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O B S E R V A C I Ó N 
 

En las páginas siguientes es posible que los lectores adviertan ciertas erratas que sin duda salvarán con su cultura. 
Disculpen las molestias y muchas gracias. 



 

  



Oh, 

tú eres tan  

tan  

tan  

salvaje . . . 

has entrado, has penetrado  

y ahora estás en las capas más profundas de mi piel, en mi propia sangre. 

Vas directo a instalarte en mi corazón, 

donde devoras, 

donde aceleras cada latido, 

donde provocas infartos a cada segundo, 

donde agonizo a tu antojo, 

donde ya no soy yo. 

Eres tú. 

Quien dirige, quien controla y acecha. 

Y has invadido los órganos internos. 

Te has adueñado de cada pensamiento. 

Y está bien, lo asumo, lo entiendo.  

Tú mandas. 

Decidirás en qué momento respirar y cuando dejar de hacerlo, 

pero, perdona que ya no diga nada... 

Mis palabras se pierden, se disipan, desaparecen. 

Me dejas sin aire, te estás llevando cada partícula de oxígeno de este cuerpo. 

Que es para ti, lo sé, te digo que ya lo he entendido. 

Es tuyo.  

OK.  

Tuyo. 

Haz con él lo que quieras, 

pero por favor, 

por favor, 

por favor, 

mátame ahora porque no puedo soportarlo. 

Zahara – Oh, Salvaje 
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¡Qué difícil expresar tantas emociones y sentimientos! 
 

Creo que este capítulo me va a costar más que cualquier otra parte de la tesis. 
Aviso para todos y todas los/las valientes que os adentréis a leer esta sección: estáis a 
tiempo de saltaros esta parte. Para los que no me conozcáis sabed que tengo tendencias 
de MiVidaRueda, con notas ascendentes de Zahara, y con un fresco sabor afrutado de 
La Casa Azul. Lo que viene a traducirse en que los agradecimientos pueden llegar a ser 
muy empalagosos y en más de una ocasión, trágico-dramáticos (#drama del que nos 
gusta, verdad Cris?). Por eso, os recomiendo saltar a la parte científica. Los resultados 
son muy top… sé que no está bien que yo lo diga, pero las conclusiones lo petan (o eso 
me han dicho).  

 
Esta tesis doctoral ha sido posible gracias a resultados, esfuerzo, fines de semana, 

pokemons, la ayuda de los de seguridad del hospital (llamad al 7777, todo 
profesionalidad), sudor, discusiones, alegrías, teatros, células, fiestas, chocolates con 
churros (muchos chocolates con churros), aventuras, submarinos… y así podría llenar 
hojas. Pero sobre todo ha sido posible gracias a vosotros. Y es a todos vosotros a los que 
quiero daros las gracias. He dividido los agradecimientos en mini-secciones.  
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solo en el doctorado. Sé que siempre estaréis ahí y gracias por estar aquí. 

 
Mamá, que te voy a decir… que eres estupenda tal y como eres, con tu cariño, 

con tu fuerza y con tu tono de voz alto. Que siempre creíste que podría hacer todo lo que 
me propusiera y me ayudaste con todo, para que lo consiguiera y fuera feliz. Gracias. 

Papá, aunque no te lo diga muy a menudo, pienso que eres genial, con tus 
abrazos, tu sentido del humor, tus historias y tus otras tantas cosas. Me has ayudado en 
muchas ocasiones, y me has enseñado en otras tantas.  

Víctor y Óscar… vaya dos patas para un banco y para crecer juntos. Tan 
parecidos los tres, y tan diferentes a la vez. Porque me acuerdo siempre mucho de los 
dos y estoy muy orgulloso de ambos por todo. Porque da gusto fardar de hermanos con 
vosotros. Sois muy grandes y llegareis muy lejos.  

Abuela. De mis mejores modelos a seguir. Siempre incansable. Imparable. Nunca 
nada te parará y sabemos que no podemos estarnos quietos. Gracias por todos los 
paseos. 

 
Por supuesto se merecen un trozo de tesis mis dos perretes. Nala, un cacho de 

pan y un rottweiler a partes iguales, presente en todas esas horas de estudio encima de 
mí. Aunque sigo sin saber si era por estar conmigo o porque estaba calentita cerca del 



radiador. Y cómo no, al gato-perro César, que me ha dado toda su compañía y todos sus 
zarpazos mientras escribía la tesis. Que ha sido mi mejor crítico, y ha evitado que la locura 
tesística se apoderara de mí. Que calentito y feliz se duerme con vosotros dos.  

 
Sobre todo, de forma especial, querría dedicarles la tesis a mis dos abuelos. 

Espero que podáis disfrutarla allá donde estéis. Aún mantengo como enmienda aquel 
consejo que me diste. 

 
También quisiera agradeceros: a mis abuel@s, a mis tí@s, prim@s… Gracias a 

todos por estar ahí.  
 
 

¡Hola Corazones! Bienvenidos a Corazón de Tesis  
(Edición Fuenla City) 

 
Fuenlabrada 

17 km2, contando el Parque del Olivar y el ValdeSerrano 
La fuente de los 4 coños. La fuente de las escaleras 

2 ayuntamientos 
El Tomas y Valiente. El Alberts 

Casi 200.000 habitantes 
 Y para mí,  

vosotros 5 
 

Mi familia elegida. 4 fuenlis y 1 mostoleña. No hay nada mejor que teneros.  
 
Cris, quien nos iba a decir que aquel “golpe” del destino en la cola de infantil nos 

acabaría uniendo tanto. No existen renos furiosos más sexys, sexys, sexys que nosotros. 
Suit-Up 4 ever. Javi, lo que unió Hilary Duff, que no lo separe nadie. Pero que sepas que 
yo me lié con la francesa y tu no. Don Víctor, princesa para algunos. Todo un galán con 
clase, buen porte y distinción. Mi Tesis por verle tocar(se) el bajo. Gracias. Gracias, 
porque con vosotros siempre es como el primer día, es como sentirse en casa. Porque 
ya no se pedir poll@ al limón sin reírme. Porque estáis en cada letra de FUENLA: F de 
Fuentes, U de… bueno, a ver, era una forma de hablar… Tenemos muchos recuerdos juntos y ya he 
perdido los puntos de Vicky que llevamos cada uno. Entrenados en el noble arte del 
karaoke, debido a las intensas sesiones de Sing Star, y expertos lanzadores de andaluces 
en el Carcassone. Juntos conquistaremos la tierra media, las tierras del norte y hasta las 
zonas más caras del Monopoly. Que sepáis que me emociono cuando suena Flying On 
The Winds, o incluso confesaré que canto Felices los cuatro, pensando en nosotros. Lo 
hago to rato. Os echo de menos más veces de las que puedo soportar, pero sé que 
siempre estáis ahí y os llevo siempre conmigo. Gracias por todos estos años y por los que 



están por venir. Porque vosotros sois la mejor luz que mis maravillosos y más mejores 
arboles naranjas necesitan para hacer la photosynthesis.  

 
Sara. Tan viva, tan loca, tan libre, tan fantástica, tan tú. Muchas gracias por estar 

siempre ahí. Siempre presente en los buenos y en los malos momentos. Gracias por hacer 
sentirme parte de una familia tan grande y tan especial como son los San Miguel 
Fernández. Sin ti este proyecto no habría sido igual. Y ya no solo me refiero a la tesis. 
Gracias por ayudarme a mantenerme estable. Juntos sabemos mantener nuestra calma. 
Propulsión perfecta al espacio exterior más desconocido. Cualquier cosa que escribiera 
sería poquísimo. Nos quedan muchas más aventuras y viajes por delante donde flotar 
libres y ser tan auténticos y tan nosotros. Love U. Muchas gracias a todos los San Miguel 
Fernández: Rafa, Elena, Abel, Mar, Marcos y Luna.  

 
Arantxa. Pinwina! Había pensado un párrafo pequeño, pero intenso y adorable, 

como tú, que siempre estas dispuesta a acompañarme a volar cometas por el cielo. Tan 
fantástica y maravillosa desde el primer día, y a la vez tan cabezota. Tan dulce como los 
batidos de chocolate con nata. Siempre me ha encantado lo fuerte que eres, tu presencia 
en todo momento, y nuestras charlas donde arreglamos el mundo, o al menos a nosotros, 
y nos salvamos mutuamente de tesis, jefes, jefas, auxiliares pesadas, y resto de 
personajes que te puedes encontrar en una clínica veterinaria al echar el cierre. Gracias. 
Gracias por todo. Por supuesto, el agradecimiento se extiende a Letty, Rubén y la gorda. 
((Al final no ha sido tan pequeño… ups!)). 

 
 

Las tardes al Sol en el Paraninfo 
 

Dicen que la época de la universidad es una de las mejores en la vida. La verdad 
que emociones no faltaron: hasta arriba de trabajos, exámenes, el Lodish, paredes que 
se te caen, comer como un perrillo en las escaleras de seguridad, encontrarse bacterias 
de diferentes orígenes en las teclas de los ascensores, fluidos complicados en el mixto, 
congelaciones y amputaciones en la Facultad de Biología (nada que envidiar a Invernalia), 
palmeras chocoliciosas, el cespecito del paraninfo, biosangriadas, San Cemento, 
golismeos varios… Pero sobre todo la mayor y mejor de las aventuras fue conocerlas a 
ellas. 

Jessy, Laura y María. Mis fuenli-biólogas favoritas. Golismeras por excelencia y 
potenciadoras de progesterona en los momentos de bajón para combatir la depresión. 
Con máster y doctorado en organizar eventos en casas rurales y hasta en cualquier tipo 
de situación ¡Que sigáis siendo tan revoltosas! Gracias por todas las aventuras que 
hemos vivido juntos, desde buscar plantitas y bichitos en cacas de vaca, hasta los 
momentos de cespecito al sol en el Paraninfo, Camarena, Vitoria, Ordesa…. Sois geniales 
pimpilimpausicas. Gracias por ser tan fácil estar con vosotras desde el principio. Y por 



supuesto, igual de especiales sois Victor, Carlos y Miguel. Moltes gràcies a tots per tan 
bones estones i moments viscuts i tot el suport moral durant el doctorat. Nos echamos 
un Sushi Go!? 

 
 Iván y Nuria. Gracias por las discusiones científicas, por las risas fáciles, por los 

momentos gañanes. Con el miedo que iba yo ese primer día de Universidad. Siempre 
recordaré (entre muchos más momentos) nuestra primera fiesta de Halloween en aquel 
bar en que solo estábamos nosotros. Quien me iba a decir a mí que acabaría hablando 
de triskeliones y clatrina en mi tesis. Y aunque ahora nos hayamos hecho monoméricos, 
esta tesis también va por vosotros… 

Allí…  
…donde… 

        …estéis. 
 

 Carlos e Iria. Fuisteis mis primeros mentores científicos. Gracias a vosotros 
aprendí tanto y me pude convertir en el científico que soy ahora. No se si eso es bueno o 
malo, y si os deja en buen lugar. Yo creo que si. Estoy muy orgulloso de haber formado 
parte de vuestra escuela. Carlos me enseñó a ser cuidadoso y ordenado, trabajando en 
el lab. Iria me enseñó a plantearme y preguntarme todo, hasta la composición de los 
buffers. Incluso me mostró las delicias del pan con limón. Muchas gracias a los dos, no lo 
podría haber hecho sin vosotros.  

Y hablando de limones… ¡Cómo puede llegar a cambiar el sabor de los limones! 
¿Verdad, David? Jamás leerás esto, pero que sepas esta tesis te lo agradece mucho. Me 
diste el máximo apoyo y siempre confiaste en mí y en mis sueños…aunque este fuera el 
precio que teníamos que pagar. 

 
 

Villarroel 209 
 

Villarroel, o Antonio de Villarroel, fue jefe militar de la defensa de la Barcelona de 
1714. Pero también se ha convertido en una de las calles más importantes de mi paso 
por Barcelona. Fue la calle, donde sin saberlo, montaría mi base de asalto y donde 
encontraría un sitio al que llamar mi casa, mi hogar, en una ciudad a la que yo llegaba sin 
nada. Y allí, viví algunos de los momentos más felices junto a César y Giulia. 

 
Giulia. La mia follia italiana. Puro nervo, puro amore. Una combinazione esplosiva 

per il migliori compagna di piatto con il cuore più grande che può essere. Sono stato molto 
fortunato ad essere al tuo fianco. (Ojala el Google traductor haya funcionado bien). Grazie 
mille per tutto. Por las fiestas, los consejos, los gossips, las tartas, los abbraci… por ser 
tú! Se que llegarás muy lejos Dra. Raimondi. Y si alguien no nos deja sitio, siempre le 



pondremos nuestra mirada de “venga pesados que quiero comer”. Nos vemos en la Fira 
spirulina friend. Ciao raga. Baci per Valeria, Flavia e Andrea. 

 
Manu, Maria e Isaac. Llegasteis en un periodo de muchos cambios todos de golpe. 

Estaba tan asustado y tan nervioso por lo que pudiera pasar… Pero no podría haber 
salido todo de una manera tan fantástica y tan espectacular. Estoy muy contento de 
haberos conocido. Me encanta llegar a casa y que nos contemos nuestras historias, los 
sándwiches de Manu, los romances de María, las locuras de Isaac… Gracias a vosotros 
estos momentos finales histérico-tesísticos han sido maravillosos. Gracias. Sois geniales. 

 
Además, por Villarroel 209 también han pasado otros tantos compañeros/as de 

mención como Manuela, grande manuela, Davide, Víctor, Isa, Rubén, Fede; y aunque no 
hayamos compartido mucho tiempo juntos, Giorgia. Gracias también a todos por los 
consejos que me distéis en su día. Y por supuesto, no puedo olvidarme del gran y único 
Jesús, portero y guardián de Villarroel 209. ¡Tú sí que vales!  

 
Terapia de Suelo COMbinada 

 
Lea detenidamente todo el prospecto antes de iniciar la terapia.  
Conserve este prospecto todo el tiempo. Puede que necesite volver a leerlo. 
En caso de duda consulte a su bioquímico favorito. En ningún caso marque el 7777. 
En caso de molestia consultar “Terapia de Escaleras”. 

 
TERAPIA DE SUELO 3m2 

 
La TERAPIA DE SUELO está indicada en casos de: Me bajo de la vida, pereza universal 
y palo por existir.  
 

Composición:  3m2 de duro suelo COMbinado con pasillos largos, reuniones de 
grupo, el pelo-pincho, frío polar en verano, selva tropical en invierno, ratones voladores, 
chocolate, atardeceres de infarto, más chocolate, desayunos, cafés con leche natural, 
Javi, cafés con lava hirviendo, el 286, banderines de colores, mosquitos que te dan un 
bocata después de sacarte la sangre, la Juani con aceites naturales, risas, cotilleos, 
elegancia, la Mila, ciencia, mucha ciencia, amigos, karaokes, cultivos celulares, 
LemonBerry y 15% de Flamamandra. 

 
Principios activos: 

 
Isabel. Muchísimas gracias por todo. Por darme la oportunidad de participar en esta 

aventura. Por guiarme en todo momento. Por hacerme crecer como científico y 
enseñarme tanto. Gracias por nuestros más y nuestros menos. Por tu cariño. Pero sobre 
todo gracias por haber estado siempre ahí y confiar en mí. Espero que podamos seguir 



en este camino durante mucho más tiempo. Estoy muy contento de aquel giro de los 
acontecimientos hace 4 años que nos permitió unir nuestros caminos. Gracias Isabel. 

 
Joaquim. Quan camini per la platja llarga de Tarragona, sota la remor de les 

onades, escoltaré com el vent em xiuxiueja: Joaquiiiiim Moureno. Moltes gràcies per totes 
les estones junts i descobrir-me tants llocs fantàstics de Barcelona. Per mostrar-me la 
màgia i l'art. Pels cafès, els GinTònics i les birres improvisades. Per les teves abraçades 
intenses i tu afecte. Et dec uns balls fins que se'ns trenquin els octobillos a l’Apolo. 
Aquesta vegada ens oblidarem del rellotge i de les hores (fins les 4 am que és el meu límit 
circadià). Agafa a la Judit que també ens deu una. Ens veiem a València 30. Moltes 
gràcies per tot JQ. 

