot ischemia.

Immunohistological analysis. Immunohistological examination of

paraformaldehyde/PBS-fixed 5-um cross-sections was catried out by an
operator who was blinded to genotype. Lesion cellularity was determined
in hematoxylin/ecosin-stained specimens. Apoptosis was determined
using oligo B from Apoptag peroxidase 7 situ oligo ligation kit according
to the manufacturer’s instructions (Chemikon). Sections were
counterstained with hematoxylin.

Macrophages were visualized with rat monoclonal anti-MAC-3
antibody (Santa Cruz Biotechnology, sc-19991; 1/200, 1h, 37°C). Cell
proliferation in the atherosclerosis and mechanical injury models was
estimated with rabbit monoclonal anti Ki67 (Master Diagnostica, clon
SP6, prediluted, 40 min, room temperature) and rabbit polyclonal anti-
proliferating cell nuclear antigen (PCNA) (Santa Cruz Biotechnology, sc-
7907; 1/50, 1h, room temperature) antibodies, respectively. For Ki67
antigen retrieval, slides were immersed in 10 mM sodium citrate buffer
(pH=6) and boiled for 10 minutes in a pressure cooker, followed by
washes with tap water. Slides were incubated for 30 min with 0.3%
H,0,/methanol to block endogenous peroxidase, washed with PBS, and
blocked for 30 minutes at room temperature with 5% FBS. After
primary antibody incubation and washes, specimens were incubated at
37°C with species appropriated biotinylated secondary antibodies.
Immunocomplexes were detected with the ABC (Vectastain) and
diaminobenzidine (Vector laboratories) kits. Slides were counterstained
with hematoxylin.

Neointimal collagen content was quantified using Masson Trichrome
staining (all reagents from Panreac). Briefly, slides were stained with
Weigert hematoxylin (5 min), washed with tap water (10 min), stained
with 1% acid fuchsin solution (5-25 min), washed in 1% acetic water and
5% tostotunstenic acid (5 min) and stained with 2% aniline blue (30-60
s). Images were captured with an Olympus CAMEDIA C5060 wide
zoom digital camera mounted on a Zeiss Axiolab stereomicroscope.
Aortic and femoral artery cross-sections were quantified by
computerized image analysis. All images were captured in one session
during which microscope illumination and camera settings were identical.
Red-Green-Blue-filtered grey scale values from images were analyzed
using Mip 4.5 (Microm Image Processing software, Consulting Image
Digital, Barcelona, Spain) by an operator who was blinded to genotype.
Red channel was used to the grey level analysis because it gave maximum
contrast. The digital image consists of a 512 x 512 matrix of pixels,
where each pixel consisted of a number between 0 (black) and 255
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(white) representing the intensity of transmitted light or grey level at a
point. Grey level was related with collagen content (darkest
corresponded to highest collagen content). Analysis was performed in
the inverted (negative) image in order to have the highest values
corresponding to highest collagen content. Regions containing collagen
fibers were selected and area and medium grey level in the negative
image were measured. Intima area was also measured. Relative collagen
content was estimated using the following equation:

Collagen content = Collagen area x Average collagen grey level/Total
atheroma area

Statistical analysis. Results are reported as mean * SE. In experiments
with two groups, differences were evaluated using a 2-tail, unpaired t-
test. For more than two groups, differences were evaluated using
ANOVA and Fisher’s post-hoc test (Statview, SAS institute, Cary, North
Carolina). Differences were considered statistically significant at p=0.05.

RESULTS
Super-p53/apoE-KO mice exhibit extra p53 activity.

To assess the consequences of increasing p53 activity on atheroma
development, we analyzed apoE-KO and Super-p53/apoE-KO mice,
which have normal p53 gene dosage and one extra p53 allele,
respectively.  The apoE-KO mouse spontaneously develops
hypercholesterolemia and complex atherosclerotic lesions resembling
those observed in humans and which can be accelerated by a high-fat
cholesterol-rich diet **. We previously showed that Super-p53 mice
carrying p53 transgenic alleles in addition to the two endogenous alleles
exhibit enhanced DNA damage response, are tumor resistant and age
normally . Importantly, the p53 transgenic allele, when present in a
p53-null genetic background, behaves as a functional replica of the
endogenous gene '°. Thus, we first sought to assess whether Super-
p53/apoE-KO mice also exhibit enhanced DNA damage response as
compared with apoE controls. As expected, whole body irradiation in
both groups of mice increased the population of thymocytes with DNA
content <2N, as determined by flow cytometry, but this response was
exageerated in Supet-p53/apoE-KO compared to apoE-KO mice (Fig.
1A). Therefore, the p53 transgene in Super-p53/apoE-KO mice appears

functional.
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Extra p53 gene dosage does not affect the size of diet-induced and
spontaneously formed atheromas

We first compared the size of atherosclerotic lesions in fat-fed apoE-KO
and Super-p53/apoE-KO mice. Average body weight before the onset
of the experimental diet and throughout the period of fat-feeding was
indistinguishable in both groups of mice (Fig. 1B). Likewise, the severity
of hypercholesterolemia induced by fat feeding was not atfected by the
presence of an extra p53 allele (Fig. 1C). As shown in Fig. 2A,
quantification of the intima-to-media ratio (I/M) in cross-sections from
three different zones (I, II, III) of the ascending aorta revealed
diminished atherosclerosis as specimens were farther from the aortic
valve (I/M;>1/M;>1/M,;). Whilst we noted a tendency towards reduced
atherosclerosis in the most atherogenic aortic root (region I) in Super-
p53/apoE-KO compared to apoE-KO mice (IM;=1.79£0.20 versus
2.31%0.18, respectively, p=0.006), lesions of similar size were observed in
regions II and III of both groups of fat-fed mice (I/M;;=0.97£0.15
versus  1.15%0.10, respectively, p=0.32; I1/M;;=0.46+0.08 versus
0.57£0.09, respectively, p=0.40). Examination of the pulmonary artery in
the same cross-sections used to quantify aortic atherosclerosis also
disclosed similar I/M in both groups of mice (data not shown). Likewise,
analysis of atheroma size in the aortic arch and thoracic aorta of fat-fed
mice revealed no statistically significant differences between apoE-KO
and Super-p53/apoE-KO mice, as determined by Oil Red O staining of
en face preparations of the aorta (Fig. 2B).

Unlike other murine models that require a Western-type diet for
atheroma development, apoE-KO mice fed standard chow develop
spontaneous atherosclerosis . Therefore, we also analyzed a group of 6-
month-old mice that had been always fed control chow. In agreement
with our results in fat-fed mice, plasma cholesterol (data not shown) and
the size of atheromas within the aortic arch and thoracic aorta were
indistinguishable between apoE-KO and Supet-p53/apoE-KO mice
(Fig. 2C). Likewise, analysis of 5-month-old mice revealed no differences
in spontaneously formed aortic atheromas (data not shown). Collectively,
these studies demonstrate that increasing p53 function does not

attenuate neither diet-induced nor spontaneous atherosclerosis in apoE-
KO mice.

Super-p53/apoE-KO mice exhibit reduced neointimal thickening
in mechanically-injured femoral arteries

Previous studies have established the efficacy of transiently

overexpressed p53 in attenuating neointimal lesion formation induced by
mechanical denudation **” and vessel grafting *'”*. Thus, we next sought
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to assess if extra p53 function can limit neointimal thickening induced by
mechanical denudation of the artery wall, a key event in the pathogenesis
of restenosis post-angioplasty '. Using a femoral artery model of
endoluminal mechanical injury *’, we found that both the I/M ratio and
the percentage of luminal stenosis were significantly reduced in Super-
p53/apoE-KO compared to apoE-KO mice when these parameters
were examined four wks after intervention (Fig. 3).