 
Iván: Iván, Iván, Iván…las que hemos pasado en tan poco tiempo… Estoy muy 

orgulloso de ti, y aunque aún te queda mucho por recorrer, estoy seguro de que 
triunfarás. No pienses en la distancia, disfruta del camino. Has conseguido que termine 
dándome cuenta de que esto me encanta. Gracias a tu energía, despiertas mi pasión 
dormida. Y sé, que cuando consigas focalizar y concentrar toda esa energía y vitalidad 
que tienes, junto con todo lo que sabes (y que llegarás a saber) pasarás de Cero a Héroe.  

Pero vete preparando, porque no te lo voy a poner tan fácil en el máster.  
 
Santa Judit del Tobar Primera de Abrera, madre de hepatocitos, regeneradora de 

hígados, rompedora de ligaduras, domadora de locas del coño… Gracias por los 
momentos de desnudarnos el alma completamente. Bueno…y tan literal. No deberíamos 
de contárselo a mucha gente. Lo que pasa en Terapia génica, se queda en Terapia 
génica. El resto… ¿se tira en el cubo azul…o en el negro? ¿Y qué tapa se le pone 
después? Deberían hacer tapas arcoíris. Universales para todos los cubos. 
#MeBajoDeLaVida. Encima después hay que ducharse y no hay jabón, ¿llevas tu mi gel 
de ducha? Dioooos esto es muy complicado. Menos mal que estar contigo no lo ha sido 
para nada. Eres de las personas más maravillosas que jamás he conocido.  Eres increíble 
a todos los niveles, y te quiero un montón. Gracias a ti he crecido como científico y como 
persona. No he podido tener mejor gemela y cualquier cosa que escriba aquí, no sería ni 
una millonésima parte de lo que te podría agradecer. Te debo un millón de cosas.  

Gracias Ju. 
 
Esther. Moltes gràcies per tot. Per teus consells. Pels esmorzars. Els cafès i els tes. 

La teva saviesa culinària. Per deixar-me dormir quan els dolents només volien despertar-
me. Per trobar-me i arropar-me en tots aquests moments en què estava perdut, i fer-me 
recordar el que valia. Per ser la jefaza del laboratori (guiño, guiño). Per suportar els 
moments de "avui està maja". Per incloure seny en cada moment. Perquè gràcies a tu, SI 
que vull seguir. 

 



Edgar y Laura. Equipo PotaBlava Thunders en acción. Festivalero, teatrero, DJs. 
Grande no solo en altura, sino en persona y en corazón. Compañero de CrossBeach, 
BodyPump, BodyCombat…te confesaré que yo iba por ti, no por Ferran eeeh. (Laura, 
¿has visto esos músculos?). Muchas gracias a los dos. Muchas gracias por todo en estos 
años. Por vuestra alegría, vuestros consejos, vuestra electrizante energía. Porque 
siempre es un placer hacer planes con vosotros. Saludos a flamingo. 

 
Eva. Vas ser la primera que vaig veure quan jo vaig arribar al laboratori el primer dia. 

I va ser una tranquil·litat, perquè hi havia una cara coneguda i perquè no m'havia perdut 
pels passadissos de l'Hospital. Moltes gràcies per tot. Per la teva alegria, els teus consells, 
per tota l'ajuda, per ajudar-me en els moments en què no veia res. Ai si tingues tota una 
vida per investigar. 

 
Andrea. Quindi, italiano, elegante, sexy, compañero de fiestas, amigo. Cerremos 

esta noche algún bar por Barcelona y desatemos nuestro potencial EMT. Muchas gracias 
por todos tus consejos, tu ayuda, por aguantarme en momentos en los que se me piraba, 
por tus teorías sobre el amor. Esta vez no vale hacer EMT-parcial. Esta vez el TGF-β nos 

hará triunfar entre los fibroblastos y alcanzaremos nuestro destino. Sobre todo, Gracias 
por Venir. 

 
Irene. ¡Yisuscraist! ¡Cómo a cresido mi pekeña 100tífica!  
Ets bogeria i bon rotllo a part iguals. Estic molt orgullós de com estàs creixent. 

M'encanta el teu estil i el teu flow. ¿Saps? "Podria ser pitjor" s'ha convertit en el nostre 
mantra favorit, però ... i si li donem la volta? A partir d'ara, lluitarem per una cosa que 
podria ser millor. Confia en tu, en totes les teves qualitats i, sobretot ... relaaaaaxa't i no 
et ratllis. Deixa que tot vagi fluint. Que 100pre tindràs aquesta meravellosa flor al cul que 
et salva de tot. 

 
Macarena. ¡¿Se puede ser más adorable?! Me encanta cuando llegas al lab, con 

energía y alegría, con tu “Hola bellos”, con tus modelitos. Me encanta cuando bajamos a 
ver los ratoncitos y les ponemos niditos de amor. Cuando nos alegramos de que por fin 
hemos sido papas. Me encanta cuando te arrancas a cantar cualquier cosa que te pase 
por la cabeza, y que me ayudes con mis terapias de suelo. Una científica y una 
incorporación muy top. Regenerarás el buen rollismo del lab. Muchas gracias Mac :D. 

 
Jitka. Muchas gracias por nuestras aventuras, por enseñarme lo que es el yoga, por 

darle ese punto de seriedad al labo. Aunque nos hemos conocido poco, he disfrutado 
mucho a tu lado. Me encantan esas bromas improvisadas que de vez en cuando te salen, 
camuflada con la máxima elegancia y seriedad. Eres lo más! Me tienes que enseñar 
muchos trucos. 



Joan y Raquel. Muchas gracias a los dos por la buena acogida y los buenos ratos 
juntos. Soy lo peor y os debo una visita desde hace mucho, sobre todo que me hace 
mucha ilusión conocer al ratoncillo de la casa ^^ 

 
TERAPIA DE SUELO puede contener otro tipo de vitaminas y aminoácidos 

esenciales:  
 
Muchos más han pasado por el laboratorio aportando momentos únicos y 

especiales. Cada uno a su manera y que han dado alegría y buenos ratos. Mis pequeñas 
pupilas, Raquel, Lidia, Patricia y Dominika. También a los pequeñines estudiantes que 
han pasado: María, Laia, Joana, Sabrina (quizás ya no tan pequeñita, pero sos 
reespecial), Francesca, Bhavna (my sweetheart), Uxue, Sandra, Gerard, Paula. Pedro. 
Muchas gracias a todos. 

 
En el surrounding del COM4, también he podido conocer científicos y personas 

excepcionales, que me han ayudado en todo y han conseguido que les sienta como una 
familia. Muchas gracias Roser, con tus despistes y tu alegría; Antonia, por ensañarme 
tantas cosas y tu genialidad; David, latín lover del lab, tengo mucho que aprender de ti. 
Aunque todavía me quedan pendientes un par de cosas que enseñarte yo a ti…Grrrrr...; 
Santi, el multitasking man que cada día me fascina más que el día anterior. Me encantan 
tus historias y tus conocimientos a tantos niveles. Silvia, Soy fan de ti. Muy fan. Soy muy 
feliz por haber conocido a la científica más cuqui de todo el universo. No hay nada mejor 
que tus abrazos, tu sonrisa, y las sesiones de canto contigo. Porque nos quedan muchas 
salas y karaokes por descubrir. Olga. Olvidemos la ciencia y fuguémonos juntos al son 
de Flying Free o de los grandes temazos de la época. Muchas gracias por tu alegría, la 
ayuda, por los consejos (tanto científicos como los que no), por ser mi hermana de 
novatadas. Edu. Creo que hay que volver con la rutina de la playa. El lunes que viene, 
vamos. Avisa a las Judits. Volverán los lunes al sol. Eres simpatía y buen rollo y el mejor 
socio para montar fiestas y juegos. Estoy seguro de que el año 2018 será tu año. Tienes 
la actitud y la energía para conseguirlo. A por ello. Juan, muchas gracias por todo desde 
el principio. Por integrarme con tus fiestas, por los idas y venidas que hemos tenido. ¡Eres 
un tipo genial! E ir a cultivos a tu lado sí que era pura fiesta. Dani y Sara. Unos vecinos 
de poyata excepcionales. Gracias por la buena compañía, vuestro buen rollo, las risas y 
por nuestras sesiones de comidas a escondidas trapicheando con bombones, chocolates 
y demás delicias que traemos al rincón del ordenador. Gracias por vuestros consejos y 
vuestra predisposición para ayudarme con lo que fuera. Laura. ¡Tron! Que la Fernanda 
nos coja confesados a la puerta del Karma. Gracias por tus ideas, por compartir tu forma 
de pensar, por ser tan matemáticamente molona. Te debo una sesión de filosofía de las 
tuyas. Y habrá que ir pensando detenidamente en nuestro proyecto de vida comunal. 
Ahora que ya he dado a luz esta tesis, mi instinto paterno está creciendo y libre al 100%. 
Ahí lo dejo. Muchísimas gracias por todo. Por tu compañía, tus abrazos, las fiestas y todos 
los momentos. Me encantas Laura. 



Muchas gracias a también a Ana Fonseca, Ana Angulo, Erika, Raffa, Simone, Clara, 
Iñigo, Helena, Piotr, Franzie, Alba, Óscar, Àngels, Mariona, Cristina Muñoz, Cristina 
Costa, Aitor, Estanis, Miriam y José. Perdón se mi olvido de alguno. Mi memoria nunca 
ha sido mi mejor cualidad.  

 

Integración Lingüística 
 

Si algo he mejorado en Barcelona, ha sido sin duda mi capacidad lingüística:  
 
 -Castellano: ya no soy tan laista y leista. Bueno, si… lo siento JQ. No lo he 

conseguido. 
 -Italiano: ya se decir más que: “Voglio due gelati de due gusti”. Muchas son 

palabrotas. Pero creo que podré sobrevivir en el sur de Italia. Vamos a Puglia. Gracias 
Giulia, Analisa y Andrea.  

 -Catalán: prometo arrancarme a hablar. Pero tiene que ser con vosotros: Patricia. 
Ye y Chen. Vosotros hicisteis que mis primeros días en Barcelona fueran mucho mejor. 
Hasta que no os conocí, me costó muchísimo. Pero aparecisteis vosotros, y se hizo la luz. 
Ir a clase de catalán, me daba la vida cada día. Aunque ahora ya a penas nos vemos, 
tengo muy buenos recuerdos. Patricia tan adorable, tan atenta, tan loca. Chen, todo un 
distinguido caballero y un científico espectacular. Y Ye… ¡Ye presidenta del mundo 
mundial! Se que acabarás conquistando de amor al mundo entero. 

 
-Inglés, escoces…o un mezcla parecido. Y fue gracias al único e inigualable Chris 

Wright. You are Hot Baby and my best scottish friend. Aiiii Pirata! Si las calles de 
Barcelona hablaran… las que hemos llegado a liar tú y yo eh? Estàs molt boig 
Christopher, pero tus macarroni cheese son awesome. Enamoradizo, adicted a los 
GinTonics, adicto a los HotBoys (pero yo soy molt millor que lo sepas), a los chocolates 
con churros, a la buena comida. ¡Eres único! Vales tanto para un coffee, como para el 
fiestón del siglo. You just need to trust yourself a little more and discover how great you 
can become. Operación ardilla. You are like a little brother for me. Aquesta nit ballarem 
entre els nois dolents i els deixarem a tots hipnotitzats. Bueno, y si no, nos da un poco 
igual. ¿Un spinning? Luego me invitas a pan de sveltia. Thank you, a lot, 4 everything. I 
do not have enough words.  

 
Dentro de esta vorágine de idiomas, podemos integrar a tres estupendas viajeras 

poliglotas que de forma espontánea han alegrado momentos durante mi etapa doctoral y 
que se merecen un enorme agradecimiento y mi admiración. Muchas gracias Blanca, 
Ana y Mari Trini. Me encantan vuestras visitas y apariciones ^^  

 

 
 



Salseo, Ruedas y Cangrejitos 
 

Alba. Jepatocita! Habibi a tu! Mi mini ex-pelirroja favorita. Cuanta locura y alegría 
tan concentrada. Ya dicen que al pot petit i a la bona confitura. Y sin duda aquí eso es 
clave. Muchas gracias por todas nuestras sesiones de parafinar higaditos, o caritas 
alegres. Esos momentos de confesionario, a la mano del micrótomo, oliendo parafina, y 
chutándonos xilol como locos. Muy contento de que sigamos juntos. Por nuestros 
bailecitos, nuestro salseo, nuestros cotilleos. Gracias por ser tan especial y única. Que 
eres un sol en estado puro brillando con luz propia. 

 
Silvia. La pareja de baile perfecta. Sabemos seguirnos los pasos a la perfección el 

uno al otro, y cuando me despisto siempre sabes chivarme las respuestas. Nuestros 
cangrejitos pasilleros son lo mejor del ICO-IDIBELL. Que se mueran de envidia los 
grandes profesionales. Muchas gracias por todos los bailes que hemos tenido juntos y 
por todos los que quedan por echarnos. Muchas gracias por todos los buenos momentos 
y por las rutas alegres desde L’Hospitalet hasta Barcelona. 

 
Ana. Me encanto que coincidiéramos en las clases de baile. De esta manera pude 

conocer a una chica tan fantástica. Confío en ti en poder sacar adelante la empresa y que 
te acabes convirtiendo en la jefaza, y nos des un puestecillo a los demás. Aunque sea de 
becarios que te llevan el café. O que te llevan pinchos del Lizarran a la oficina. Piensalo. 
Yo me pido ser tu primer secretario. Muchas gracias por todos esos buenos bailoteos, las 
risas y los pinchos alrededor de una fanta :)  

 
Porque soy la Reina del Invierno 

 
Aquel verano hacía mucho calor. Recuerdo estar tirado en la toalla, encima del 

cespecito fresco en una piscina de L’Hospital. El ritmo y la buena música invadía el 
ambiente. Los chulazos se mojaban y salpicaban en el agua. El Sol de agosto acariciaba 
todos los cuerpos semidesnudos del lugar. Y allí, entre toda esa multitud, brillabais 
vosotros. Los Entrecots. Tan plurales y coloridos como un arcoíris. A vuestra manera, tan 
señoras bien, tan especiales. Con vosotros he aprendido la Historia de este Arte, y habéis 
conseguido que se derrita un poquito este corazón helado y empezase a latir como si 
jugaran al baloncesto dentro de mi pecho. Gracias por tan buenos momentos.  

 
Airam. El vecino, cazador de pokemons y diseñador gráfico más sexy (siempre te 

recuerdo como el vecino del piso de arriba). Gracias por todos los ratos que hemos 
pasado juntos, por haberme enseñado tantas cosas interesantes que desconocía, por 
abrirme nuevos mundos, por los juegos, los chocolates con churros, las risas. Aunque 
tengamos nuestros momentos, y cada uno sus taras y traumas personales, me ha 



encantado conocerte. Todavía nos quedan muchas más aventuras, no? Gracias 
guapetón. 

 
 Javi. ¡Qué adorable eres pequeño Grumpy Cat! Fresco, divertido, alocado. Ha sido 

un placer enorme conocerte. Todavía nos quedan muchos más cotilleos de esos que nos 
gustan a nosotros. Y muchas más fiestas, salidas, y excursiones. Me debes un ceviche, 
amigo!! Y, por supuesto, que se venga Pia. Que aún nos quedan muchas pistas de baile 
y este verano, será el verano del amor. Empieza nuestra revolución sexual. 

 
Sergio. Conexión directa desde el primer momento pisicinero. Claro, un chico así, 

con tanto estilo, es normal. Fiestero, divertido, elegante y además con un plátano gigante 
en la terraza. Parece que te estoy creando un perfil para venderte, pero en realidad no, 
que tú no lo necesitas. Muchas gracias por todos los buenos ratos vividos. 

 
Kristopher. ¿Estás seguro de dónde te estás metiendo? Aún puedes abandonar. 

Pero se que no lo harás. El doctorado será pan comido para ti, pequeño maligno. 
Cualquiera que se acerque con malas intenciones, que se preparé para sufrir. Mientras 
disfrutaremos de un maravillo GinTonic. Gracias por tu compañía, tu elegancia y las 
buenas charlas contigo. Un placer haber coincidido contigo en Barcelona :) 

 

La Magia de Los Western Blots 
 

Más allá de los muros gastados de la Facultad de Farmacia de la Universidad 
Complutense de Madrid, bajo su fachada antigua y su interior a un más antiguo, se 
encuentra un lugar muy especial: El Departamento de Bioquímica y Biología Molecular II.  

 
Arancha y Almudena. Aún recuerdo el primer día que fui a hablar con vosotras. Iba 

super nervioso. Iba con una camiseta corta amarilla. Muy amarilla. Y no sé por qué, 
pensaba que no eran las mejores pintas para ir a una entrevista del TFM. Recuerdo que 
fuimos a la salita pequeña y me hicisteis unas cuantas preguntas. Sobre electroforesis, 
creo… Creo que os dije que se me daban bien. Que me gustaban. Y recuerdo que os 
gustó mucho que me salieran bien los westerns. Menos mal, que después me salían los 
westerns bonitos y me gané el título de Western Blotter oficial.  Muchas gracias por confiar 
en mi desde el primer día. Me acuerdo mucho de vosotras dos, y me alegra mucho saber 
que de alguna manera seguimos unidos. Esta tesis no podría haber sido igual sin vosotras 
dos. No sin que vosotras me hubierais ofrecido aquella primera oportunidad. Siempre 
seréis mis primeras “directoras” oficiales, aunque al menos del máster y de los meses 
postmaster. Gracias por enseñarme tanto durante ese tiempo. Os recuerdo con mucho 
cariño. Y también a Blanca, a César y a Marga. Y a la botella de moscatel del despacho. 
Muchas gracias a todos. Sois, y fuisteis geniales conmigo. Os debo a todos una visita y 
una de mis tartas para celebrar la tesis. 



Carlos, Ana, Gemma, Silvia, María Areche, Ana, muchas gracias a todos por 
hacerme sentir como en casa en el lab. Por los ratos cuando bajamos a desayunar, los 
cotilleos y todos los buenos momentos vividos. Espero poder pasar pronto a visitaros 
como Doctor y celebrarlo con vosotros. Que hace mucho que no paso a visitaros, y eso 
está ¡¡fatal!! 

 
Mis chicas favoritas del labo 15 e hígado. Neibla, Celia, Silvia (Stronzina), Analisa y 

Laura. Compañeras de poyata, de pipetas y geniales momentos de nuestras vidas. Cómo 
poder olvidarme de los momentos de Disco Cultivos con Neibla y de cómo competíamos 
por poner el mejor temazo mientras pasábamos las horas con las células. ¡Grande Neibla! 
Las células se pasaban de Rave medio día. No podía haber mejor compañía. Fan de la 
dulce locura de Celia, de la elegancia italiana de Analisa, de la energía y el espíritu 
aventuro de la stroncina Silvia, de la simpatía y el amor de Laura. Espero que sigamos 
coincidiendo en los rincones más insospechados del mundo, gracias a esto que es la 
ciencia, la que os ha unido. Nos vemos en el siguiente congreso. ¡Sois las mejores chicas! 

María García y Diego de la Morena del laboratorio de hígado. Me acuerdo del primer 
día que fui a visitar el laboratorio. Y allí estabais los dos, bajo un sol cegador que entraba 
por las ventanas. Estabais muy atareados y nerviosos, porque teníais que hacer un 
paquete super-importante para Isabel. Estabais enviando miles de hígados. Recuerdo 
que nos reíamos (sin malicia) del pobre becario pringado al que le tocara analizar todo 
eso. Vaya sorpresa la mía, y bendito sea el Karma, que aquel pringado resulto ser yo. 
Gracias por todos los buenos momentos, las risas y la acogida en el laboratorio. Se os 
echa de menos.  

 

Luces, Cámara y…mucho Teatro. 
 

Cuando iba a entrar en Panique y mi vida ondeaba con rumbo poco estable y muy 
aburrido, me recomendaron aquel hotel tan fantástico. Me dijeron que eligiera la 
habitación que tenía vistas al sur, que eran las mejores. También me dijeron que las 
camareras eran una delicia, y la comida, exquisitos manjares. Pero lo que no me dijeron 
eran que los compañeros que allí me encontraría serían tan fantásticos y maravillosos 
como vosotros. Soy muy feliz de haberos conocido a todos. María, Vanesa, Patri, Josep 
María, Paula, Gabis, Andy, Mar, Eva, Emma, Brady, Montse, Roger, Mónica, Natalia.  

 
Prometedme que no os pondréis celosones el resto, pero tengo que confesar que a 

Elsa, Sergi, Meri, Laura, Joan y Gonzalo les he cogido un cariño muy especial. Incluido 
por supuesto Guillem. Sois fantásticos. Me encantan nuestras cenas, nuestras salidas 
(menos de las que me gustaría), nuestras fiestas, me encanta aprender tanto de vosotros, 
los cotilleos, ver crecer a María, la adorabilidad de Laura, el sentido del humor y la 
sabiduría de Sergi, la personalidad magnética de Elsa, y la energía y entusiasmo de Joan.  
Gonzalo, un trocito muy especial de esta tesis es tuyo. Gracias por todo. 



Amor entre Probetas 
 

Amor entre probetas es una historia llena de dramas y emociones inspirada en la 
historia de tres estudiantes predoctorales que recurren al doctorado como única manera 
de seguir adelante. Allí, tras desafiar a los malvados directores de la Academia, se ven 
sumergidos en una serie de tramas e historias en las que descubrirán que no están solos. 
Representados por la señorita Iratxe Amelia Quezada de Linares, Doña Inés Dangond de 
Rosaura Miranda y Don Daniel Hernando Osorio. Estos tres personajes encontrarán un 
sin número de obstáculos, personales y profesionales, que podrán a prueba su capacidad 
de salir adelante en medio de compromisos familiares, laborales y obligaciones 
económicas que deberán superar si quieren convertirse en futuros científicos. Se darán 
cuenta que todo no es tan sencillo, y mucho menos cuando se tratan temas del corazón. 
La única solución: Flamamandra. 

Próximamente en Netflix 
Ahora sí, muchísimas gracias chicas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

...Hoy empieza la revolución... 
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ADAM A Disintegrin And Metalloproteinases  

ALK Activin receptor-Like Kinase 
ALP Alkaline Phosphatase 

ALT Alanine-Aminotransferase 

AMH Anti-Mullerian Hormone 

AP2 Adaptor Protein-2  

AR Amphiregulin 

AST Aspartate Aminotransferase 

ATCC American Tissue Culture Collection 

ATI Amylase Trypsin Inhibitors 

BAC Bacterial Artificial Chromosome 

BAR Bin/Amphiphysin/Rvs 

BMP Bone Morphogenic Proteins 

BSA Bovine Serum Albumin 
BTC Betacellulin 

CAF Cancer-Associated Fibroblasts 

CCl4 Carbon Tetrachloride 

CCV Clathrin-Coated Vesicle 

CDK Cyclin-Dependent Kinase 

CHC Clathrin Heavy Chain 

CHCR CHC Repeat 

CLD Chronic Liver Diseases  

CLTC Clathrin gene 

Co-SMADs Cooperating SMADs 

CSC Cancer Steam Cell 

CTGF Connective Tissue Growth Factor 
CYP Cytochrome 

DAG 1,2-Diacylglycerol 

DAMP Damage Associated Molecular Patterns 

DAPI 4′,6-DiAmidino-2-PhenylIndole 

DEN Diethylnitrosamine 

DMEM Dulbecco's Modified Eagle Medium 

DMN Dimethylnitrosamine 

DNA DeoxyriboNucleic Acid 

DTT Dithiothreitol 

ECACC European Collection of Authenticated Cell Cultures 

ECM ExtraCellular Matrix 

EDTA EthyleneDiamineTetraacetic Acid 
EGF Epidermal Growth Factor 

EGFR Epidermal Growth Factor Receptor 

ELISA Enzyme-Linked Immunosorbent Assay 

EMT Epithelial-Mesenchymal Transition 

EPG Epigen 

EPR Epiregulin 

EPS15 EGFR Pathway Substrate 15 

ERK Extracellular Signal–Regulated Kinases 

ESCRT-I Endosomal Sorting Complex Required For Transport I 

FAK Focal Adhesion Kinase  

FBS Foetal Bovine Serum 



FCHO FCH Domain Only 

FGF Fibroblast Growth Factor 
GDF Growth and Differentiation Factors 

GRB2 Growth Factor Receptor Bound protein 2 

GTP Guanosine Triphosphate 

H&E Haematoxylin and Eosin 

HB-EGF Heparin Binding EGF-like Growth Factor 

HBV Hepatitis B Virus 

HCC HepatoCellular Carcinoma 

HCV Hepatitis C Virus 

HGF Hepatocyte Growth Factor 

HRP HorseRadish Peroxidase 

HSC Hepatic Stellate Cells 

HSC70 heat shock cognate 70 
i.e. In example 

IGF Insuline Growth Factor 

IGFR IGF Receptor 

IHC Immunohistochemistry 

IL Interleukin 

IP3 Inositol-1,3,5-Triphosphate 

I-SMADs Inhibitory SMADs 
JCRB Japanese Collection of Research Bioresources 

LAP Latency-Associated Peptide  
MAPK Mitogen-Activated Protein Kinase 

MFB Myofibroblast 

MMP Matrix Metalloproteinase  

MO Mineral Oil 
mTOR mammalian Target of Rapamycin 

NADPH Nicotinamide Adenine Dinucleotide Phosphate 

NAFLD Non-Alcoholic Fatty Liver Disease  

NASH Non-Alcoholic Steatohepatitis  

NOX NADPH oxidases 

NRG Neuregulins 

PBS Phosphate Buffered Saline 

PBS-T PBS-Tween 20 

PCR Polymerase Chain Reaction 

PDGF Platelet-Derived Growth Factor 

PDK Phosphoinositide-Dependent Kinase 

PI Propidium Iodide 
PI(4,5)P2 Phosphatidylinositol 4,5-Biphosphate 

PI3K Phosphatidylinositol 3-Kinase 

PI3P Phosphatidylinositol 3-Phosphate 

PIP2 Phosphatidylinositol-4,5-Diphosphate 

PKC Protein Kinase C 

PLC Phospholipase C 

PMSF PhenylMethylSulfonyl Fluoride 

PTB Phospho-Tyrosine Binding Domain 

PTEN Phosphatase and Tensin Homologue 

qRT-PCR quantitative Real-Time Polymerase Chain Reaction 



RNA RiboNucleic Acid 

ROS Reactive Oxygen Species 

R-SMADs Receptor-associated SMADs 
RT Reverse transcription 

RTK Receptor Tyrosine Kinases  

SARA SMAD Anchor for Receptor Activation 

SDS Sodium Dodecyl Sulphate 

SDS-PAGE Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis 

SEM Standard Error Of The Mean 

SH2 Src Homology 2 

SH3 SRC Homology 3 

SHC Src Homology 2 domain Containing transforming protein 

shRNA short hairpin RNA 

siRNA small interference RNA 
SOCS Suppressor of Cytokine Signaling 

SOS Son of Sevenless 

STAT Signal Transducers and Activators of Transcription  

T BIL Total Bilirubin 

TACE TNFα converting enzyme or TACE 

TERT Telomerase Reverse-Transcriptase 

TGF-α Transforming Growth Factor alfa  

TGF-β Transforming Growth Factor beta 

TIMPs Tissue Inhibitors of Metalloproteinases 

TKD Tyrosine Kinase Domain 

TKI Tyrosine Kinase Inhibitor 
TLR Toll-Like Receptor  

TNFα Tumor Necrosis Factor alfa 

TβR TGF-β Receptor 
VEGF Vascular Endothelial Growth Factor  

WT Wild Type 

αSMA alfa Smooth Muscle Actin 
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1. Liver disorders 

 

The liver is unique in its response to injury. It demonstrates an extraordinary capacity of 

compensatory growth in response to conditions that induce cell loss by physical, infectious, or 

toxic injury, simultaneously undergoing regeneration and fibrosis, two divergent responses that 

lead to carcinogenesis (Rozga, 2002; Zhang and Friedman, 2012). 

 

 Liver injuries can be divided into two different groups, accordingly to the duration or 

persistence of liver injury: acute and chronic liver diseases. The elimination of the damaging agent 

can rapidly revert acute liver injuries and usually there is a complete restoration of normal liver 

architecture and function, without evidence of the preceding insult. However, when liver injury 

persists for a long time, it drives to a chronic liver disease. Chronic liver diseases are characterized 

by a protracted wound healing response, which often progress to advanced fibrosis and cirrhosis, 

which is accompanied by severe distortion of the liver vascular architectural. Progressive fibrosis 

is the hallmark of chronic liver injury and it can eventually result in cirrhosis, liver failure or 

hepatocellular carcinoma (HCC) (Figure I). Briefly, the main liver disorders that affect population 

are: acute liver injuries (mainly due to toxic insults), cholestatic liver injuries, chronic viral hepatitis, 

alcoholic and non-alcoholic steatohepatitis, fibrosis and liver cancer (Malhi and Gores, 2008). 

   

 

Figure I. Natural history of liver disease. Figure adapted from Pellicoro et al., 2014. 
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1.1. Liver fibrosis 

 

In all organ systems, the normal mammalian response to injury occurs in three overlapping 

but distinct stages: inflammation, new tissue formation, and tissue remodelling. A critical step is 

when repair and regeneration take place, because excessive deposition of extracellular matrix 

(ECM) leads to hypertrophic scars, which results in tissue dysfunction (Xue et al., 2013). 

 

1.1.1. Epidemiology, aetiology and mechanisms 

 

Reports from the Global Health Organization indicate that cirrhosis is an increasing cause 

of morbidity and mortality in more developed countries. It is the 11th most common cause of death 

in adults worldwide and the 17th in Europe and Central Asia. It accounts for more than one million 

deaths worldwide per year, which is 2.1% of all deaths (Data from: Global Health Estimates 2015: 

20 leading causes of death by region, 2000 and 2015). Predominant causes of liver fibrosis and 

cirrhosis in developed countries are infection with hepatitis C virus, alcohol misuse, and 

increasingly, non-alcoholic liver disease. Infection with hepatitis B virus is the main cause in sub-

Saharan Africa and most parts of Asia. Cirrhosis prevalence is probably higher than reported, due 

to the initial stages are asymptomatic so the disorder is undiagnosed (Tsochatzis et al., 2014).  

 

Liver fibrosis is a common pathological consequence of chronic liver diseases and results 

from the progressive accumulation of a qualitatively altered ECM, that is highly enriched in fibrillar 

collagens. Scar deposition results from an altered wound healing response to prolonged 

parenchymal cell injury and/or inflammation. It is characterized by increased production of matrix 

proteins and decreased matrix remodelling. In advanced stages, fibrosis leads to cirrhosis, a 

condition defined by an abnormal liver architecture, with fibrotic septa surrounding regenerating 

nodules and altered vascularization. Clinical consequences of cirrhosis are liver synthetic failure, 

portal hypertension, high susceptibility to infection and high risk to develop HCC (Mallat and 

Lotersztajn, 2013; Schuppan, 2015) Mechanisms that underlie liver fibrogenesis show striking 

similarities with fibrotic processes that occur with chronic injury in other tissues, including skin, 

lung and kidney. Several clinical reports have documented that regression of liver fibrosis occurs 

in a substantial proportion of patients after liver insult eradication (Mallat and Lotersztajn, 2013; 

Zeisberg and Kalluri, 2013). 

 

The principal source of ECM accumulation and prominent mediators of fibrogenesis are 

“activated fibroblasts” or myofibroblasts (MFB). There are different origins of activated fibroblasts: 
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resident fibroblasts, bone marrow-derived fibrocytes, epithelial cells that undergo epithelial-to-

mesenchymal transition (EMT), vascular smooth muscle cells and pericytes. Recent knowledge 

indicates that most fibrogenic MFB are endogenous to the liver, and activated Hepatic Stellate 

Cells (HSC) and portal fibroblasts are the major endogenous fibrogenic cells. In liver fibrosis, HSC 

are the major source of fibrogenic cells, while portal fibroblasts play an important role in the 

fibrogenic process during cholestatic liver diseases (Iwaisako et al., 2014). In the normal liver, 

HSC are in the space of Disse and display a quiescent phenotype characterized by the store of 

lipids droplets and the expression of a large number of adipogenic genes and neural markers. 