Histological and inmunohistochemical characterization of
neointimal lesions

Neointimal cell proliferation and apoptotic cell death are a hallmark of
atherosclerosis and restenosis °. The net balance between these
antagonistic processes is a major determinant of the lesion’s cellular
content, thus influencing both its size and stability. Since p53 is a key
regulator of cell proliferation and apoptosis ", we sought to examine
these processes in the atterial wall of apoE-KO and Super-p53/apoE-
KO mice.

For the diet-induced atherosclerosis model, Ki67 immunoreactivity
and the Apoptag kit were used to estimate cell proliferation and
apoptosis, respectively. We examined cross-sections of the ascending
aorta from mice challenged for 7 wks with the high-fat diet. Neointimal
proliferation (Fig. 4A) and apoptosis (Fig. 4B) were unaffected by extra
p53 gene dosage. Notably, the number of neointimal apoptotic cells was
very low (5.1£1.5 and 6.330.6 cells/mm® in apoBE-KO and Super-
p53/apoE-KO mice, respectively). Neointimal cellularity (Fig. 4C) and
macrophage content (Fig. 4D) were also similar when comparing fat-fed
apoE-KO and Super-p53/apoE-KO mice. Comparatively, Ki67
immunoreactivity and apoptosis were very scant within the media (data
not shown).

Femoral artery neointimal lesions were examined 4 wks after
mechanical injury. We examined cellular proliferation by PCNA-
immunostaining because the decalcification protocol employed to allow
tissue sectioning drastically hindered Ki67 immunoreactivity (data not
shown). Compared to diet-induced atheromas, analysis of mechanically-
injured femoral arteries revealed much higher rates of neointimal and
medial apoptosis (Fig. 5A) and proliferation (Fig. 5B). However, these
parameters were statistically indistinguishable in both groups of mice.

Lastly, we examined in both models neointimal collagen content, an
important determinant of lesion stability *’. Arterial cross-sections were
stained with Masson Trichrome, which stains collagen fibers in blue.
Although the differences did not reach statistical significance (p>0.05),
neointimal collagen content tended to be lower in Supet-p53/apoE-KO
as compared to apoE-KO mice (27% and 42% reduction in
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atherosclerosis and mechanical injury models, respectively) (Fig 6). These
findings suggest that gain of p53 function may promote lesion
vulnerability.

DISCUSSION

It has been shown that p53 inactivation aggravates occlusive vascular
lesion formation in the setting of diet-induced atherosclerosis *'*, vein
grafting », perivascular cuff placement *°, and mechanical denudation
indicating that endogenous p53 expression limits neointimal thickening.
Consistent with this notion, transient p53 overexpression attenuated
neointimal lesion formation induced by mechanical denudation *** and
vessel grafting >'>. To assess whether heightening p53 function can
reduce diet-induced atherosclerosis, we generated Super-p53/apoE-KO
mice carrying one additional p53 allele that reproduces the normal
expression and regulation of the endogenous p53 gene. Our results
demonstrate that, compared to apoE-KO littermates, Supetr-p53/apoE-
KO mice display additional p53 function (Fig. 1A) and reduced
neointimal thickening in mechanically-injured femoral artery (Fig. 3).
Unexpectedly, however, heightening p53 function only provoked a
modest reduction of diet-induced atherosclerosis in the aortic region of
maximal damage (aortic root, confer region I in Fig. 2A), but did not
affect atheroma formation in less atherogenic aortic segments (eg. region
IT and III within ascending aorta, aortic arch and thoracic aorta) (Fig. 2A,
B). Likewise, spontaneously formed aortic atheromas were of similar size
in apoE-KO and Super-p53/apoE-KO mice (Fig. 2C).

Both antiproliferative and apoptotic actions might contribute to p53-
dependent inhibition of neointimal thickening induced by mechanical
injury. Previous studies have shown that transiently overexpressed p53
increases apoptosis in medial cells at 48 hours after balloon injury, a time
point at which neontimal lesions are not formed yet *. On the other
hand, p53-null mice display increased proliferation and decreased
apoptosis in both medial and neointimal femoral artery cells at 2 wks
post-injury, but rapid (4 hrs post-injury) and late (4 wks post-injury)
apoptosis were unaffected as compared to wild-type controls *’. While
we also found reduced neointimal thickening in mechanically-injured
femoral artery of Super-p53/apoE-KO compared to apoE-KO
counterparts, no differences in neointimal and medial cell proliferation
and apoptosis were seen at the 4 wks time point analyzed in our studies
(Fig. 5). Thus, promotion of apoptosis and inhibition of proliferation
during the first 2 wks post-injury may contribute to p53-dependent
attenuation of neointimal hyperplasia in this model.
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The role of endogenous p53 in the control of neointimal proliferation
and apoptosis during atherosclerosis has hitherto remained subject to
controversy. While all reports concur in demonstrating that global or
macrophage-specific  p53 deficiency in apoE-KO, low-density
lipoprotein receptor (LDLR)-KO and apoE*3-Leiden transgenic mice
accelerates diet-induced aortic atherosclerosis, two studies suggest that
p53 deficiency leads to increased neointimal proliferation without
significantly affecting apoptosis (although a tendency towards more
apoptosis was seen in one study) **, and a third study disclosed a
tendency towards reduced apoptosis but unaffected cell proliferation *.
None of these studies identified the lineage of the growing/dying cells.
Very recently, Mercer et al. observed in tissue culture experiments that
endogenous p53 enhances peritoneal macrophage apoptosis but
attenuates apoptotic death of aortic VSMCs and bone marrow stromal
cell **, which have been shown to transdifferentiate into cells expressing
VSMC makers that participate in the pathogenesis of atherosclerois *.
These authors also found that endogenous p53 reduced atherosclerosis
in the aorta but not in brachiocephalic artery of apoE-KO mice, and that
p53-null brachiocephalic atheromas exhibit increased cell proliferation
and reduced apoptosis, with monocytes/macrophages being the
predominant proliferating/dying cell type in brachiocephalic atheromas
of apoE-KO and doubly deficient p53/apoBE-KO mice **. Notably,
transplant of p53 bone marrow to p53/apoE-KO doubly deficient mice
reduced aortic plaque formation and cell proliferation in brachiocephalic
plaques, but also markedly reduced apoptosis. Collectively, these studies
demonstrate site specificity in the effects of p53 on atheroma
progression and on proliferation and apoptosis within the lesion. In
contrast to what might have been expected from all the studies
mentioned, the size of diet-induced and spontaneously formed aortic
atheromas was not attenuated in Supet-p53/apoE-KO as compared to
apoE-KO mice (Fig. 2). Moreover, cell proliferation and apoptosis in
established aortic atheromas were not affected by heightening p53
function (Fig. 4A, B).