Upon acute or chronic liver injury, a complex network of autocrine/paracrine fibrogenic signals 

promotes the activation -transdifferentiation- of quiescent HSC to a myofibroblastic phenotype. 

These fibrogenic inputs include cytokines, chemokines, growth factors, lipid mediators and 

reactive oxygen species (ROS) that are produced by epithelial cells (hepatocytes and 

cholangiocytes), endothelial cells and cells of the immune system (macrophages, dendritic cells, 

and B and T lymphocytes). Moreover, apoptotic bodies derived from damaged hepatocytes can 

also transdifferentiate HSC to MFB favouring the fibrogenic process  (Mallat and Lotersztajn, 

2013; Czaja, 2014). 

  

A number of growth factors are associated with MFB differentiation, including Platelet-

Derived Growth Factor (PDGF), angiotensin II, Connective Tissue Growth Factor (CTGF), and 

Transforming Growth Factor beta (TGF-β). TGF-β has a pivotal role in fibrogenesis, and some of 

the other growth factors involved exert their effects by directly stimulating TGF-β production 

(Barnes and Gorin, 2011). MFB are characterized by the expression of alfa-Smooth Muscle Actin 

(αSMA), a parallel loss of retinoids an lipid droplets and de novo expression of receptors for 

fibrogenic, chemotactic and mitogenic factors, that leads to increased proliferation and survival, 

secretion of proinflammatory cytokines and chemokines, enhanced synthesis of matrix proteins 

(predominantly fibrillar collagens), and inhibitors of matrix degradation (Tissue Inhibitors Of 

Metalloproteinases; TIMPs); thus provoking the progressive scar formation (Mallat and 

Lotersztajn, 2013; Zeisberg and Kalluri, 2013) (Figure II). Inflammation plays an essential role in 

the development of liver fibrosis. When a chronic injury takes place, a large infiltration of 

mononuclear cells, which include macrophages, lymphocytes, eosinophils, and plasma cells, 

occur. Mobilization of lymphocytes produces lymphokines that activate macrophages, which, in 

turn, stimulate lymphocytes, fibroblasts, and other inflammatory cells, thus setting the stage for 

persistence of an inflammatory response (Wynn and Barron, 2010). Furthermore, macrophages 

produce pro-fibrotic mediators, including TGF-β and PDGF, and control extracellular matrix 

turnover by regulating the balance of various matrix metalloproteases and TIMPs. Examples of 
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knock-out mice that are resistant to fibrosis because they have less inflammation include those 

with gene deletions of TNF-α or Toll-like receptor 4 (TLR4), among others (Seki et al., 2007). 

  

 

 
Figure II. Common cellular mechanisms of liver fibrogenesis. Activated hepatic stellate cells 

(HSC) and (portal) myofibroblasts (MFB) are prime effectors of liver fibrogenesis. Apart from an 
upregulation of the synthesis and deposition of various Extracellular Matrix (ECM) components, 
fibrolysis is further compromised via an increased synthesis of Tissue Inhibitor of MetalloProteinases 
(TIMPs) and a decreased production of fibrolytic Matrix Metalloproteinase (MMPs), both by 
HSC/MFB and by Kupffer cells/macrophages. Once damage disappear and with the help of 
antifibrotic agents, fibrosis can regress, mainly via proteolytic removal of excess ECM, often by the 
same cells that play a central role in fibrogenesis, such as activated HSC/MFB and 
macrophages/Kupffer cells. Abbreviations: ATIs: Amylase Trypsin Inhibitors (nutritional TLR4 
activators); TLR4: toll-like receptor 4; T: T Cell; MO: Macrophage. Figure adapted from Schuppan, 
2015.  

 

ROS are critical intermediates in both normal physiology and pathological conditions of 

liver cells. Indeed, chronic oxidative stress plays a role during both initial inflammatory phase and 

its progression to fibrosis. Oxidative stress markers have been detected in the serum and biopsy 

samples from liver cirrhosis patients and in experimental liver fibrosis/cirrhosis animals. Moreover, 

in liver biopsies, areas of fibrosis were localized to areas with increased 4-hydroxi-2’-nonenal, a 

marker of lipid peroxidation. ROS may be generated in the liver by multiple sources, including the 

mitochondrial respiratory chain, cytochrome p450 family members, peroxisomes, xanthine 

oxidase, and nicotinamide adenine dinucleotide phosphate (NADPH) oxidases. Accumulating 

evidence indicates that NADPH oxidases (NOX)-mediated ROS have a critical role in HSC 
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activation and hepatic fibrogenesis (Crosas-Molist and Fabregat, 2015) (Figure III). Interestingly, 

NOXes mediate TGF-β activation of HSC to MFB process (Sancho et al., 2012; Crosas-Molist et 

al., 2015). 

 

 

Figure III. Role of TGF-β and NOXs on HSC activation. Figure adapted from Crosas-Molist and 
Fabregat, 2015. 

 

1.1.2. Animal models 

  

 During the last years, mouse models have been used to study the pathogenesis and 

molecular mechanisms associated with fibrosis. Several chemicals are known to induce liver 

fibrosis. In most cases, intraperitoneal injection of these chemicals triggers liver fibrosis on a 

relatively short-term basis. However, fibrosis is limited and takes more time to develop after oral 

or inhaled administration. These chemical-based animal models are popular due to their high 

reproducibility, ease of use and appropriate reflection of the mechanisms involved in human liver 

fibrosis (Yanguas et al., 2016). Among these chemicals the most typical are: 

  

• Ethanol: In the liver, ethanol is mainly metabolized by alcohol dehydrogenases and 

CYP450 enzymes. This process is associated with several deleterious events, such as the 

production of ROS, glutathione depletion, lipid peroxidation and increased collagen synthesis. 

Collectively, these mechanisms induce hepatocyte apoptosis, inflammation and the activation of 

HSCs (Yanguas et al., 2016).   
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• Carbon tetrachloride: Carbon tetrachloride (CCl4) is the most widely used hepatotoxin in 

the study of liver fibrosis and cirrhosis in rodents. In many aspects, it mimics human chronic 

disease associated with toxic damage. Hepatic biotransformation of CCl4 relies on CYP2E1 and 

yields the trichloromethyl radical, which is involved in several free radical reactions and lipid 

peroxidation processes that contribute to an acute-phase reaction characterized by necrosis of 

centrilobular hepatocytes, the activation of Kupffer cells and the induction of an inflammatory 

response (Weber et al., 2003). This sequence is associated with the production of several 

cytokines, which promote activation of HSCs and hence liver fibrosis. 

• Dimethylnitrosamine and Diethylnitrosamine: Dimethylnitrosamine (DMN) and 

Diethylnitrosamine (DEN) are carcinogenic compounds that are frequently used in combination 

with CCl4 to experimentally induce liver fibrosis and HCC in animals. As a consequence of their 

biotransformation, ROS are abundantly produced, all of which react with nucleic acids, proteins 

and lipids. More information about DEN in HCC animal model section 1.2.2. 

 
A number of specific diets, such as the methionine- and choline-deficient diet, high-fat diet, 

and choline-deficient L-amino acid-defined diet, can be used to induce progression of Non-

alcoholic fatty liver disease (NAFLD) to hepatic fibrosis in experimental animals. Moreover, 

common bile duct ligation can also lead to cholestatic injury and periportal biliary fibrosis. In the 

last years, another powerful experimental approach is the use of Genetically Modified animals. 

They allow to gain insight into the involvement of specific proteins and signalling pathways in the 

generation of liver fibrosis and thus facilitate the identification of potentially new drug targets. For 

example, multidrug resistance-associated protein 2-deficient (Mdr2-/-) mice  (Fickert et al., 2004) 

have been used to study the functional relevance of specific signalling pathways in the formation 

of liver fibrosis and identify novel drug targets. Infections with hepatitis B virus and are also popular 

models of liver fibrosis (Yanguas et al., 2016; Zhang et al., 2016).  

 

1.1.3. Therapeutics approaches 

 

Regression of fibrosis can be achieved by the successful control of chronic liver injury, 

owing to termination of the fibrogenic reaction following clearance of hepatic MFB and restoration 

of fibrolytic pathways. MFB can be eliminated by apoptosis, senescence or reversion to a 

quiescent HSC phenotype. However, inactivated HSC remain primed for re-transdifferentiation, 

and may be more responsive to recurrent fibrogenic stimuli than its original quiescent state. In 

advanced stages of fibrosis and cirrhosis the potential for reversibility declines (Mallat and 

Lotersztajn, 2013; Czaja, 2014). 
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The first line treatment is, when possible, to counteract the underlying liver disease to stop 

fibrosis progression. For instance, patients with viral hepatitis should be treated with antiviral 

therapies, while corticosteroids are useful for autoimmune hepatitis. Recent clinical trials with 

efficient causal therapy have demonstrated reversibility of advanced liver fibrosis. Treatments 

focused on the elimination of the etiological agent or putative immune-mediated mechanism may 

be supplemented with antifibrotic agents. Despite experimental characterization of an array of 

antifibrotic pharmacological targets, there is still no clinical translation. This might be due to 

multiple causes: 1) liver fibrosis usually progress slowly in humans, therefore requiring long clinical 

trials; 2) non-invasive specific and sensitive markers of fibrosis progression/regression are not 

available; and 3) fibrogenic and fibrolytic pathways are complex, therefore targeting a single 

pathway may be of limited efficacy. MFB and their products are primary targets for antifibrotic 

therapies, which in principle would address all types of fibrosis, including advanced fibrosis. 

Nevertheless, additional cellular elements that are either upstream of MFB or tightly linked to 

fibrogenic activation may provide a basis for complementary and more disease-specific antifibrotic 

approaches. A combination therapy approach may be more effective, given that crosstalk 

between different cell types that generally underlies fibrogenic activation (Mallat and Lotersztajn, 

2013; Schuppan, 2015; Zhang et al., 2016). 

 

1.2. Hepatocellular carcinoma  

 

1.2.1. Epidemiology, risk factors and prevention 

 

The liver displays an incredible wound healing and regenerative capacity. However, when 

liver injury is chronic, these regenerative mechanisms become dysregulated, facilitating the 

accumulation of genetic alterations leading to uncontrolled cell proliferation and the development 

of HCC (Figure IV).  

 

HCC is a major public health problem worldwide with almost 800,000 new cases each 

year and its incidence is increasing in Europe and worldwide. In 2015 reports from World Health 

Organization, liver cancer is the second leading cause of cancer-related deaths, following lung 

cancer. HCC is the most common primary liver malignancy in adults. Intriguingly, there are 

significant differences on the incidence when considering the gender, being the male to female 

ratio estimated to be 2.4. This difference is mainly attributed to the different exposition to risk 

factors, as well as the influence of androgens and oestrogens on HCC progression. Exposition to 

risk factors also determines the incidence of liver cancer regarding age or ethnicity. In fact, the 



10 
 

highest incidence of HCC is found in Asia and sub-Saharian Africa (Bruix et al., 2014; European 

Association For The Study Of The Liver and European Organisation For Research And Treatment 

Of Cancer, 2012; Tabrizian et al., 2014). 

 

 

Figure IV. Diagrammatic representation of various pathological changes that lead to the 
appearance of HCC. Figure adapted from Ramakrishna et al., 2013. 
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In most cases, HCC develops within an established background of chronic liver disease. 

The main risk factors for development of HCC include infection with hepatitis B virus, the dominant 

risk factor in eastern Asia and sub-Saharan Africa together with exposure to aflatoxin B1, or 

hepatitis C virus, which together with excessive alcohol consumption are the main risk factors in 

North America, Europe and Japan. Other risk factors include NAFLD, NASH, autoimmune 

hepatitis, and the presence of various metabolic diseases (such as insulin resistance, type II 

diabetes or obesity). Avoiding the exposure to risk factors for these chronic liver diseases is the 

best option to prevent HCC. For example, vaccination and antiviral treatment have a positive 

impact. However, if antiviral intervention is delayed until the establishment of cirrhosis, preventive 

efficacy is diminished. Progressive hepatic fibrosis, evolves to cirrhosis, which is the largest risk 

factor for developing liver cancer. Up to 90% of cases of HCC arise in the setting of advanced 

fibrosis or cirrhosis regardless of aetiology (Forner et al., 2012; Bruix et al., 2014, 2016; Wallace 

and Friedman, 2014). 

 

1.2.2. Molecular mechanisms of HCC  

 

Hepatocarcinogenesis is a complex multistep process in which many signalling cascades 

are altered, leading to a heterogeneous molecular profile. Tumour heterogeneity in HCC is 

impressive: it can be observed between patients, between nodules in the same patient (i.e. second 

primary tumours after curative treatment or synchronous multifocal tumours of different clonality) 

and even within a single tumour nodule. However, some molecular pathways are known to be 

clearly involved in HCC (Figure V). HCC is a highly angiogenic solid tumour characterized 

molecularly by cell cycle dysregulation, aberrant angiogenesis, and evasion of apoptosis. The 

molecular pathogenesis of HCC is very complex, comprising of multiple genetic and epigenetic 

alterations, chromosomal aberrations, gene mutations, and altered molecular pathways. 

Angiogenesis plays a vital role in the growth, invasiveness and metastatic potential of HCC (Lu et 

al., 2016; Ramakrishna et al., 2013; Schlachterman et al., 2015). 

 

Next-generation sequencing, such as whole-genome/exome/transcriptome sequencing, is 

becoming a key tool for elucidating the mutational landscape of HCC. The major pathways 

commonly altered by somatic mutations or homozygous deletions include Wnt/β-catenin, p53 and 

Phosphatidylinositol 3-Kinase (PI3K)/Ras signalling pathways, oxidative and endoplasmic 

reticulum stress modulators, and processes responsible to chromatin remodelling (Bruix et al., 

2014; Liu et al., 2014). The most common somatic mutation involves telomerase reverse-

transcriptase (TERT) gene aberrant activation, observed in almost 70% of HCC cases. Following 
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TERT mutations, the main ones include the tumour suppressor gene TP53 (in about 30% of HCC 

cancers), and CTNNB1, the gene encoding for β-catenin (also in about 30% of HCCs, 

predominantly in Hepatatis C virus related cases). In addition to CTNNB1, inactivating mutations 

of other members of the Wnt pathway, such as AXIN1 (11%), are also recurrently described in 

HCC samples (Bruix et al., 2016; Lee, 2015; Schulze et al., 2016). Also, chromosomal 

amplifications (i.e. a11q13, which contains the genes coding for Cyclin D1 and FGF19, and 

7q31.2, which contains the gene encoding for MET), and deletions (i.e. 9p21.3, which contains 

tumour suppressor genes, like CDKN2A, CDKN2B or PTEN) are common (Wang et al., 2013). 

Silencing of tumour suppressors and reactivation of oncogenes by epigenetic alterations have 

been also described. Finally, transcription of key oncogenes can be also modulated by miRNAs 

(Toffanin et al., 2011). As a result of all these alterations, several signalling cascades related to 

cell survival and proliferation, angiogenesis, invasion and metastasis are dysregulated. 

 

 

Figure V. Multiple cancer hallmarks and the underlying molecular alterations in the progression 
of HCC. Figure adapted from Liu et al., 2014. 

 

Altered proliferation pathways have been correlated with liver cancer, as it happens in 

most of the cancers. Among these alterations, the most frequently reported pathways involve 

growth factors such as Epidermal Growth Factor (EGF), Hepatocyte Growth Factor (HGF) and  

Insuline Growth Factor (IGF) (Sia and Villanueva, 2011).  

• EGF Receptor (EGFR) pathway is overactivated in many patients with HCC. Diverse 

sources of evidence suggest activation of EGFR in a subset of HCCs, both at the transcriptomic 
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and proteomic levels, reduced turnover of the receptor, DNA copy number gains in chromosome 

7 (EGFR locus), and modifications in EGFR ligands levels. EGFR pathway will be further discussed 

in section 2.  

• HGF/Met axis is known to be involved in cell proliferation and tumour invasion or 

metastasis in several malignancies. c-Met regulates cell proliferation, migration, survival, 

branching morphogenesis, angiogenesis and plays a key role in liver regeneration. c-Met 

activation has been found in 20-40% of HCC, mainly through overexpression of both the receptor 

and its ligand. c-Met-regulated expression signature defines a subset of HCC in humans, as these 

patients have a poor prognosis and an aggressive phenotype (Whittaker et al., 2010). 

• IGF signalling, through IGF-1 Receptor (IGFR), is important for the regulation of growth 

and development, but also in proliferation, motility and inhibition of apoptosis. It has been shown 

to be involved in the pathogenesis of several malignancies. Overexpression of IGF-1 and IGF-2 

receptors downregulation (which is able to inhibit growth by inducing IGF-2R internalization and 

degradation) contribute to proliferation of cancer cells, anti-apoptosis, and invasive behaviour. 

Thus, IGF-2 is overexpressed in 16-40% of human HCCs. It is upregulated by epigenetic 

mechanisms after an inflammatory response to liver damage or viral transactivation, or by an 

altered methylation of the gene (Schlachterman et al., 2015)  

 

Upon EGFR, Met and IGFR activation, extracellular signals can be transduced through 

different cytoplasmic intermediates, such as PI3K/Akt/mTOR or RAS/MAPK pathways. The 

RAS/Raf/MAPK pathway is typically activated in HCC as a result of increased signalling from 

upstream growth factors, and not due to RAS mutations, as it usually happens in other solid 

tumours. The PI3K/Akt/mTOR signalling, which controls proliferation, cell cycle and apoptosis, is 

overactivated in HCC. Akt can be activated through stimulation of Receptor Tyrosine Kinases 

(RTK), particularly IGFR and EGFR, or through constitutive activation of PI3K or loss of function of 

the tumour suppressor gene PTEN by epigenetic silencing or somatic mutations (Llovet and Bruix, 

2008; Whittaker et al., 2010) 

 

Aberrant activation of pathways involved in cell differentiation and development, such as 

Wnt signalling, are altered in HCC. As mentioned before, β-catenin, a key component of Wnt 

signalling, is mutated in HCCs patients and approximately 50-70% of HCC tumours have 

increased levels of it in cytoplasm and nucleus (Whittaker et al., 2010). In addition, Wnt pathway 

overactivation might be as a consequence of overexpression of Frizzled receptors, or inactivation 

of E-cadherin or members of the degradation complex (GSK3β, AXIN and adenomatosis polyposis 
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coli). Other pathways related to cell differentiation such as Hedgehog and Notch are also 

described to be overactivated in HCC (Sia and Villanueva, 2011). 

 

The role of the microenvironment in tumour initiation and progression in HCC is critical. 

Together with other concurrent tissue responses such as angiogenesis, chronic inflammation and 

oxidative stress, defines the tumour biology. Important proliferative, angiogenic, and regenerative 

cytokines secreted by HSC contribute to the carcinogenic process. These include transforming 

growth factors (TGF-α and TGF-β), platelet-derived growth factors (PDGF-B and PDGF-C), HGF, 

vascular endothelial growth factor (VEGF) and interleukin (IL)-6 (Hernandez-Gea et al., 2013; Rani 

et al., 2014)  

 

HCC is a highly vascularised cancer and angiogenesis plays an important role in 

hepatocarcinogenesis from its early stages. Indeed, experimental studies suggest that targeting 

angiogenesis is of major relevance in HCC. Normal angiogenesis is maintained by the balance 

between pro-angiogenic and anti-angiogenic factors and this balance is disturbed in HCC. The 

response due to chronic liver injury leading to fibrogenesis concurs with the secretion of several 

pro-angiogenic factors by the stromal cells, especially matrix metalloproteinases (MMPs), VEGF-

A, angiopoietin-2, PDGF, Fibroblast Growth Factor (FGF) and TGF-β, and most of them have been 

shown to be upregulated in HCC (Whittaker et al., 2010; Forner et al., 2012; Hernandez-Gea et 

al., 2013). Furthermore, HCC arises in a diseased liver with a dynamic and chronic inflammatory 

environment that predisposes to the initiation of cancer. However, there still exist big gaps in the 

understanding of the molecular link between inflammation and HCC.  

 

Additionally, several alterations in the ECM occurring during progressive fibrosis/cirrhosis 

predispose to the development of HCC, as it was described in fibrosis section (section 1.1.1.) 

(Wallace and Friedman, 2014). Many cell-to-matrix interactions are transmitted via 

transmembrane adhesion molecules, in particular integrins, that bind growth factors and 

components of the ECM. Integrin expression patterns are altered in human HCC, linked to cell 

proliferation, adhesion, invasion, migration and apoptosis, favouring the progression of HCC and 

metastasis (Wu et al., 2011). 

 

Finally, during last years it has become evident that oxidative stress is playing a relevant 

role in liver carcinogenesis. For example, overproduction of ROS provokes nitrosative and 

oxidative stress through interaction with DNA, RNA, lipid and proteins, leading to an increase in 

mutations, genomic instability, epigenetic changes and protein dysfunction. However, recently in 
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our group, it has been described a relevant liver tumour suppressor role for the NADPH oxidase 

NOX4, negatively modulating hepatocyte proliferation an invasion (Crosas-Molist et al., 2014, 

2015). The activity of NOX4 has generally been thought to be constitutive and thus mRNA 

formation determines ROS production (Serrander et al., 2007). It is generally believed that the 

predominant controller of NOX4-dependent ROS formation is the expression level of the enzyme. 

Indeed, expression control is of importance in TGF-β signalling since it has been identified as the 

strongest inducer of NOX4 expression (Sturrock et al., 2007). NOX4 is expressed in the kidney,  

smooth muscle cells, endothelial cells, fibroblasts, keratinocytes, osteoclasts, neurons, and 

hepatocytes (Brown and Griendling, 2009).  It has been described an important role for NOX4 

mediating TGF-β effects in hepatocytes (Carmona-Cuenca et al., 2006), among other cell types. 

TGF-β induces NOX4 expression, in a SMAD3 dependent manner (Hecker et al., 2009). NOX4 

expression in response to TGF-β plays different roles depending on cell type.  NOX4 mediates 

TGF-β- induced phosphorylation of retinoblastoma protein (pRb) and the eukaryotic translation 

initiation factor 4E (elF4E) binding protein-1, which regulate cell cycle progression and 

hypertrophy, respectively, in airway smooth muscle cells (Sturrock et al., 2007).  Furthermore, 

TGF-β-induced NOX4 expression is required for TGF-β-induced cell death in hepatocytes, HCC 

cells and mouse hepatic oval cells (Carmona-Cuenca et al., 2008; Caja et al., 2009; Martínez-

Palacián et al., 2013). In the liver, NOX4 mediates TGF β-induced apoptosis through the liver-

specific tumour suppressor STAT5 and the modulation of the expression of key pro-apoptotic 

genes, such as PUMA, BIM and BMF (Caja et al., 2009; Yu et al., 2012) 

 

1.2.3. Animal models 

 

Understanding the cellular and molecular mechanisms leading to HCC has become an 

urgent and imperative issue. Establishing animal models for HCC is essential for both basic and 

translational studies. Several rodent models have been used over the years to study HCC 

pathogenesis. One of the best experimental systems is the laboratory mouse (Mus musculus), 

owing to the physiologic, molecular and genetic similarities to humans, its breeding capacity, short 

lifespan and the unlimited options offered by genetic engineering. For HCC exists a broad range 

of 1) chemically induced models, 2) xenografts models and 3) genetically modified models (Bakiri 

and Wagner, 2013; Heindryckx et al., 2009).  

 

Chemically induced models are the favourite ones for HCC research due to, in these 

conditions, HCC develops in a natural background of liver damage. However, mice age, 

administration dose and date extrapolation should be considered with caution.  
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• Diethylnitrosamine. DEN is often used as a carcinogenic reagent. DEN is suitable due to 

its capability of alkylating DNA structures. In the first step, DEN is hydroxylated to α-hydroxy-DEN. 

This bioactivation step is oxygen- and NADPH-dependent and is mediated by CYP450. In this 

process, CYP450 can generate ROS, which damage DNA, lipids and proteins leading hepatocytes 

death. After aldoxime rearrangement, an electrophilic ethyldiazonium ion is formed. This 

ethyldiazonium ion causes DNA damage by reacting with nucleophiles such as DNA-bases (Figure 

VI). Similar to what occurs in patients, HCC development in this model usually follows a slow 

multistep sequence, where cycles of necrosis and regeneration promote neoplastic 

transformation. The progression from early dysplastic lesions to fully malignant tumours is 

associated with an increased occurrence of genomic alterations. DEN-model proves to be a good 

model for HCC representation associated with poor prognosis (Lee et al., 2004). The sex, age 

and strain of mice depend in its effects. The younger the mice, the faster HCC will occur due to 

the high proliferate hepatocyte rates of juvenile animals (Vesselinovitch and Mihailovich, 1983). 

 

 

Figure VI. Diethylnitrosamine metabolism. 
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• Aflotoxin B1. The hepatotoxin aflatoxin B1, produced by Asparagillus genus, is a hepatic 

carcinogen. It is metabolized by CYP450 and causes DNA mutations, chromosomal aberrations, 

chromosomal strand breaks… 

• Carbon Tetrachloride. As it was described in fibrosis section (section 1.1.2.), repeated 

cycles of liver injury with CCl4 evolve in an inflammatory environment that leads to fibrosis and 

eventually to HCC.  

 

In xenograft models, tumours are generated by injecting human cancer cells from a lab 

culture into immune deficient mice. The tumour xenograft can be established either by direct 

implantation of biopsy material or by inoculation of human tumour cell lines. Two main modalities 

can be distinguished: subcutaneous injection in the flank of the mice (ectopic model) or directly 

injected to the liver (orthotopic model). Subcutaneous model enables to follow the appearance 

and increase of the tumour mass easily, while implantation in the liver better replicates the tumour 

environment and it is more suitable for extrapolation to humans, giving information about the 

metastatic spread of the tumour (Heindryckx et al., 2009; Hernandez-Gea et al., 2013). 

 

Finally, genetically modified models are engineered to mimic pathophysiological and 

molecular features of HCC. The most common ones can be divided in two groups: transgenic 

mice (knock-in), which carry the overexpression of a specific gene, and knock-out mice, in which 

a gene is deleted. There are many models, such as overexpressing TGF-β, c-Myc, β-catenin and 

HRAS, or PTEN knock-out mice, among others (Heindryckx et al., 2009; Bakiri and Wagner, 

2013). 

 

When selecting a model for HCC research, one must first understand the limitations and 

advantages that the specific model possesses. HCC rarely occurs spontaneously in humans. 

Chemically induced models are favourable for research that requires HCC to develop in a natural 

background of liver damage. Different hepatocarcinogenic agents are metabolized through 

diverse metabolic pathways and extrapolation should be considered with caution. Xenograft 

models offer a fast solution for drug screening and are an easy way for proof-of-principle 

experiments. Genetically modified mouse models are favourable to identify a range of discrete 

molecular and histological stages during the multistep process of hepatocarcinogenesis. 

Nevertheless, a mutation in a gene does not always result in the expected phenotype and the 

phenotypic outcome can be influenced by many environmental and genetic factors. Natural 

tumours consist of a heterogenic group of cells in which multiple mutations have occurred. The 
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interpretation of results from studies using these models is not always simple, especially for 

extrapolation to humans (Bakiri and Wagner, 2013). 

 

1.2.4. Diagnosis and management of HCC 

 

Very advanced HCC is untreatable, and most patients die within 3 to 6 months. In many 

patients, HCC is asymptomatic and when symptoms occur are usually related to chronic liver 

disease. Over the past decades, more asymptomatic patients are being diagnosed as a result of 

the active surveillance and the increased awareness of HCC in high risk patients, especially in 

those with cirrhosis. In fact, HCC is the main cause of death in patients with cirrhosis, and long-

term disease-free survival will rely on its early detection and treatment. Patients with high risk of 

HCC development undergo surveillance through periodic hepatic ultrasonography and α-

Fetoprotein blood test (Flores and Marrero, 2014; Janevska et al., 2015; Bruix et al., 2016). 

  

Patients can be diagnosed with HCC based on imaging or biopsy analyses. Imaging has a 

central role in the diagnosis of HCC, based on a dynamic pattern of the arterial a venous blood in 

the HCC. In the absence of this typical appearance, a biopsy is required to detect HCC. Some 

biomarkers are currently used for tissue samples staining when diagnose of HCC is not clear. They 

include CD34, CK-7, glypican 3, HSP-70 and glutamine synthetase. CK-19 and EpCAM are 

recommended stainings for detection of progenitor cell features (Flores and Marrero, 2014; Bruix 

et al., 2016). 

 

As in many cancers, assessment of prognosis is a crucial step in management of patients 

with HCC. Prognosis should be assessed accordingly to tumour stage, degree of liver dysfunction 

and presence of cancer-related symptoms. Among the many HCC staging systems that have 

been developed around the world, the Barcelona Clinic Liver Cancer (BCLC) system has been 

widely validated and is the most commonly used staging system for HCC (Figure VII). It determines 

cancer stage and patient prognosis, stratifying HCC patients according to outcome. It establishes 

treatment recommendations for all stages of HCC, depending on overall size of the tumour, 

number and size of the nodules, liver physical and functional status and cancer-related symptoms. 

Thus, BCLC identifies patients with “very early or early-stage” HCC (BCLC 0 or BCLC A), with 

solitary lesion or up to 3 nodules < 3 cm (without macrovascular invasion or extrahepatic spread) 

and preserved liver function, which are potentially curable (by resection, liver transplantation or 

ablation). Patients with “intermediate stage” HCC (BCLC B) do not have symptoms, but they have 

large, multifocal tumours without vascular invasion or spread beyond the liver, and they can be 
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candidates for transarterial chemoembolization. Those patients with “advanced stage” HCC 

(BCLC C) have tumours that have spread beyond the liver and/or vascular invasion and/or mild 

cancer-related symptoms. For patients with intermediate or advanced disease stage, there is no 

curative treatment, and palliative treatments offer the likelihood of extended survival. Finally, 

patients with “end-stage” disease (BCLC D), for whom treatment would provide more harm than 

benefit, require supportive care (Forner et al., 2012; Bruix et al., 2016). 

 

 

Figure VII. Staging and treatment according to the BCLC system. Abbreviation: TACE: 

transarterial chemoembolization 
 

Prior to 2007, there was no single systemic therapy with proven efficacy in advanced-

stage HCC. This might be due to the high molecular heterogeneity and resistance to conventional 

chemotherapy. Sorafenib is the first oral multikinase inhibitor with broad inhibitory profile (for 

example BRAF, PDGFR, VEGFR-2 and c-Kit receptors) approved for the treatment of 

“unresectable” HCC by Food and Drug Administration in 2007, based on the results of two large 

multicentre randomized controlled trials: SHARP Trial (Sorafenib Hepatocellular Carcinoma 

Assessment Randomized Protocol) (Llovet et al., 2008; Bruix et al., 2012) and Sorafenib Asia-

Pacific Trial (Cheng et al., 2009). Both demonstrated an increase in the overall survival in the 

sorafenib group compared with the placebo group. Sorafenib was noted to have inhibitory effects 

on cell growth, induction of apoptosis, and downregulation of anti-apoptotic protein Mcl-1 in 
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preclinical models. The drug was also found to reduce tumour angiogenesis, tumour cell signalling, 

and tumour growth in a dose dependent manner in mouse xenograft models of HCC by blocking 

Raf/MEK/ERK pathway (Forner et al., 2012; Villanueva et al., 2013; Flores and Marrero, 2014; 

Tabrizian et al., 2014; Schlachterman et al., 2015). Currently, sorafenib is the only treatment 

approved for patients at advanced stages of HCC, however there are no biomarkers for response. 

Thus, there is an urgent need to identify biomarkers to accurately predict patient’s response to 

the drug. In this sense, a recent work from our group demonstrated that CD44 could play an 

important role in protecting HCC cells from sorafenib-induced apoptosis in a TGF-β-induced 

mesenchymal background (Fernando et al., 2015). 