In contrast to our findings in the atherosclerosis model, Super-p53
mice are significantly protected from cancer '* and from mechanically-
induced neointimal thickening (Fig. 3). Furthermore, transient p53
overexpression limited neointimal hyperplasia in balloon-injured carotid
artery 7", Thus, gain of p53 function attenuates the progression of
highly proliferative disorders (e.g., cancer and mechanically-induced
neointimal hyperplasia), yet it appears ineffective against atherosclerosis,
a disease characterized by much lower proliferative activity compared
with restenosis '. It is also noteworthy that p53 inactivation in apoE-KO
mice does not affect macrophage lipid accumulation **, an early event in
atherosclerosis. It remains to be determined whether p53 regulates
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additional cellular processes know to participate in the pathogenesis of
atherosclerosis  (e.g., leukocyte recruitment, extracellular matrix
formation, production of pro- and anti-inflammatory cytokines and
chemokines).

The role of p53 in plaque stability also remains uncertain. Compared
to wild-type marrow, transplantation of p53-deficient bone marrow into
apoBE*3-Leiden ** or LDLR-KO * mice led to higher aortic necrotic
index and diminished aortic neointimal collagen content, respectively,
suggesting that endogenous macrophage p53 contributes to plaque
stability. However, in apoE-KO mice, transluminal adenovirus-mediated
p53 transfer into carotid atheromas induced by perivascular collar
placement also led to more vulnerable plaques, as revealed by lower
collagen content . We found a tendency toward diminished collagen
content in neointimal lesions of Super-p53/apoE-KO mice, in both
aortic atherosclerosis and mechanically-injured femoral artery models
(Fig. 6).

In summary, we have demonstrated that, in the absence of
undesirable effects, increased p53 gene dosage in apoE-KO mice reduces
neointimal thickening induced by mechanical vessel denudation. In
contrast, this genetic manipulation did not affect atherosclerosis within
the ascending aorta, aortic arch and thoracic aorta, and caused only a
modest (22%) reduction in the highly atherogenic aortic root. Moreover,
extra p53 function seems to promote lesion instability. Thus, while p53
gene transfer might be effective at limiting restenosis, its efficacy at
attenuating native atherosclerosis is doubtful. It remains to be
determined whether gain of p53 function beyond that achieved in Super-
p53/apoE-KO would yield atheroprotection. This could be achieved
generating apoE-KO mice carrying two or more additional p53 alleles, or
using pharmacological inhibitors of the Mdm2/p53 interaction, such as
the “AP peptide”, Nutlins, RITA, and inhibitors of the E3 ubiquitin
ligase activity of Mdm2, a negative regulator of p53 that can both
prevent effective p53-dependent transcriptional activation and target it
for proteasomal degradation ¥. However, it should be noted that
transgenic mice with hyperactivated p53, or its naturally occurring N-
terminal truncated isoform p44, have aged prematurely (e.g., exhibit
reduced longevity, osteoporosis, generalized organ atrophy and a
diminished stress tolerance) '>'*, perhaps because the p53 in these mice
has an altered transcriptional program rather than an overall increase in
activity ¥. Thus, given that prevention of human atherosclerosis requires
chronic treatment, premature ageing as a consequence of imbalanced
p53 activity might preclude its therapeutic use even if proven effective at
limiting experimental atherosclerosis.
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FIG. 1: Characterization of Supetr-p53/apoE-KO mice. Results represent the
mean®SE of 2 mice of each genotype (2-month-old fed control chow). Differences among
groups were analyzed by ANOVA and Fishet’s post-hoc test. (A) Super-p53/apoE-KO mice
exhibit enhanced p53 function, as shown by the higher percentage of apoptotic thymocytes
upon whole body irradiation. Thymocytes were isolated from non-irradiated and whole-
body irradiated mice and apoptosis was estimated by flow cytometry as the percentage of
cells with sub-G0/G1 DNA content. *, p<0.0001 versus non-irradiated same genotype; #,
p<0.0001 versus irradiated apoE-KO mice. (B, C) Two-month-old mice received the
atherogenic diet for 5 wks and were weighed on a weekly basis. For body weight (B), 8
females/4 males apoE-KO and 11 females/9 males Supetr-p53/apoE-KO mice were
analyzed. Plasma cholesterol (C) increased significantly in both groups of fat-fed mice
compated with pre-diet values (3 females/3 males each genotype; *, p<0.0001 vs. pre-diet
same genotype). No statistically significant differences were observed in plasma cholesterol
and body weight when comparing mice of both genotypes.
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FIG. 2: Gain of p53 function does no affect the size of diet-induced and
spontaneously formed atheromas. Diet-induced (A, B) and spontaneous (C)
atherosclerosis was quantified in mice receiving the atherogenic diet and standard
chow, respectively. Gender distribution is indicated. Planimetric analysis was carried
out by an operator who was blinded to genotype. Results represent the mean®SE.
Differences between genotypes did not reach statistical significance as evaluated
using two-tail, unpaired Student t test (p>0.05). (A) Two month-old mice received
the atherogenic diet for 5 wks and atherosclerosis was quantified as the I/M ratio in
hematoxylin/eosin-stained cross-sections from three different regions of the
ascending aorta starting close to the aortic valve and separated by approximately 30
pm (I — aortic root -, 11, III). (B) Two month-old mice received the atherogenic diet
for 7 wks and atherosclerosis in the aortic arch and thoracic aorta was quantified in
whole mounted aorta stained with Oil Red O as the ratio of total lesion area (red
staining) versus total area. (C) Spontaneous atherosclerosis in 6-month-old mice was
quantified as in B. A representative aorta from each gender and genotype is shown in
B and C. The discontinuous black line marks the separation between the aortic arch
and the thoracic aorta. The red line in the graphs indicates the mean relative lesion
size for each experimental group.
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FIG. 3: Gain of p53 function reduces neointimal thickening in mechanically-injured
femoral arteries. Female 4-5-month-old mice underwent bilateral endoluminal injury to
the common femoral artery and were sacrificed 4 wks after surgery. Images of femoral
artery cross-sections were captured with a confocal microscope to determine the I/M ratio
and percentage of luminal stenosis. Planimetric analysis was carried out by an operator who
was blinded to genotype. Only sections showing both the external (arrow) and internal
(arrowhead) elastic lamina were analyzed. Results represent the mean®SE. Differences
between genotypes were evaluated using two-tail, unpaired Student t test. The
photomicrographs show representative arteries of each genotype.
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FIG. 4: Gain of p53 function does not affect proliferation, apoptosis, cellularity, and
macrophage content in aortic atheromas induced by high-fat feeding. Mice were
challenged with the atherogenic diet for 7 wks. Studies were carried out in cross-sections
from region I of the ascending aorta (see Fig. 2A). Gender distribution is indicated. (A)
Cellular proliferation, estimated as Ki67 immunoreactivity. (B) Apoptosis, as determined
with the Apoptag kit. (C) Lesion cellularity. (D) Macrophage content, determined as Mac-3
immunoreactivity. Results represent mean*SE. Differences between genotypes did not
reach statistical significance (p>0.05, two-tail, unpaired Student t test).

96



Capitulo 3: Resultados

|:| apoE-KO . Super-p53/apoE-KO

>

Neointima Media

10000 |- _L

6000 |-
n=8 n=5% n

n=8 =5

Apoptag+ cells/mm?