 

There have been many trials of second-line agents after sorafenib; these include novel 

chemotherapy formulations that aim to increase entry of the drug into cells, agents that might 

replace cellular components, kinase inhibitors, and oncolytic viruses. Similar to sorafenib, 

molecular targets offer potential new therapies. For example, phase 3 trials are ongoing with 

sunitinib (another oral multikinase inhibitor for receptor tyrosine kinases), linifanib and brivanib 

(two-angiogenic therapies), Everolimus (a mTOR kinase inhibitor), or the combination of sorafenib 

with erlotinib (an EGFR inhibitor). However, most of them have been negative, as well as all agents 

tested in second line (Flores and Marrero, 2014; Bruix et al., 2016). The most feasible cause of 

these failures is the suboptimal understanding of oncogenic drivers and molecular subclasses in 

HCC, together with the common cirrhotic background of HCC patients, which might facilitate drug 

liver toxicity, impairing to meet the end points of the clinical trials. To try to improve the results 

from trials, it appears reasonable that the strategy design should be modified. A possible solution 

would be to incorporate molecular information of the mechanisms responsible for tumour 

progression in each patient, to design trials with enriched populations based on pathway 

activation, instead of including “all comers”, in order to maximize the chances of positive clinical 

outcome benefits (Villanueva et al., 2013; Llovet, 2014). 
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2. Epidermal Growth Factor Receptor (EGFR)  

 

2.1. EGFR family 

 

EGFR is considered a “prototypical” RTK. EGFR, also termed ErbB1 or HER-1, belongs to 

a family of RTKs, that includes other members: ErbB2/HER-2/Neu, ErbB3/HER-3 and ErbB4/HER-

4. These receptors are anchored at the plasma membrane and share similar structure: an 

extracellular ligand-binding domain, a single short hydrophobic transmembrane domain, and an 

intracytoplasmic tyrosine kinase domain (Jorissen et al., 2003; Scaltriti and Baselga, 2006; 

Morandell et al., 2008; Lemmon et al., 2014). The EGFR system plays an essential role in cell 

proliferation, survival and migration, among others. Its activity is altered and has been implicated 

in the development and growth of many tumours, including HCC. So, EGFR represents a rational 

target for anti-tumour strategies, however anti-EGFR agents have shown no effective response in 

HCC patients (Berasain et al., 2011). Further studies about its regulation must be done. 

 

EGFR is synthetized from a 1210-residue polypeptide precursor. The N-terminal sequence 

is cleavage and leaves a 1186-residue highly glycosylated 170 kDa membrane protein. The 

sequence identity of the EGFR family varies from 64% similarity for the EGFR and ErbB2 to 53% 

similarity for EGFR and ErbB3. The amino acids identities can also vary significantly among the 

domains, with the tyrosine kinase domains having the highest sequence identities (average 59–

81% identity) and the carboxy-terminal domains having the lowest (average 12–30% identity). 

EGFR extracellular domain (or ectodomain) consists of four subdomains designated as I (L1), II 

(CR1), III (L2) and IV (CR2) (Figure VIII). Ligands bind between the domain I and domain III 

(Leucine-rich domains) of the EGFR; domain II and IV (Cystein-rich domain) participate in homo- 

and heterodimer formation with ErbB family members; and the transmembrane domain (residues 

622-644) is between the domain IV and the juxtamembrane domain. The juxtamembrane region 

appears to have several regulatory functions (i.e., downregulation and ligand dependent 

internalization events and basolateral sorting of the EGFR in polarized cells) (Kil and Carlin, 2000). 

Finally, the C-terminal domain of the EGFR contains tyrosine residues where their phosphorylation 

modulates EGFR-mediated signal transduction. There are also several serine/threonine residues 

(and another tyrosine residue) where phosphorylation has been inferred to be important for the 

receptor downregulation processes and sequences thought to be necessary for endocytosis 

(Jorissen et al., 2003). Moreover, residues 984-996 in the C-terminal have been identified as a 
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binding site for actin and may well be involved in the formation of higher order receptor oligomers 

and/or receptor clustering after ligand activation (den Hartigh et al., 1992). 

 

 

Figure VIII. Schematic representation of EGFR/ErbB family receptors and their ligands. (A) EGFR 
structure. (B) EGFR family and their ligands. Abbreviations: TKD: Tyrosine Kinase Domain. Figure 
adapted from Lemmon et al., 2014. 

 

There are seven known ligands that bind to the EGFR classified in three different groups 

on the basis of their receptor specificity: first, EGF and Transforming Growth Factor alfa (TGF-α), 

with amphiregulin (AR), and epigen (EPG), bind specifically to EGFR/ErbB1; the second group 

includes betacellulin (BTC), heparin-binding EGF (HB-EGF), and epiregulin (EPR), which exhibit 

dual specificity, binding both EGFR and ErbB4; and the third group, the neuregulins (NRGs), forms 

two subgroups on the basis of their capacity to bind ErbB3 and ErbB4 (NRG-1 and NRG-2) or only 

ErbB4 (NRG-3 and NRG-4). ErbB2 has not known ligand. The ErbB ligands are synthesized as 

membrane anchored precursors. These membrane-anchored peptides can signal to adjacent 

cells in a juxtacrine way. However, in response to many physiological and pharmacological stimuli, 

active factors are released when the extracellular domain is proteolytically cleaved by 

transmembrane metalloproteases belonging to a disintegrin and metalloproteinases (ADAM) 

family, such as ADAM17 (also known as TNFα converting enzyme or TACE) (Arribas and 

Esselens, 2009), in a process known as “ectodomain shedding”. The soluble growth factors can 
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bind their receptors in an autocrine or paracrine manner (Hynes and MacDonald, 2009; Berasain 

and Avila, 2014). 

 

2.2. EGFR signalling pathway 

 

Activation of the receptor leads to the phosphorylation of key tyrosine residues within the 

C-terminal of EGFR and, as a result, provides specific docking sites for cytoplasmic proteins 

containing Src homology 2 (SH2) and phospho-tyrosine-binding domains (PTB). These proteins 

bind to specific phosphor-tyrosine residues and initiate intracellular signalling pathways (Figure IX) 

(Jorissen et al., 2003; Scaltriti and Baselga, 2006; Morandell et al., 2008): 

 

• Ras/Raf/MAPK pathway. This route regulates cell proliferation and survival. Following 

EGFR phosphorylation, the complex formed by the adaptor proteins GRB2 (Growth Factor 

Receptor Bound protein 2) and SOS (Son of Sevenless) bind directly, or through association with 

the adaptor molecule Shc (Src Homology 2 domain Containing transforming protein), to specific 

docking sites on the receptor. This interaction leads to a conformational modification of SOS, now 

able to recruit Ras-GDP, resulting in Ras activation (Ras-GTP). Ras-GTP activates Raf-1 that, 

through intermediate steps, phosphorylates the MAPK ERK1/2. Other MAPKs activated in EGFR 

signalling are JNK and p38. Activated MAPKs are imported into the nucleus where they 

phosphorylate specific transcription factors involved in cell proliferation.  

• PI3K/Akt pathway. It is involved in cell growth, apoptosis resistance, invasion, and 

migration. PI3K is a dimeric enzyme composed of a regulatory p85 subunit, responsible of the 

anchorage to ErbB receptor specific docking sites, and a catalytic p110 subunit that generates 

phosphatidylinositol-3,4,5-triphosphate (PIP3), which is responsible for the activation and 

recruitment of both 3-Phosphoinositide-Dependent Kinase 1 (PDK1) and Akt to the plasma 

membrane. 

• Phospholipase Cγ. PLCγ interacts directly with activated EGFR and hydrolyses 

phosphatidylinositol-4,5-diphosphate (PIP2) to give inositol-1,3,5-triphosphate (IP3), important for 

intracellular calcium release, and 1,2-diacylglycerol (DAG), cofactor in PKC activation, which can, 

in turn, result in JNK activation.  

• Signal transducers and activators of transcription pathway (STAT). STAT proteins are 

activated by direct interaction with EGFR via their SH2 domains and, after phosphorylation, they 

dimerize and translocate to the nucleus driving the expression of specific target genes.  

• Src kinase pathway. Src is a non-receptor tyrosine kinase critical in the regulation of cell 

proliferation, migration, adhesion, angiogenesis, and immune function. Src, which is in the cytosol, 
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activates a series of substrates, including focal adhesion kinase (FAK), PI3K, and STAT proteins. 

Although Src functions independently, it also cooperates with other RTKs signalling, such as 

EGFR.  

• Other receptor binding proteins are involved in the regulation of receptor signalling by 

endocytosis, such as Eps15 (EGFR pathway substrate 15), or by degradation, initiated by the 

binding in the C-terminal of the ubiquitin ligase Cbl. More information about EGFR endocytosis in 

the section 5.4. 

 

There is also increasing evidence that the EGFR family of receptors can translocate to the 

nucleus where it may exert a variety of biological actions. For EGFR, it is described as a 

transcription factor of the Cyclin D1 gene (Lin et al., 2001). 

 

 

Figure IX. EGFR downstream signalling pathway. Figure based from Scaltriti and Baselga, 2006. 

 

EGFR activation can be by both ligand-dependent and ligand-independent mechanisms. 

Ligand binding to the receptor induces a stabilizing conformational change of the receptor 
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ectodomain that allows for receptor dimerization, which leads to auto- or transphosphorylation by 

the intrinsic tyrosine-kinase activity on specific and several residues in the cytoplasmic domains. 

In fact, their activation requires the formation of an asymmetric dimer in which an activator kinase 

domain allosterically activates a receiver kinase, in a manner analogous to the activation of Cyclin-

Dependent Kinases (CDKs) by cyclins. Moreover, asymmetric interaction of the juxtamembrane 

domains was also described upon ligand-induced rearrangements of the receptor structure, 

leading to kinase domains interactions and activation. The phosphorylated sites serve as docking 

sites for various proteins involved in the activation and regulation of numerous intracellular 

signalling cascades (Jorissen et al., 2003; Scaltriti and Baselga, 2006; Morandell et al., 2008). 

Ligand-independent receptor activation occurs in some tumours. In these situations, exists EGFR 

forms that have deleted the extracellular domain resulting in constitutive receptor activation, such 

as in glioblastoma (Zandi et al., 2007; Endres et al., 2014). More about EGFR mutants and cancer 

below.  

 

Interestingly, EGFR can interact with other molecules to become activated, process known 

as crosstalk, which implies very different mechanisms including physical interactions, as well as 

ligand-dependent and ligand-independent activations. Accordingly, the EGFR activation by 

heterologous ligands as a consequence of the primary activation of another receptor is named 

transactivation. Even more, it has also been described the ligand independent transactivation of 

EGFR (Berasain et al., 2011) (Figure X). The simplest EGFR crosstalk involves its 

heterodimerization with the other members of its family, in a ligand-dependent way. Differences in 

the C-terminal domains of these proteins result in changes to the repertoire of signalling molecules 

that interact with the heterodimers leading an expansion in the possible signalling pathways 

stimulated by a single ligand (Jorissen et al., 2003; Scaltriti and Baselga, 2006; Morandell et al., 

2008). It has also been reported the physical interaction or heterodimerization of EGFR with other 

RTKs such as PDGF (Saito and Berk, 2001), IGF1R (Morgillo et al., 2016) and c-Met (Jo et al., 

2000), and with multiple G-protein coupled receptors (GPCRs) (Liebmann and Böhmer, 2000), 

as well as with integrins (Comoglio et al., 2003). In the absence of physical interactions, many 

GPCRs, cytokine receptors, nuclear hormone receptors and death receptors are able to induce 

ligand-independent EGFR activation. EGFR is used in these cases as a scaffold protein, and 

specific residues in the cytoplasmic tail of EGFR are phosphorylated by non-receptor kinases such 

as Jak and Src, providing docking sites for cytoplasmic signalling molecules. Finally, the ligand-

dependent EGFR transactivation involves the activity of ADAM family. Various members of the 

ADAM family have been implicated in EGFR ligand cleavage, including ADAM 9, 10, 12, 15, 17, 

and 19. ADAM17, together with ADAM10, are thought to play a central role. ADAM17 can cleave 
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the AR, EREG, TGF-α, and HB-EGF membrane anchored precursors, while ADAM 10 is a key 

sheddase for EGF, BTC, and can also cleave the HB-HGF transmembrane precursor (Sahin et 

al., 2004). This transactivation can be triggered by GPCRs, cytokine receptors (i.e. TGF-βR, more 

details in section 3.2.3. about the crosstalk between the EGFR and TGF-β pathways) integrins 

and other RTKs. Different mechanisms have been proposed to mediate ADAM activation, such as 

the elevation of the intracellular levels of Ca2+, ROS and the activation of kinases such as PKC, 

ERKs, or c-Src (Berasain et al., 2011). 

 

 

Figure X. Epidermal growth factor receptor crosstalk. (A) EGFR physical interactions or 
heterodimerization with other membrane receptors and proteins. (B) Ligand-independent transactivation 
of EGFR. (C) Ligand-dependent transactivation of EGFR. Figure adapted from Berasain et al., 2011. 
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2.3. EGFR and fibrosis 

 

Liver fibrosis occurs in most types of chronic liver diseases and is characterized by 

excessive deposition of ECM proteins (Section 1.1). The role of EGFR and its ligands is not 

completely understood. However, they have been studied in experimental models of chronic liver 

injury as well as in the liver of cirrhotic patients (Komposch and Sibilia, 2015). 

 

Upon chronic toxic injury of mouse livers via CCl4 or thioacetamide intoxication, the hepatic 

expression of AR and HB-EGF was increased, although their roles seem to be completely different. 

AR-deficient mice developed less fibrosis. In CCl4-induced liver fibrosis, AR contributed to the 

expression of fibrotic markers and stimulated cell proliferation and survival of fibrogenic cells 

(Perugorria et al., 2008). Conversely, conditional deletion of HB-EGF in the liver accelerated CCl4-

induced liver fibrosis (Takemura et al., 2013). HB-EGF was also expressed in primary cultures of 

murine HSCs, where HB-EGF inhibited HSC activation. Therefore, HB-EGF is suggested to have 

a suppressive function in experimental liver fibrosis in mice, in contrast to AR. However, at the 

same time, it was described that HB-EGF promotes HSC proliferation via activation of the EGFR 

and suggested as a potential therapeutic target in liver fibrosis (Zhang et al., 2014). In vivo, the 

role of EGFR during chronic liver disease was examined by investigating the effect of the EGFR 

inhibitor erlotinib on toxic (CCl4-induced) fibrosis in mice (Fuchs et al., 2014). Erlotinib decreased 

hepatocyte proliferation and liver injury, and prevented the progression of cirrhosis and regressed 

fibrosis in some animals. It is suggested that the EGFR inhibitor erlotinib prevented disease 

progression by reducing EGFR phosphorylation in HSCs and by lowering the total number of 

activated HSCs. All these data highlights how diverse different EGFR ligands exert their functions 

by probably activating different EGFR downstream signalling pathways, and the relevance of the 

cell type. 

 

2.4. EGFR in cancer 

 

The involvement of increased and/or aberrant EGFR activity in human cancers is well 

documented and cancer patients (most notably with gliomas and breast, pancreas and liver 

carcinoma) with altered EGFR activity tend to have a more aggressive disease, associated with a 

poor clinical outcome. There are quite a few mechanisms by which the tight regulation of the 

EGFR-ligand system can be abrogated. These include: 1) increased levels of EGFR protein, 2) 

increased production of ligands, 3) crosstalk with heterologous receptor systems, 4) defective 
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downregulation of EGFR and 5) EGFR mutations giving rise to constitutively active variants (Figure 

XI) (Hynes and MacDonald, 2009; Jorissen et al., 2003; Zandi et al., 2007). 

 

 

Figure XI. Mechanisms leading to EGFR oncogenic signalling. There are several mechanisms by 
which EGFR becomes oncogenic including: 1) increased EGFR levels, 2) autocrine and/or paracrine 
growth factor loops 3) heterodimerization with other EGFR family members and cross-talk with 
heterologous receptor systems 4) defective receptor downregulation and 5) activating mutations. Figure 
adapted from Zandi et al., 2007 

 

 

Various studies evaluated ErbB1 status in HCC and found that this receptor is frequently 

overexpressed in tumoural tissues. In fact, EGFR overexpression occurs in 68% of human HCC, 

correlating with aggressive tumours with high proliferating activity, intrahepatic metastases, poor 

carcinoma differentiation and a bad prognosis related to poor patient survival. Although EGFR 

overexpression is present in the majority of HCCs,  increased EGFR expression does not correlate 

with an increase in EGFR gene copy number (Buckley et al., 2008). The overactivation of this 

pathway is likely due to a constitutive receptor activation caused by spontaneous receptor 
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dimerization as a result of high EGFR levels on the cell surface (Berasain and Avila, 2014; 

Komposch and Sibilia, 2015). 