W

Neointima Media

6000

4000 |- E -
2000 ’J_‘ ]
n=8 n=9 n=6 n

=9

T
|

PCNA+ cells/mm?2

FIG. 5: Extra p53 dosage does not affect proliferation and apoptosis in
mechanically-injured femoral artery. Female mice of the indicated genotypes were
subjected to femoral artery denudation and cross-sections were analyzed 4 wks after injury.
Apoptosis (A) and proliferation (B) in neointima and media were assessed by Apoptag and
PCNA-immunostaining, respectively. Results represent the mean®SE. Differences between
genotypes did not reach statistical significance (p>0.05, two-tail, unpaired Student t test).
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FIG. 6: Collagen content in diet- and mechanically-induced neointimal lesions.
Cross-sections were stained with Masson Trichrome and relative neointimal collagen
content (blue staining) was quantified in (A) aortic atheromas induced by 7 wks of fat
feeding, and (B) in mechanically-injured femoral arteries (4 wks post-injury) (see Materials
and methods for details). Results represent the mean*SE. Although differences between
groups did not reach statistical significance, as determined by unpaired Student t test, a
tendency towatds reduced collagen content is observed in Super-p53/apoE-KO mice.
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Capitulo 4: Resumen y discusioén general

El trabajo de esta Tesis Doctoral se ha centrado en la elucidaciéon de
mecanismos moleculares implicados en el control de la proliferacion
celular, con especial énfasis en CMLVs en cultivo y modelos animales de
aterosclerosis y dafio vascular mecanico. El abordaje general ha
consistido en la utilizaciéon de farmacos antiproliferativos y la generacion
y caracterizacion de ratones modificados genéticamente en los que se ha
alterado la expresion/funciéon de genes reguladores del ciclo celular.

Los estudios realizados se plantearon para responder a las
siguientes preguntas:

1) ¢Cual es el mecanismo molecular por el que PCA-4230 y STI571
inhiben la proliferaciéon de CMLVs y células cancerosas? (Trabajo 1y
Trabajo 2).

2) ¢Es importante la fosforilacion de pZ7Kip "enla T187, implicada en
su degradacion en fase S por la via del proteosoma, en la progresion del
ateroma inducido por dieta rica en grasa y colesterol? (Trabajo 3)

3) ¢La ganancia de funcién de p53 previene el desarrollo de la placa
de ateroma en un modelo de aterosclerosis experimental? ;Protege frente
al desarrollo de la neointima tras dafio mecanico en la arteria femoral de
ratones deficientes en apolipoproteina E? (Trabajo 4).

PCA-4230 inhibe la proliferacion celular como consecuencia del
bloqueo de la ruta ciclina D1/E2F

Una caracteristica que comparten cancer y arteriosclerosis es una
proliferacién celular excesiva. Mientras que el cancer se caracteriza por
una proliferacion acelerada, desordenada e incontrolada de las células de
un tejido que invaden, desplazan y destruyen, localmente y a distancia,
otros tejidos sanos del organismo, en la arteriosclerosis la proliferacion
anormal de CMLVs y macréfagos ocurre a nivel local en la placa de
ateroma (Ross et al., 2001). A pesar de estas diferencias, la inhibicién de
la proliferacion celular es una estrategia terapéutica utilizada en clinica
para combatir ambas patologias.

En este estudio examinamos el mecanismo molecular por el que el
tarmaco PCA-4230 produce la inhibicién de la proliferacion celular.
Trabajos previos habian demostrado que este derivado de las
dihidropirimidinas, de férmula quimica 2(1, 1, 3-trioxo-2, 3-dihidro-1, 2-
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bencisotia-zol-2-i) etil 2, 6-dimetil-5-(etoxicarbonil)-4-metil-1, 4-
dihidropiridincarboxilato, es capaz de inhibir la agregacion plaquetaria y
la trombosis (Gutiérrez Diaz et al., 1992; Ortega et al., 1993; Sunkel et
al., 1988), dos importantes procesos en la etiopatogénesis de los procesos
isquémicos agudos (por ejemplo, infarto de miocardio y embolia
cerebral). Ademas, ensayos i vitro con CMLVs demostraron como la
proliferaciéon resultaba inhibida en presencia del farmaco a nivel de
GO0/G1 debido a una reduccién en los niveles de ARN mensajero de los

factores de transcripciéon c-fos y c-jun, importantes durante el proceso
proliferativo (del Rio et al., 1997).

Nuestros resultados demuestran que PCA-4230 produce una potente

inhibicién en la entrada en fase S de CMLVs, tanto de rata como
humanas, tras ayuno y reestimulacion (figura 1B, 1C, trabajo 1, pag.
45), ademas de inhibir eficientemente la proliferacion de células
transformadas (U20S, MCF7, MEF-Myc) (figura 2, trabajo 1, pag. 46).
Los mecanismos responsables del efecto citostatico del PCA-4230
incluyen: a) inhibicién de la expresion de la ciclina D1 y ciclina A (figura
4A, trabajo 1, pag. 47), b) inhibicién de la actividad quinasa de CDK2
(figura 3A, trabajo 1, pag. 46) y bloqueo de la fosforilaciéon de la
proteina Rb (figura 4A, trabajo 1, pag. 47), c) represion transcripcional
de la ciclina A (figura 5, trabajo 1, pag. 48). Sin embargo, el PCA-4230
no tiene efecto sobre los niveles proteicos de ciclina E ni CDK2 (figura
4A, trabajo 1, pag. 47), ni tampoco sobre la actividad PI3K (figura 3B,
trabajo 1, pag. 46).
Comprobamos que el efecto inhibitorio de PCA-4230 no era debido a
una interaccion directa con la quinasa CDK2, pues la adicion directa del
farmaco a la reaccién quinasa no fue capaz de inhibir la actividad CDK2
(resultado no mostrado). Consideramos también la posibilidad de que
miembros de la familia de CKIs pudieran contribuir a la parada de ciclo
dependiente de PCA-4230. Sin embargo, no observamos aumento de la
expresion de las CKIs p21“PVVAR i pd78Pl en células tratadas con
PCA-4230 (figura 4C, 4D, trabajo 1, pag. 47).

La compleja interacciéon entre la proteina Rb y los miembros de la
tamilia de los factores de transcripcion E2F juega un papel importante
en la regulacion de la progresion del ciclo celular (Dyson, 1998; Grafia
and Reddy, 1995). Se acepta que la fosforilacion de Rb por acciéon del
holoenzima ciclina D1-CDK4/6 libera a E2F permitiendo la activacion
transcripcional de genes necesarios para la progresion en el ciclo, por lo
que la inhibicién de la ciclina D1 y de la actividad CDK2 podria estar
implicada en el bloqueo de la hiperfosforilaciéon de la proteina Rb en
CMLVs reestimuladas con suero y tratadas con PCA-4230. La
acumulaciéon de Rb hipofosforilado impediria a su vez la activacion
transcripcional de la ciclina A y, por tanto, la formaciéon de holoenzimas
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activos ciclina A-CDK2. Es este sentido, nuestro grupo habia
demostrado que E2F es un componente importante en la cascada de
seflalizacion dependiente de Ras que activa la transcripcion de ciclina A
en CMLVs (Sylvester et al., 1998). Dado que la eliminacién de la funciéon
de la ciclina A inhibe la entrada en fase S (Girard et al., 1991; Pagano et
al., 1992; Zindy et al., 1992) y su sobreexpresion acelera la transiciéon
G1/S, (Resnitzky et al, 1995; Rosenberg et al, 1995) nuestros
resultados sugieren que la represion transcripcional del gen de la
ciclina A puede contribuir al mecanismo por el que PCA-4230
ejerce su efecto inhibitorio en las CMLVs.

Para averiguar si el PCA-4230 inhibe la expresion de la ciclina A y la
proliferaciéon de las CMLVs a través de la inhibicién de la ruta ciclina
D1/E2F, realizamos experimentos de rescate, sobreexpresando bien
ciclina D1 o E2F. Nuestros resultados demuestran que la sobreexpresion
ectopica de estas proteinas rescata eficazmente el efecto inhibitorio del
PCA-4230 sobre la actividad del promotor de la ciclina A (figura 6,
trabajo 1, pag. 48). Ademas, la sobreexpresion de E2F restauraba la
sintesis de DNA en CMLVs tratadas con PCA-4230 (figura 7, trabajo 1,
pag. 49). Estos resultados sugieren que el PCA-4230 reprime la
activacion del promotor de la ciclina A y la proliferacion celular mediante
la inhibicién de la ruta ciclina D1/E2F.

En resumen, nuestros estudios in vitro demuestran que la
inhibicion de la ruta ciclina D1/E2F por el farmaco PCA-4230 es
efectiva en la supresion de la proliferacion de CMLVs y células
cancerosas. Si bien el tratamiento con PCA-4230 ha sido tolerado por
voluntarios sanos en ensayos clinicos de Fase I (Cillero et al., 1991), se
requieren estudios adicionales para valorar si el PCA-4230 puede
utilizarse con seguridad y eficazmente para el tratamiento de
enfermedades  hiperproliferativas, como son la  enfermedad
cardiovascular y el cancer.

El farmaco STI571 provoca la parada de ciclo celular y la represion
transcripcional de la ciclina A en CMLVs debido a un bloqueo de
la actividad de ERK1/2 y E2F

El factor de crecimiento derivado de plaquetas PDGF-BB es un
potente mitégeno y quimioatrayente de las CMLVs, (Bornfeldt et al.,
1994; Grotendorst et al.,, 1982; Ross et al., 1986) que interviene en la
transformacion fenotipica de estas células del estado contractil al
sintético caracteristica del desarrollo de la lesién neointima (Sjolund et
al., 1990). El receptor de PDGF se dimeriza cuando se produce la uniéon
de PDGF-BB, lo cual provoca la estimulaciéon de la actividad tirosin
kinasa del mismo, iniciandose la cascada de senalizaciéon que culmina en
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la division celular (Escobedo et al., 1988; Heldin et al., 1989). Se ha
demostrado que inhibidores de tirosin quinasas inhiben eficientemente la
proliferacién y la quimiotaxis celular (Bilder et al., 1991; Ito et al., 1995;
Shimokado et al., 1994).

El derivado de la 2-fenilaminopiridina STI571 (también llamado
imatinib y Gleevec) es un inhibidor de la actividad tirosin quinasa Abl,
cuya eficacia terapéutica ha sido ampliamente demostrada en pacientes
con leucemia mieloide cronica (Druker, 2002; Shawver et al., 2002).
Ademas STI571 es un potente inhibidor de los receptores de los factores
PDGF y de células troncales (SCF) y de c-Kit. El STI571 también ha
demostrado efectividad en modelos animales de enfermedad
cardiovascular, como la reestenosis post-angioplastia (Myllirniemi et al.,
1999), la aterosclerosis inducida por dieta (Boucher et al., 2003) y la
arteriosclerosis por transplante (Sihvola et al., 2003). EI STI571 también
inhibe la angiogénesis 7z vitro, y este efecto angiostatico se ha atribuido
principalmente a su acciéon antiproliferativa y anitmigratoria sobre las
CMLVs (Dudley et al., 2003). E1 CGP 53716, otro farmaco inhibidor de
proteinas tirosin quinasas capaz de inhibir selectivamente la
autofosforilacion del receptor de PDFG, también atenta el
engrosamiento de la neointima en un modelo de angioplastia por balén
en carétida de rata (Myllarniemi et al., 1997) y previene la arteriosclerosis
cardiaca por injerto (Sihvola et al., 1999). Este efecto puede deberse, al
menos en parte, a una inhibicién del incremento del ARN mensajero del
factor de transcripcion c-fos (Buchdunger et al., 1995).

Los mecanismos moleculares por los que los inhibidores de protein
tirosin quinasas ejercen sus efectos terapéuticos no estan totalmente
descifrados. Por ello, nos planteamos estudiar el efecto del STI571 sobre
reguladores clave del ciclo celular y factores de transduccion relacionados
con proliferacién y migracion celular en CMLVs. De acuerdo con
estudios previos, nuestros resultados demuestran que el STI571 inhibe la
proliferaciéon (figura 1B, trabajo 2, pag. 57) y la migracion (resultados
no mostrados) de CMLVs estimuladas con PDGF-BB. Ademas, el
tratamiento con STI571 previene el aumento de la ciclina D1 y la ciclina
A (figura 2, trabajo 2, pag. 58) vy la activacion de las ERKs 1/2 (figura
5, trabajo 2, pag. 60) que normalmente acontece en células estimuladas
con PDGF-BB. Teniendo en cuenta que la activacion de las ERKs1/2 es
un proceso clave en la proliferacién celular dependiente de PDGF-BB
(Davis, 1993), nuestros resultados sugieten que el bloqueo de su
actividad es un mecanismo por el cual el STI 571 ejerce sus efectos
inhibitorios sobre CMLVs estimuladas con PDGF-BB.

Experimentos de transfeccion transitoria nos sugireren que el efecto
inhibitorio de STI571 sobre la expresion de la ciclina A esta mediado, al
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menos en parte, por la represion de la actividad transcripcional de su
promotor (figura 3, trabajo 2, pag. 58). Trabajos previos de nuestro
grupo y otros laboratorios demostraron que la unién de CREB/ATF y
E2F a elementos ¢s del promotor de la ciclina A humana localizados en
las posiciones -79/-72 y -37/-32, respectivamente, es esencial para la
activacion transcripcional del gen de la ciclina A (Barlat et al., 1995;
Desdouets et al., 1995; Schulze et al, 1995; Sylvester et al., 1998;
Yoshizumi et al., 1995). En este trabajo demostramos que mutaciones
que eliminan el sitio de unién de E2F en el promotor de la ciclina A
impiden su represién transcripcional mediada por el STI571 (figura 3,
trabajo 2, pag. 58), y que la sobreexpresion ectopica de E2F rescata
completamente este esfecto inhibidor (figura 4, trabajo 2, pag. 59). Por
tanto, demostramos que E2F es una diana critica de STI571 en
CMLYVs. Sin embargo, son necesarios mas estudios para identificar los
elementos localizados en cs dentro de la region -924 y -80 que son
necesarios para la inhibicion maxima observada en el promotor -
924/4245 de la ciclina A (figura 3, trabajo 2, pag. 58).

Para averiguar si la inhibicién de ERK1/2 por STI571 contribuye a
reducir la actividad del promotor de la ciclina A, realizamos
experimentos de transfeccion transitoria en FMCLVs infectadas con un
vector retroviral que codifica para un mutante de MEKI
constitutivamente activo que provoca la activacion de ERK 1/2.
Nuestros resultados muestran que la represion inducida por STI571 en el
promotor de la ciclina A esta atenuada en estas células comparadas con
células control infectadas con un retrovirus control que codifica para
Lac-Z (figura 6A, trabajo 2, pag. 60). Ademas, la activacion forzada de
las ERKs en FCMLVs previene o atenua el efecto antiproliferativo de
dosis bajas y altas de STI571, respectivamente (figura 6B, trabajo 2,

pag. 60).