 

Overexpression of the ligands occurs in many epithelial cancers (Jorissen et al., 2003). In 

cancer patients, the autocrine production of TGF-α or EGF is associated with reduced survival. 

Overexpression of EGFR ligands as well as ADAM17 has also been observed in human tumour 

cells and tumoural tissues from patients, including liver cancer cells and HCC patients (Borrell-

Pagès et al., 2003; Berasain and Avila, 2014; Komposch and Sibilia, 2015). Many experimental 

studies have also showed the importance of EGFR ligands expression in liver cells. For instance, 

AR overexpression and ErbB1 define an autocrine loop capable of promoting cell proliferation, 

survival and resistance to cytotoxic drugs and TGF-β mediated apoptosis in human HCC cells 

(Berasain et al., 2007; Ortiz et al., 2008; Sancho et al., 2009). In animal models, it appears that 

overexpression of TGF-α is linked to hyperproliferative responses but does not generally lead to 

tumours in rodents (Jorissen et al., 2003).   

 

The crosstalk of EGFR pathway with other signalling systems that are also dysregulated in 

cancer is another mechanism of tumorigenesis. For example, it has been found a crosstalk in HCC 

between EGFR pathway and IGF-2/IGF-1R, through AR mediated transactivation of the EGFR, 

and through the PI3K pathway (Desbois-Mouthon et al., 2006). Interestingly, c-Met associates 

with EGFR in tumour cells, and this association facilitates the phosphorylation of c-Met in the 

absence of HGF (Jo et al., 2000). Finally, a crosstalk between TGF-β and EGFR might switch the 

TGF-β role from tumour suppressor to tumour promoter. Due to the relevance of TGF-β and EGFR 

crosstalk in this thesis, it will be exposed in detail in Section 3.2.3. 

 

Aberrant EGFR signalling due to defective receptor downregulation has also been linked 

to neoplastic cell transformation. EGFR downregulation is a mechanism by which EGFR signalling 

is attenuated and it involves the internalization and subsequent degradation of the activated 

receptor. The cytosolic domain of EGFR plays an important role in receptor signal attenuation. 

The ability of EGFR to escape downregulation is related with c-Cbl protein. c-Cbl is a ubiquitin 

ligase that plays a central role in EGFR downregulation (Zandi et al., 2007). More information 

about EGFR trafficking and endocytosis in section 5.4. 

 

Mutations in the EGFR gene are frequent in human cancers. These mutations can be 

divided into three main group: 1) in the extracellular domain; 2) in the intracellular domain and 3) 

in the intracellular tyrosine kinase domain (Zandi et al., 2007) (Figure XII): 
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• Extracellular mutations. The majority of these are deletions of specific exons, encoding all 

or parts of the extracellular domain. The EGFR type I variant (EGFRvI) lacks most of the 

extracellular domain and is therefore unable to bind ligands, but remains constitutively activated. 

EGFRvII has an inframe deletion of 83 amino acids (exon 14–15) and is thus still capable of ligand 

binding. However, the function of EGFRvII in oncogenesis is unclear. The best characterized EGFR 

mutant is the Δ2-7 truncation (or EGFRvIII), in which amino acids encoded by exons 2-7 of the 

receptor (residues 2-273) are missing, resulting in a protein that lacks most of the extracellular 

domain. EGFRvIII is the most common EGFR mutation in human cancers, having been detected 

in 40%-50% of grade VI glioblastomas, and in up to 70% of medulloblastomas and a small 

proportion of breast and ovarian carcinomas. This mutant receptor is not activated by ligand; 

however, it is constitutively activated and has defective downregulation behaviour, which results 

in constitutive long-term signalling. This variant is not present in normal tissues, and it has been 

found in up to 60% of HCC tissues examined. Other EGFR mutants have deletions, regions of 

sequence duplication or defective kinase regulatory signals (Berasain and Avila, 2014). 

 

• Intracellular domain. intracellular mutations primarily consist of either large deletions 

and/or duplications of exons and are best described in glioblastomas. Both EGFRvIV and EGFRvV 

carry deletions in the C-terminal part of the receptor. EGFRvIV lacks exons 25–27, whereas 

EGFRvV is truncated from amino acid 958 and lacks the rest of the C-terminal part (exons 25–

28). EGFR.TDM/18-25 and EGFR.TDM/18-26 contain duplications of exons 18–25 and 18–26 

respectively, which code for most of the C-terminal part of the receptor including the tyrosine 

kinase. However, whether the extra tyrosine kinase leads to an increase of kinase activity still 

remains unclear.  

 

• Tyrosine Kinase domain mutations. The last group of the EGFR mutations is small 

mutations that lead to changes in the intracellular tyrosine kinase domain. Of the seven exons that 

encode the tyrosine kinase domain (exons 18–24) these mutations are restricted to the first four 

(exons 18–21). Recent studies have demonstrated that these small mutations prolong the activity 

of ligand-activated receptors. 
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Figure XII. Schematic illustration of frequent EGFR mutations. Abbreviation: TK: Tyrosine Kinase 

TKD: Tyrosine Kinase Domain. Figure based from Zandi et al., 2007. 

 

All these observations have contributed to identify the EGFR signalling system as an ideal 

candidate for the targeted therapy of HCC. There are two classes of anti-EGFR agents that have 

shown clinical activity and achieved regulatory approval for the treatment of cancer. Firstly, 

monoclonal antibodies (mAbs) directed to the extracellular domain of the receptor, that prevent 

ligand binding, receptor activation and dimerization, ultimately inducing receptor downregulation, 

such as cetuximab or erbitux and panitumumab; secondly, low molecular weight, adenosine 

triphosphate (ATP)-competitive inhibitors of the tyrosine kinase domain of the receptor (Tyrosine 

Kinase Inhibitors - TKIs), such as gefitibib, erlotinib and lapatinib. Several studies performed both 

in cultured HCC cell lines and in in vivo experimental models demonstrated a potent antitumoral 

activity for both types of molecules (reviewed in Berasain and Avila, 2014; Komposch and Sibilia, 

2015). Because of the promising results of EGFR inhibitors in animal models of HCC and their 

efficacy in other solid human tumours such as non-small cell lung carcinomas and colorectal 

cancers (Baselga and Arteaga, 2005; Marshall, 2006), it was hypothesized that targeting the 

EGFR signalling pathway might be beneficial also in HCC. Unfortunately, no responses were found 

to cetuximab or gefitinib, while erlotinib showed only a modest activity in advanced HCC patients. 

In the search for new inhibitors, identifying new molecules that inactivate the EGFR through novel 

strategies is an important goal on cancer research. Recently, it was generated a truncated form 

of the EGFR without the last 8 amino acids. Interestingly, this truncated form promoted EGFR 

internalization and translocation to the cell nucleus although it did not stimulate the cell growth, 
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and therefore, it is suggested as a potential EGFR blocker for cancer therapy. (Panosa et al., 

2013).  

 

An important challenge is the identification of EGFR dependent tumours that may therefore 

be sensitive to EGFR inhibitors. The inhibition of receptor activation may be required but is not 

enough to achieve clinical benefit with anti-EGFR therapy (Scaltriti and Baselga, 2006; Berasain 

and Avila, 2014; Komposch and Sibilia, 2015; Esparís-Ogando et al., 2016). 
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3. Transforming Growth Factor-beta (TGF-β) 

   

TGF-β signalling pathway is altered in several human diseases including cardiovascular, 

Marfan syndrome, Loeys-Dietz syndrome, Parkinson’s disease, fibrosis, wound healing and 

immune disorders, as well as in several types of cancer. Regarding to its tumorigenic role, TGF-β 

typically exerts tumour-suppressing activities in normal cells and in early-stage carcinomas 

through its ability to induce cell cycle arrest and apoptosis. However, as carcinomas continue to 

evolve and finally acquire metastatic phenotypes, the tumour suppressing functions of TGF-β are 

overpowered by the TGF-β oncogenic properties, which promote carcinoma growth, invasion, and 

metastasis. Our group has been focused on the study of the role of TGF-β in the liver. More 

precisely, our group have been studying the relevance of this signalling pathway on cell death, 

proliferation, differentiation and migration in liver physiology and pathology, focusing on the 

mechanisms that regulate the dual role of TGF-β, and its role in liver fibrosis and 

hepatocarcinogenesis. 

 

3.1. TGF-β signalling pathway 

 

In humans, the TGF-β superfamily represents 33 or more secreted diverse developmental 

factors, including bone morphogenic proteins (BMPs), growth and differentiation factors, activins, 

TGF-β’s, nodal, myostatin and anti-mullerian hormone, that mediate such diverse processes as 

cell proliferation, differentiation, motility, adhesion, organization and programmed cell death. Most 

members of this family exist in variant forms, with the TGF-β cytokine consisting of three isoforms: 

TGF-β1, TGF-β2 and TGF-β3. TGF-β, and most of its family members, are synthesized within the 

cell as pro-peptide precursors containing a prodomain, named Latency-Associated peptide (LAP), 

and the mature domain, and are secreted into the ECM. They need to be cleaved to form active 

signalling molecules by the proteolytic cleavage of several ECM-associated polypeptides (Heldin 

et al., 2012). 

 

The bioactive TGF-β molecule is a dimer, and once cleaved, it binds to its receptors 

triggering the formation of a heterotetrameric complex of type I and type II serine/threonine kinase 

receptors, in which the constitutively active type II receptor phosphorylates and activates the type 

I receptor. There are several types of both type I and type II receptors, but TGF-β preferentially 

signals through activin receptor-like kinase 5 (ALK5) type I receptor (TβRI) and the TGF-β type II 

receptor (TβRII). In addition, endoglin and betaglican (TβRIII), also called accessory receptors, 

bind TGF-β with low affinity and present it to the TβRI and TβRII. Activated receptor complexes 
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mediate canonical TGF-β signalling through phosphorylation of the Receptor associated SMADs 

(R-SMADs) at their carboxy-terminal. Humans express eight SMAD proteins that can be classified 

into three groups: R-SMADs, Cooperating SMADs (Co-SMADs) and Inhibitory SMADs (I-SMADs). 

Among the R-SMADs, SMAD2 and 3 mediate the TGF-β branch of signalling, whereas the BMP 

branch exclusively utilizes SMAD1, 5 and 8. Upon TGF-β stimulation, the R-SMADs SMAD2 and 

3 are phosphorylated, losing their affinity to cytoplasmic retention proteins such as SARA (Smad 

anchor for receptor activation), thereby exposing their nuclear import signal. Then, they associate 

with the Co-SMAD SMAD4, forming a complex that translocates to the nucleus where, in 

collaboration with other transcription factors, binds and regulates promoters of different target 

genes (Figure XIII). Among these genes we find that the I-SMADs, SMAD6 and SMAD7, produce 

a negative feedback regulation of the TGF-β signalling. The SMAD binding partners include the 

forkhead, homeobox, zinc-finger, bHLH, and AP1 family of transcription factors. The co-activators 

and repressors recruited by the SMAD complex are cell- and context-specific, therefore 

determining the specific genes induced within particular cells, explaining the diverse set of 

biological responses exerted by TGF-β signalling (Padua and Massagué, 2009; Drabsch and ten 

Dijke, 2012; Morrison et al., 2013; Fabregat et al., 2016a)  

 

Figure XIII. TGF-β signalling is transduced through SMAD and non-SMAD pathways. Figure 
based on Fabregat et al., 2016a. 
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In addition to the canonical SMAD pathway, TGF-β is able to use non-SMAD effectors to 

mediate some of its biological responses, including non-receptor tyrosine kinases proteins such 

as Src and FAK, mediators of cell survival (e.g., NF-kB, PI3K/Akt pathways), MAPK (ERK1/2, p38 

MAPK, and JNK among others), and Rho GTPases like Ras, RhoA, Cdc42 and Rac1. Interestingly, 

these pathways can also regulate the canonical SMAD pathway (Drabsch and ten Dijke, 2012; 

Heldin et al., 2012; Morrison et al., 2013; Fabregat et al., 2016a). 

 

3.2. TGF-β biological functions 

 

As mentioned above, TGF-β is secreted by several cell types and plays essential roles in 

the regulation of different cellular processes, including cell proliferation, morphogenesis and 

differentiation, migration, extracellular matrix production, cytokine secretion or cell death, which 

are essential for the homeostasis of tissues and organs. To better contextualize the work 

presented here, this section will summarize the main functions exerted by TGF-β, especially in 

liver, on which our group has focused its efforts during the last decades. 

 

3.2.1. TGF-β and growth inhibition  

 

In normal epithelial cells, as well as in endothelial, neuronal and hematopoietic cells, TGF-

β regulates the expression of several genes promoting cell cycle arrest in the G1 phase of the cell 

cycle, in a SMAD dependent manner, through a diverse array of mechanisms, leading to pRb 

dephosphorylation. In these cells, TGF-β rapidly induces two CDK inhibitors, p21CIP1 (which 

inhibits Cyclin E/A-cdk2 complexes) and p15INK4B (which inhibits Cyclin D-cdk4/6 complexes), 

mobilizes and activates p27KIP1 (that targets also Cyclin E/A-Cdk2 complexes) and 

downregulates Myc, Id1, Id2 and Id3, all four transcription factors involved in proliferation and 

inhibition of differentiation. These complexes have been described to interact and to be relevant 

during liver regenerative responses (Pujol et al., 2000). Thus, TGF-β mediates a dual effect on the 

cell cycle by simultaneously inhibiting the CDK functions and eliminating proliferative drivers 

(Seoane, 2006; Massagué, 2008; Padua and Massagué, 2009; Drabsch and ten Dijke, 2012). 

Some of the mechanisms involved in the transcriptional regulation of the TGF-β cytostatic gene 

responses have been already elucidated. For example, TGF-β induces p21CIP1 via a SMAD3/4-

FoxO complex that interacts with a specific region of the p21CIP1 promoter (Seoane et al., 2004) 

and Myc downregulation is mediated by an E2F4/5-SMAD3-SMAD4 complex (Chen et al., 2002). 

TGF-β also represses the expression of the Cdc25A tyrosine phosphatase, responsible for 

dephosphorylating and activating G1 phase CDKs (Iavarone and Massagué, 1997; Nagahara et 
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al., 1999) which its localization is also regulated by p21CIP1 (Jaime et al., 2002). Besides the 

canonical SMAD-dependent gene responses involved in the cytostatic program, TGF-β can also 

promote cell cycle arrest through SMAD-independent pathways. For instance, the binding of TGF-

β receptor complex to the regulatory subunit of the protein phosphatase PP2A facilitates the 

dephosphorylation and inhibition of p70 S6 kinase and contributes to the anti-proliferative 

response (Petritsch et al., 2000). Moreover, TGF-β can also induce JNK and p38 MAPK to stabilize 

p21CIP1 (Kim et al., 2002). 

 

 In hepatocytes, TGF-β is also known to induce cell cycle arrest at low doses (Sánchez et 

al., 1999), and to counteract proliferative signals induced by EGF or insulin (Fabregat et al., 1996). 

In normal cells, the cytostatic effects of TGF-β are often dominant over the opposing mitogenic 

signals; however, carcinoma-derived cells are usually refractory to growth inhibition by the 

cytokine, as it has been previously introduced. In certain cases, such as colorectal, pancreatic, 

ovarian, gastric, and head and neck carcinomas, this is due to the disruption of TGF-β signalling 

caused by mutational inactivation in the core TGF-β pathway components, such as microsatellite 

instability leading to mutations in TβRII, inactivating mutations in SMAD2 and 4, or with lower 

incidence, mutations in the TβRI. Nevertheless, many other tumours (such as breast and prostate 

cancers, gliomas, melanomas and hematopoietic neoplasias), preferentially disable the tumour-

suppressive action of TGF-β by losing the tumour-suppressive arm of the signalling pathway. For 

example, a subset of gliomas present homozygous deletion of p15INK4b (Jen et al., 1994), 

whereas certain other tumours overexpress c-MYC or Cyclin D1, which may blunt the effect of 

TGF-β-induced CDK inhibitors (Seoane, 2006; Massagué, 2008). Moreover, in some other cases 

the lack of the TGF-β anti-proliferative response is due to overactivation of non-SMAD pathways 

that can lead to aberrant expression or post-transcriptional modification of the TGF-β pathway 

components. Indeed, in our group it has been described that TGF-β induces survival signals in 

both foetal and transformed hepatocytes, but not in adult hepatocytes, through the transactivation 

of the EGFR pathway. This specific action of TGF-β will be discussed in Section 3.2.3. 