En resumen, nuestros resultados sugieren que el efecto
citostatico que provoca el STI571 en CMLVs estimuladas con
PDGF-BB depende del bloqueo de la actividad de ERK1/2 y del
factor de transcripcion E2F, con el subsiguiente bloqueo de la
expresion de ciclina D1 y ciclina A. Estudios de expresion génica
comparando CMLVs control y tratadas con STI 571 (por ejemplo,
mediante microarrays de cDNA), y experimentos de ganancia y pérdida
de funcién permitiran en un futuro identificar factores reguladores
adicionales implicados en las propiedades antiproliferativas de este
tarmaco.
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En resumen, los resultados de los trabajos 1y 2 demuestran que
la inhibiciéon de E2F y la represion transcripcional de la ciclina A
son parte del mecanismo molecular por el que PCA-4230 y STI1571
inhiben la proliferacién de CMLVs. En cuanto a su posible aplicacion
terapéutica para el tratamiento de la aterosclerosis y reestenosis post-
angioplastia, se ha demostrado que el PCA-4230 presenta propiedades
antitromboticas y antiagregantes (Gutiérrez Diaz et al., 1992). Ademas, el
STI571 inhibe el desarrollo de lesiones vasculares obstructivas en
modelos animales de angioplastia (Myllarniemi et al., 1999), aterosclerosis
inducida por dieta (Boucher et al., 2003) y arteriosclerosis por transplante
(Sithvola et al., 2003), ademas de inhibir angiogénesis 7z vitro (Dudley et
al., 2003).

El desarrollo de la placa de ateroma en ratones deficientes en
apolipoproteina E no esta regulado por la fosforilaciéon de p27<¥'
en la treonina 187

La ruta proteolitica de degradacion de p27"F' en fase G1/S depende
de la fosforilacion en el residuo T187 por acciéon de ciclina E-CDK2,
(Montagnoli et al., 1999; Morisaki et al., 1997; Sheaff et al., 1997; Vlach
et al, 1997) evento que provoca la ubiquitinacién de p27"*' por el
complejo SCK™* y su posterior degradacion en el proteasoma (Carrano
et al., 1999; Montagnoli et al., 1999; Nakayama et al., 2004; Nakayama et
al., 2001; Tsvetkov et al., 1999) (figura 2 de la introduccion, pag. 7).

Trabajos previos de nuestro grupo demostraron que p27~"" inhibe la
proliferacién celular en la pared arterial y protege frente al desarrollo de
arteriosclerosis en ratones deficientes en apoE alimentados con una dieta
rica en grasa y colesterol (Diez-Juan and Andrés, 2001; Diez-Juan et al.,
2004). Por otra parte, se ha demostrado que la expresion ectopica del
mutante de p27""' no fosforilable en T187 conduce a su estabilizacién
(Hurteau et al., 2002; Malek et al., 2001; Morisaki et al., 1997; Park et al.,
2001). Con estos precedentes, nosotros especulamos que los ratones
p27T187A deficientes en apoE podrian presentar una reduccién en la
aterosclerosis debido a la acumulacién de p27"F" en la pared arterial. Sin
embargo, nuestros estudios demuestran que ambos parametros son
indistinguibles en ratones p27T187A deficientes en apoE comparados
con controles apoBE-KO con p27*" silvestre (figuras 2 y 3, trabajo 3,
pag. 69 y 70). Del mismo modo, el andlisis de las lesiones
ateroscleréticas mostré que la pérdida de la fosforilacion de p27°F' en la
T187 no afecta ni a la celularidad ni a las tasas de proliferacion y
apoptosis celular (figura 4, trabajo 3, pag. 71). Por tanto, niveles
tisiologicos de p27T187A no afectan al curso de la aterosclerosis en
ratones hipercolesterolémicos. En este sentido, cabe destacar que Park y
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colaboradores han demostrado que la sobreexpresion de una proteina
mutante mas estable, p27T187M/P188I, en la que el residuo T187 esta
mutado a metionina y el residuo de prolina 188 a una isoleucina, induce
en células cancerosas una fuerte parada en la transiciéon G1/S y mayor
apoptosis que células que sobreexpresan p27"P' silvestre (Park et al.,
2001). Ademas, la inyeccion intratumoral de adenovirus que codifican
para p27T187M/P1881  induce la regresion parcial de tumores
establecidos e inhibe el crecimiento de xenotranasplantes de cancer de
pulmén humanos mas eficazmente que adenovirus que codifican para
p27°P! silvestre. Serfa pues interesante investigar si  niveles
suprafisiologicos de p27T187A o p27T187M/P1881 inhiben la

aterosclerosis inducida por dieta.

Confirmamos que el peso corporal de los ratones p27T187A
deficientes en apoE es mayor en comparacién con sus hermanos apoE
deficientes con p27"P' silvestre (figura 1A, trabajo 3, pag. 69),
mientras, los niveles de colesterol plasmatico tal y como esperabamos,
estan muy elevados al mes de la dieta aterogénica pero son
indistinguibles entre genotipos (figura 1B, trabajo 3 pag. 69).

Estudios previos con MEFs aisladas de ratones p27T187A habfan
mostrado que p27""" es degradado al menos por dos rutas proteoliticas
diferentes, que actian con posterioridad durante la fase G1 (Malek et al.,
2001). La segunda ruta, que opera durante la transicion G1/S, estaba
bloqueada en los MEFs p27T187A, que presentaban niveles elevados de
p27T187A durante las fases restantes del ciclo celular. Sin embargo, cada
vez es mas evidente que las consecuencias de expresar p27T187A
difieren segun el tipo celular, tejido y condiciones patofisiologicas. Por
ejemplo, n vitro, la proliferacion de linfocitos T CD4" esplénicos
portadores de p27T187A se redujo un 80% en comparacién con los
aislados de ratones silvestres, mientras que la proliferacion de los MEFs
portadores de p27"P' no fosforilable sélo se redujo en un 20-30%,
mientras que la proliferaciéon de timocitos no resulté afectada por esta
mutacion (Malek et al., 2001). En nuestros estudios, comprobamos que
la proliferacion de esplenocitos aislados de ratones p27T187A deficientes
en apoE era menor que la de esplenocitos aislados de ratones deficientes
en apokE (resultados no mostrados).

Los efectos del mutante p27187A se han estudiado también 7z vivo en
dos modelos distintos. En el estudio de la cicatrizaciéon de la herida
provocada por punciéon circular en la piel, que es un proceso que
depende principalmente de la proliferacion de células epiteliales, se
observé que ésta estaba retrasada en los ratones p27T187A,
correlacionandose esta demora con una menor incorporaciéon de BrdU
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en los queratinocitos del borde de la herida (13, 5% en ratones
p27T187A vs 35% en los ratones silvestres). Sin embargo, en el modelo
de herida por incisién, en el que la curaciéon ocurre mayoritariamente por
migraciéon de células epiteliales, el cierre de las lesiones fue similar en
ratones silvestres y p27T187A (Malek et al,, 2001). Por otro lado, la
regeneracion del higado tras hepatectomia parcial en ratones p27T187A
alarg6 la fase G2 en comparaciéon con ratones silvestres, aunque este
fenémeno no estuvo acompafnado de perturbaciones en el inicio o
duracién de la fase S en hepatocitos (Kossatz et al., 2004). Tampoco se
observé en los hepatocitos de ratones p27T187A una parada del ciclo
celular en mitosis, ni cambios en la ploidia o tamafo celular.

Nuestros resultados en el modelo de arteriosclerosis
experimental refuerzan el concepto de que el efecto de la
fosforilaciénde p27“*' en T187 sobre el nivel de expresién proteica
de p27°"' y la regulacién del ciclo celular varia en diferentes tipos
celulares, tejidos y condiciones patofisiolégicas, tanto in vitro
como 1n vivo. Sin embargo queda por demostrar si existen mecanismos
alternativos de degradacion de p27"P" que puedan operar y compensar la
pérdida de la fosforilacion en T187 en ratones p27T187A deficientes en
apoE. De hecho, se ha sugerido que KPC y Skp2 podrian ser
funcionalmente redundantes (Nakayama et al., 2000). Ademas, dado que
los niveles de expresion de la proteina p27™P' en el ratén “knock-in”
p27S10A también muestran diferencias tejido especificas (expresion
reducida en cerebro, bazo, testiculos, y niveles invariables en higado,
coraz6n, pulmén y muasculo esquelético) (Kotake et al., 2005), son
necesarios estudios adicionales para analizar las cinéticas de aterosclerosis
en ratones portadores de la mutacién p27S10A, asi como en dobles
mutantes p27SOA-T187A. Recientemente, se ha demostrado que los
ratones p27S10A son menos susceptibles al desarrollo de tumores de
pulmén que ratones heretocigotos o globalmente deficientes en p27°F!

(Besson et al., 2000).

La ganancia de funciéon p53 en ratones deficientes en
apolipoproteina E reduce la hiperplasia de la neointima tras
denudacién mecanica, pero no afecta al desarrollo de la placa de
ateroma

Se ha demostrado que la disminucién de los niveles de p53 precede a
la migracién y proliferacion de CMLVs de explantes arteriales tratados
con mitégenos (Rodriguez-Campos et al, 2001). Ademas, la
sobreexpresion y la inactivaciéon de p53 en cultivos de CMLVs inhibe y
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aumenta su migracion, proliferacion y apoptosis, respectivamente (Aoki
et al., 1999; George et al., 2001; Matsushita et al., 2000; Mayr et al., 2002;
Yonemitsu et al., 1998). El analisis de ratones modificados genéticamente
ha permitido establecer de modo concluyente una relacién causa-efecto
entre deficiencia de p53 y aceleramiento de la lesion vascular obstructiva
en modelos de aterosclerosis, dafio vascular mecanico y transplante
(Guevara et al., 1999; Mayr et al., 2002; Mercer et al., 2005; Merched et
al., 2003; Sata et al., 2003; van Vlijmen et al,, 2001). Sin embargo se
desconoce si la ganancia de funcién de p53 puede limitar el desarrollo
del ateroma. Para responder a esta pregunta, analizamos ratones apoE-
KO (con doésis génica de p53 normal) y Super p53-apoE-KO
(portadores de un alelo adicional p53 que reproduce la expresion y
regulacion normal del gen p53 enddégeno). Comprobamos la
funcionalidad del transgen p53, ya que timocitos aislados de ratones
irradiados presentaron mayor subpoblacion GO/G1 (figura 1A, trabajo
4, pag. 93), de acuerdo con resultados previos con ratones Super p53
(Garcia-Cao et al., 2002).

El grado de hipercolesterolemia alcanzado al finalizar las 5 semanas
de dieta aterogénica no mostré deiferencias entre ambos grupos de
ratones (figura 1B, trabajo 4, pag. 93). Tampoco vimos diferencias en
el peso corporal de los ratones a lo largo de la dieta comparando
genotipos (figura 1C, trabajo 4, pag. 93).

Sorprendentemente, la ganancia de funcién de p53 no afecta al
tamafio del ateroma, formado espontaneamente o inducido por dieta
hipercolesterolemiante, tanto en mediciones ez face con Oil Red O, o en
cortes transversales de la aorta ascencente tefiidos con hematoxilina-
cosina (figuras 2A, 2B y 2C, trabajo 4, pag. 94). Unicamente mostrd
una modesta reduccién en la regién adrtica de maximo dafo (zona I de
la aorta ascendente analizada). El andlisis de la composicion de la lesion
tras 7 semanas de dieta aterogénica muestra idénticos valores para
celularidad, apoptosis y proliferacion celular (figura 4A, 4B, 4C, trabajo
4, pag. 96). Tampoco vimos diferencias significativas en el contenido de

macrofagos en la lesion (figura 4D, trabajo 4, pag. 96).

Quisimos estudiar si la ganancia de funciéon de p53 podia tener un
efecto en el desarrollo de la neointima producido por dafio mecanico en
la arteria femoral, a pesar de no haber sido eficaz en la reduccién de
aterosclerosis aortica. Los resultados muestran que tanto el porcentaje de
oclusiéon luminal como la relacién Intima/Media disminuyen en los
ratones Super p53-apoBE-KO comparado con controles apoE-KO
(figura 3, trabajo 4, pag. 95). Estos resultados estan de acuerdo con
estudios previos en los que se ha demostrado que la ganacia de funciéon
p53 mediante vectores adenovirales atendan el desarrollo de la neointima
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en modelos de denudacion arterial (Matsushita et al., 2000; Scheinman et
al., 1999b; Yonemitsu et al., 1998)

En el modelo de dafio vascular utilizado, la apoptosis incrementa
rapidamente durante las primeras 24 horas post-cirugia, disminuyendo
hasta el nivel basal de un modo gradual y la proliferacion celular tiene un
pico a las dos semanas, disminuyendo a las cuatro semanas de la lesién
(Reis et al., 2000). Nuestros resultados muestran una tasa de apoptosis y
proliferacién indistinguible entre genotipos a las 4 semanas de la
operacion, tanto en la media como en la intima (figura 5A y 5B, trabajo
4, pag. 97). Si bien hubiese sido mas adecuado analizar la apoptosis
durante las primeras horas, nuestro interés principal era analizar el efecto
sobre el desarrollo de la lesion.

Trabajos previos han demostrado que tanto la ausencia de p53 en los
progenitores de médula 6sea (Merched et al.,, 2003; van Vlijmen et al,,
2001) como la sobreexpresion de p53 en CMLVs de una lesion
preexistente (Chen et al., 2004; von der Thusen et al., 2002) reducen el
contenido de colageno de la lesién relacionado con una mayor
inestabilidad de la lesién. Nuestros resultados, tanto en el estudio de
aterosclerosis como de dafio mecanico, muestran un contenido de fibras
de colageno estadisticamente indistinguible entre genotipos. Sin
embargo, en ambas condiciones patolégicas observamos una tendencia a
niveles reducidos de colageno en los ratones portadores de un alelo extra
de p53, sugiriendo la presencia de lesiones mas vulnerables en estos
ratones (27% en aterosclerosis inducida por dieta, y 42% en las arterias
femorales lesionadas mecanicamnete) (figura 67, trabajo 4, pag. 98).

En resumen, nuestros resultados demuestran un efecto
diferencial de p53 en modelos de dafio vascular mecanico y
aterosclerosis, siendo necesario profundizar en el papel de p53 en
el desarrollo de la hiperplasia neointimal de cara a posibles
terapias frente a estas patologias. De momento, los resultados
obtenidos con un alelo extra de p53 muestran la eficacia de este
gen supresor de tumores en la inhibiciéon de la hiperplasia por
dafio mecanico, pero no en aterosclerosis, ni espontanea ni
inducida por una dieta rica en grasa y colesterol. Creemos que seria
interesante analizar el efecto de duplicar la dotacién génica de p53, pues
podemos hipotetizar que un alelo extra no sea suficiente para reducir el
desarrollo de la aterosclerosis.

Teniendo en cuenta que p21“P¥A*! es una diana transcripcional de
p53, creemos oportuno discutir brevemente el papel de esta CKI sobre el
desarrollo de lesiones vasculares obstructivas. Por una parte, se ha
demostrado en diversos modelos de angioplastia, que la sobreexpresion
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arterial de p21“PY/VA™ silvestre o de un mutante con mayor estabilidad,

reduce la proliferaciéon de las CMLVs y la deposicion de macréfagos,
aumenta la apoptosis e inhibe el engrosamiento de la lesién neointima
(Chang et al., 1995; Condorelli et al., 2001; Ueno et al., 1997; Yang et al,,
1996). Sin embargo, Merched et al. observaron menos arteriosclerosis en
ratones apoB-KO con disrupcién de p21“PYVA olobal o selectiva en
derivados de células hematopoyéticas comparado con controles con
p21P/WAT intacto (Merched and Chan, 2004). Estos autores asociaron
el efecto antiaterogénico de la disrupcion de p21“PY¥A con diversos
efectos sobre macréfagos, tales como mayor actividad fagocitica,
expresion aumentada de factores ateroprotectores (por ejemplo, proteina
relacionadad con RLDL, “scavenger receptor A”, SR-BI) y menor

expresion de moléculas aterogénicas (por ejemplo, intetleuquina-la., y
proteinas inflamatorias de macréfago 1y 2). Por otra parte, la inhibicion
de arteriosclerosis en ratones dobles deficientes en apoE- p21“P1/WAR e
correlacioné con niveles mayores del ARN de los supresores de

crecimiento p16, pRb y p53 en macréfagos.

Existen otros estudios que han demostrado efectos diferenciales de
una misma proteina sobre el desarrollo de la neointima segun se trate de
aterosclerosis o dafio mecénico. Asf, p27""" reduce el desarrollo de la
placa de ateroma (Diez-Juan and Andrés, 2001; Diez-Juan et al., 2004),
pero el efecto de su inactivacion sobre el engrosamiento de la neointima
inducido por denudacién mecanica es controvertido, con un trabajo en el
que no se observaron diferencias respecto a controles con p27*P" intacto
(Roqué et al., 2001) y otro en el que se mostré un aumento significativo
en ausencia de p27"?" (Boehm et al., 2004). De un modo similar, la
deficiencia en ICAM-1 protege a los ratones de desarrollar aterosclerosis
tanto espontanea (Collins et al., 2000) como por transplante (Zou et al.,
2000), mientras que no tiene efecto protector frente a dafio mecanico
(Manka et al., 2001). Del mismo modo, ratones deficientes en RVLDL
presentan la misma lesiéon ateromatosa que los ratones silvestres —ambos
deficientes en RLDL- aunque sufren un aumento en la neointima tras
dafio vascular (Tacken et al, 2002). Colectivamente, estos estudios
sugieren diferencias importantes en el desaarrollo de la lesién vascular
obstructiva en el contexto de arteriosclerosis inducida por dislipemia,
arteriosclerosis de transplante y dafio vascular mecanico.

111






CAPITULO 5

CONCLUSIONES

113






Capitulo 5: Conclusiones

1. El farmaco PCA-4230 inhibe la activaciéon transcripcional del
gen de ciclina A y la proliferacién celular debido al bloqueo de la
ruta ciclina D1/E2F

1.1 PCA-4230 inhibe de un modo dependiente de dosis la
proliferacion de CMLVs primarias aisladas de arterias
humanas y de embrién de rata, y de células tumorales, tanto
aisladas de canceres humanos como de embriones de raton
transformados con el oncogen c-Myc.

1.2 Este efecto citostatico se correlaciona con una disminucion
en los niveles de las proteinas ciclina D1 y ciclina A, e
inhibicién de la actividad quinasa de la CDK2.

1.3 PCA-4230 inhibe de un modo dependiente de dosis la
actividad del promotor de la ciclina A, y tanto la
sobreexpresion de ciclina D1 como E2F reestablecen la
transcripcion de ciclina A en presencia de dosis inhibidoras
del farmaco.

1.4 La sobreexpresion de E2F reestablece la actividad

proliferativa de CMLV's de embrién de rata tratadas con dosis
inhibidoras de PCA-4230.

2. El inhibidor de tirosin quinasas STI571 bloquea en CMLYVs la
proliferacion celular y la transcripcion del gen de ciclina A por
un mecanismo dependiente de la inactivacion del fator de
transcripcion E2F y de las MAPKs, ERK1 y ERK2

2.1 En CMLVs estimuladas con PDGF-BB, STI571 inhibe la
tfosforilacion del receptor de este mitégeno y bloquea la
proliferacién celular.

2.2 En estos mismos cultivos, STI571 inhibe la activacién de
ERK1/2 y previene la acumulacién temporal de las proteinas
ciclina D1 vy ciclina A que normalmente provoca la
estimulacion con PDGF-BB.

2.3 En experimentos de transfeccion transitoria, STI571 inhibe la
expresion de genes reporteros cuya activacion transcripcional
dependen de las regiones -924/4+245 y -79/+100 del
promotor del gen de la ciclina A humana.

2.4 STI571 inhibe la actividad de unién a ADN de E2F en
ensayos de retardo de movilidad electroforética, y el elemento
¢is de union de este factor presente en el promotor de ciclina
A es esencial para que el STI571 inhiba su activacién
transcripcional.

2.5 La activaciéon constitutiva de ERK1/2 en células de musculo
liso de arteria femoral de conejo previene o atenta el efecto
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citostatico de STI571 y su capacidad de inhibir Ia
transcripcion del promotor de ciclina A.

3. En ratones deficientes en apolipoproteina E alimentados con
dieta rica en grasa y colesterol durante 1 mes el bloqueo de la
fosforilacién de p27“?' en la treonina 187:

3.1
3.2
3.3

No altera el grado de hipercolesterolemia alcanzado.

No aumenta los niveles de proteina p27"* en tejido aértico.
No disminuye el tamafio del ateroma, ni afecta su celularidad
y tasas de apoptosis y proliferacion celular.

La ganancia de funcién de p53 en ratones deficientes en
apolipoproteina E reduce la hiperplasia de la neointima tras
denudacién mecanica, pero no afecta al desarrollo de la placa
de ateroma, sugiriendo diferencias importantes en el papel
que juega p53 en ambas situaciones patoldgicas

4.1

4.2

4.3

4.5

Comparado con controles apoE-KO, la irradiacién con 'Cs
provoca en ratones Super p53-apoE-KO un mayor
porcentaje de apoptosis en timocitos, demostrando que el
alelo p53 extra es funcional.

El tamano, celularidad, y tasas de apoptosis y proliferacion
celular del ateroma no difiere al comparar ratones Super
p53-apoE-KO y apoE-KO alimentados durante 7 semanas
con dieta rica en grasa y colesterol.

La aterosclerosis espontanea tampoco se ve afectada por la
presencia de un alelo extra de p53.

Sin embargo, la ganancia génica de p53 inhibe el desarrollo
de la neointima en arteria femoral sometida a lesion
mecanica. Este efecto inhibidor no se acompafia de
alteraciones en apoptosis ni proliferaciéon ni en la lesién neo-
intima ni en la tanica media.
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