 

3.2.2. TGF-β and Apoptosis 

 

In addition to its role in regulating the cell cycle, TGF-β also participates in the maintenance 

of tissue homeostasis through its influence on apoptotic pathways. TGF-β is a well-known inducer 

of apoptosis, although it involves different mechanisms that might occur differently, depending on 

cell-autonomous and environmental factors and, paradoxically, it can simultaneously induce both 

pro- and anti-apoptotic signals. There have been several SMAD dependent and -independent 
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mechanisms described for a variety of cell lines, and these signals ultimately lead in activation of 

pro-apoptotic caspases as well as changes in the expression, localization and activation of both 

pro- and anti-apoptotic members of the BCL-2 family (Padua and Massagué, 2009).  

 

Specifically, in hepatocytes TGF-β modulates the expression of different members of BCL-

2 family. Nevertheless, as it happens with the role of TGF-β controlling cell proliferation, TGF-β 

can also exert both pro- and anti-apoptotic functions. In this sense, some reports have shown that 

TGF-β induces the downregulation of anti-apoptotic proteins as BCL-XL (Herrera et al., 2001a). 

However, other reports have shown that TGF-β can also enhance the expression of BLC-XL 

(Valdés et al., 2004). In addition, TGF-β also induces the expression of pro-apoptotic proteins, like 

BMF, BIM and BAX (Teramoto et al., 1998; Ramjaun et al., 2007; Yu et al., 2008). 

 

Moreover, in epithelial cells, such as foetal hepatocytes, TGF-β-induced apoptosis is 

coincident with ROS production (Sánchez et al., 1997) through two different mechanisms: the 

induction of NOX system, (more precisely induction of NOX4, a member of NADPH Oxidase 

family) to increase extra-mitochondrial ROS (Carmona-Cuenca et al., 2008; Herrera et al., 2004), 

or depletion of antioxidant proteins which increase mitochondrial ROS (Franklin et al., 2003; 

Herrera et al., 2004). Thus, TGF-β-induced ROS production is necessary for the apoptotic process 

in hepatocytes (Sánchez et al., 1997) and it is required for an efficient mitochondrial-dependent 

execution of apoptosis (Herrera et al., 2001a, 2001b). 

 

3.2.3. TGF-β-mediated anti-suppressor signals. Specific crosstalk with EGFR 

pathway 

 

As it has been pointing out, TGF-β can exert a dual role: apart from its pro-suppressor 

arm, it can induce survival signals, which are in a great extent due to the transactivation of the 

EGFR pathway (Figure XIV) (Moreno-Càceres and Fabregat, 2016). 

 

TGF-β is able to activate survival pathways, for example activating Akt signalling, inducing 

an increase in anti-apoptotic proteins (Valdés et al., 2004; Wilkes et al., 2005; Song et al., 2006). 

However, usually, Akt activation is transient and then, the survival signals might be related to the 

capacity of TGF-β to transactivate c-Src and EGFR pathways. Interestingly, the inhibition of the 

EGFR increases the apoptotic response to TGF-β (Park et al., 2004; Murillo et al., 2005). 

Furthermore, EGF is an important survival signal counteracting TGF-β-induced apoptosis in 

hepatocytes  (Fabregat et al., 1996, 2000) a process that requires activation of the PI3K/Akt axis 
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to counteract TGF-β-induced upregulation of NOX4, oxidative stress and mitochondrial-

dependent apoptosis (Carmona-Cuenca et al., 2006, 2008). 

 

Importantly, the capacity of hepatocytes to survive to TGF-β is also dependent on their 

differentiation status (Sánchez et al., 1999). Thus, rat hepatoma cells respond to TGF-β inducing 

survival signals, whereas adult hepatocytes do not (Caja et al., 2007). In the same way, different 

features of HCC cell lines, like the activation of the EGFR or MEK/ERK pathways, may provoke 

different outcomes after TGF-β exposure (Caja et al., 2009, 2011). 

 

Moreover, TGF-β is able to mediate the production of EGFR ligands, which eventually 

confers resistance to its pro-apoptotic effects in hepatocytes (Carmona-Cuenca et al., 2006; 

Murillo et al., 2007) and HCC cells (Caja et al., 2011), and the inhibition of the EGFR pathway 

enhances TGF-β induced apoptosis (Sancho et al., 2009). Another member of the NADPH 

oxidase family, NOX1, is involved in this anti-apoptotic role. In fact, TGF-β-mediated early 

activation of NOXes mediates upregulation of EGFR ligands through a NF-κB-dependent 

mechanism (Murillo et al., 2007).  NOX1 promotes autocrine growth of liver tumour cells through 

the upregulation of the EGFR pathway in a Src dependent manner via upregulation of EGFR 

ligands expression (Sancho and Fabregat, 2010). The autocrine loop of EGFR activated by TGF-

β in liver cells requires the activity of the metalloprotease TACE/ADAM17 (Murillo et al., 2005; 

Caja et al., 2007). Also, caveolin-1 is required for TGF-β-mediated activation of TACE/ADAM17 

through a mechanism that involves phosphorylation of Src and NOX1-mediated ROS production 

(Moreno-Càceres et al., 2016). This proliferation can be impaired by the addition of the NOX 

inhibitor VAS2870 (Sancho and Fabregat, 2011).  

 

Transactivation of the EGFR by TGF-β is also seen in other cellular models, such as in 

airway epithelial cells, where the TGF-β/EGFR crosstalk helps in the maintenance of tissue 

homeostasis (Ito et al., 2011). This process has also been widely regarded as a pro-tumorigenic 

mechanism apart from its physiological role. For instance, TGF-β induces shedding of the pro-HB-

EGF and transactivation of the EGFR through a mechanism dependent on ADAMs activity in 

gastric cancer cells. Indeed, both ADAMs inhibition and an ADAM17 knock-out suppressed 

EGFR-mediated TGF-β survival effects (Ebi et al., 2010). This can also be seen in breast cancer 

cells (Wang et al., 2008). ADAM17 is proposed as a therapeutic target in different pathologies 

such as cancer, where ADAM17 inhibitors are predicted to have satisfactory results. However, 

these inhibitors have failed during clinical trials because lack of efficacy and/or toxicity and is 

manifested the necessity to find more specific and safe inhibitors (Arribas and Esselens, 2009). 
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Finally, TGF-β-mediated H2O2 production has been also considered to transactivate EGFR in 

SCC13 and A431 human carcinoma cells; in this case no metalloproteases were described but 

neither denied (Lee et al., 2010). 

 

Figure XIV. Diagram of the TGF-β crosstalk with EGFR and other growth factors, which may 
contribute to its pro-tumorigenic actions during liver tumorigenesis. The autocrine loop of EGFR activated 
by TGF-β in liver cells requires the activity of the metalloprotease TACE/ADAM17, which is responsible 
for the shedding of the EGF family of growth factors. Figure adapted from Moreno-Càceres and Fabregat, 
2016. 

 

3.3. TGF-β in liver diseases 

 

Chronic liver diseases are leading cause of morbidity and mortality worldwide.  During 

chronic liver diseases, hepatocyte damage, wound healing and tissue remodelling progress, 

resulting in fibrosis and, ultimately, leading to cirrhosis and HCC, which are end-stage chronic 

liver diseases. Although the complex hepatic response accompanying chronic liver diseases is still 

not well defined, it is now clear that TGF-β plays a central role as from initial liver injury through 

inflammation and fibrosis, right up to end-stage cirrhosis and HCC (Dooley and ten Dijke, 2012; 

Fabregat et al., 2016a; Giannelli et al., 2016) (Figure XV). 
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Figure XV. TGF-β and liver diseases. TGF-β actions are found in all phases of the development of 

pathological conditions in the liver. Early on, it induces apoptosis of hepatocytes and transdifferentiation 
of HSCs to myofibroblasts after a chronic injury, which leads to an inflammatory process and liver fibrosis. 
TGF-β also acts in the promotion of HSC proliferation and maintenance of the myofibroblastic phenotype, 
which is important for the establishment of cirrhosis. Finally, TGF-β also plays an important role in HCC; 
it acts as a tumour suppressor during early stages, but once tumour cells acquire the capacity to 
overcome its cytostatic response, it acts as a pro tumorigenic cytokine, favouring malignant progression. 
Figure adapted from Fabregat et al., 2016a. 

 

3.3.1. Role of TGF-β in liver fibrosis 

 

In the normal liver, sinusoidal endothelial cells and Kupffer cells (macrophages) contain 

relatively elevated levels of TGFβ1 mRNA, whereas HSC express little amounts of the cytokine. 

However, in response to pro-fibrogenic stimuli HSC express the three different isoforms of TGF-β 

and contribute to the development of fibrosis through both autocrine and paracrine loops of TGF-

β-stimulated collagen production (Inagaki et al., 2005). As we explained in a previous section 

(Section 1.1), MFB are the main cell responsible for fibrosis and the major source of MFB are 

activated HSC, being TGF-β a key player in the transdifferentiation process of HSC to MFB. In 

contrast to HSC, where TGF-β plays a growth inhibitory role, MFB demonstrate a growth 

stimulatory effect in response to this cytokine (Dooley et al., 2000). Several studies have identified 

SMAD3 as being the main mediator of the fibrogenic response of HSC, especially with respect to 

the induction of collagen expression (Dooley and ten Dijke, 2012; Fabregat et al., 2016a). 
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In addition to HSC transdifferentiation to MFB, it is now fully accepted that hepatocyte 

death is critical for hepatic fibrosis (Brenner, 2009; Nikolaou et al., 2012). Indeed, it has been 

proved that apoptosis and phagocytosis of hepatocytes directly induce HSC activation and 

initiation of fibrosis (Jiang et al., 2010). TGF-β is an important regulatory suppressor factor in 

hepatocytes, inhibiting proliferation (Carr et al., 1986) and inducing cell death (Oberhammer et 

al., 1992). Regarding that TGF-β also induces anti-apoptotic signals in transformed hepatocytes, 

through the activation of the EGFR pathway (Valdés et al., 2004; Murillo et al., 2005), and cells 

that survive to TGF-β-induced apoptotic signals undergo EMT (Valdés et al., 2002; Caja et al., 

2011; Fabregat et al., 2016). Although still controversial, it is thought that EMT from hepatocytes 

could be another source of MFB (Wells, 2010). Additionally, during development of TGF-β-initiated 

fibroproliferative disorders, NOXes generate ROS resulting in downstream transcription of a 

subset genes encoding matrix structural elements and pro-fibrotic factors (Samarakoon et al., 

2013; Crosas-Molist et al., 2015; Crosas-Molist and Fabregat, 2015). Apart from being 

downstream effectors implicated in TGF-β signalling, ROS play other roles promoting fibrosis 

progression, in relation with TGF-β. ROS may promote fibrosis activating latent TGF-β through 

either LAP direct activation and subsequent release of the cytokine (Pociask et al., 2004) or via 

MMP activation  (Wang et al., 2005). Indeed, LAP/TGF-β complex has been proposed to function 

as an oxidative stress sensor (Jobling et al., 2006). Finally, ROS can also stimulate the expression 

and secretion of TGF-β in a positive feedback loop in many types of cells, including HSC and 

hepatocytes (Proell et al., 2007; Boudreau et al., 2009). 

 

Cirrhosis is not simply extensive fibrosis but is characterised by architectural disruption, 

aberrant hepatocyte regeneration, nodule formation and vascular changes. These macro-

regenerative nodules that display foci of hepatocyte dysplasia are considered to be pre-neoplastic 

lesions of HCC. 

 

3.3.2. TGF-β in HCC 

 

The key for understanding the complicated role of TGF-β in cancer resides in knowing that 

it acts as a tumour suppressor during the early stages of tumorigenesis, but it also promotes 

invasiveness and metastasis in advanced tumour cells when cells become resistant to its 

suppressive effects (Figure XVI) (Achyut and Yang, 2011). Several components of TGF-β 

suppressor signalling have been found inactivated in pancreatic, colorectal, head-and-neck, 

ovarian and other tumours. Although mutations and deletions of TGF-β signalling-related genes 
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are found in some cancers, they are rare in HCC (Fabregat et al., 2016a; Moreno-Càceres and 

Fabregat, 2016). 

 

TGF-β modulates processes such as cell migration and invasion, immune regulation and 

microenvironment modification. Furthermore, TGF-β mediates liver fibrogenesis (Fabregat et al., 

2014; Crosas-Molist et al., 2015) which leads to cirrhosis, a condition that frequently develops in 

HCC as mentioned in a previous section (Section 3.3.1). In these cases, cancer cells grow 

embedded in a cirrhotic environment enriched with ECM that is, in turn, mediated by this cytokine. 

In these conditions, TGF-β signalling promotes HCC progression by two mechanisms: first, via an 

intrinsic activity in the tumour as an autocrine or paracrine growth factor and, second, via an 

extrinsic activity in the stroma. In the stroma, TGF-β induces microenvironment changes, including 

generation of cancer-associated fibroblasts (CAFs), which play a relevant role in facilitating the 

production of growth factors and cytokines that contribute to cell proliferation, invasion and 

neoangiogenesis. In fact, sources of TGF-β in tumours include the cancer cells themselves, as 

well as, various cells of the tumour stroma. In addition, due to its immunosuppressive actions, 

TGF-β contributes to tumour cell evasion from immune surveillance. On the other hand, the 

intrinsic effects are mostly observed in highly invasive tumour conditions, where TGF-β signalling 

may stimulate tumour proliferation and survival, and cells that survive to TGF-β suppressor effects 

undergo EMT favouring tumour metastasis (Fabregat et al., 2016a, 2016b; Giannelli et al., 2016). 

Indeed, when TGF-β induces EMT in HCC cells, a switch in the expression of stem genes is 

observed and their stemness potential and migratory/invasive capacity are enhanced (Malfettone 

et al., 2017) and also their resistance (Fernando et al., 2015). 

 

Figure XVI. TGF-β signalling exerts both anti-oncogenic and pro-oncogenic activities in 
carcinogenesis. Figure from Achyut and Yang, 2011. 
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All these different effects of TGF-β in liver cells are evidenced in a study by Coulouarn and 

col., where they define different liver gene signatures in response to TGF-β based on the response 

of this cytokine. The “early” TGF-β signature is associated to suppressor genes, whereas the 

termed “late” TGF-β signature is associated to EMT, migration and invasion (Coulouarn et al., 

2008). Interestingly, the early response pattern is associated with longer, and the late response 

pattern with shorter, survival in human HCC patients. In addition, tumours expressing the late 

TGF-β-responsive genes displayed invasive phenotype, increased tumour recurrence and 

accurately predicted liver metastasis. Of importance, this study also discriminated HCC cell lines 

by degree of invasiveness (Coulouarn et al., 2008). 

 

In normal cells, the cytostatic effects of TGF-β are often dominant over the opposing 

mitogenic signals; however, carcinoma-derived cells are usually refractory to growth inhibition by 

this cytokine. Malignant cells can circumvent the suppressive effects of TGF-β either through 

inactivation of core components of the pathway (such as TGF-β receptors or SMADs transcriptors 

factors) or by downstream alterations that disable just the tumour-suppressive arm of this 

pathway. When the latter mode is used, cancer cells can then freely use the remaining TGF-β 

regulatory functions to their advantage, acquiring invasion capabilities, producing autocrine 

mitogens, or releasing pro-metastatic cytokines (Seoane, 2006; Massagué, 2008). In HCC, 

alterations at TGF-β receptors or SMAD2/3/4 levels are rare. Nevertheless, it has been shown, for 

example, that TGF-β-mediated SMAD-dependent cytostasis could be altered in HCC, as different 

cell lines express high amounts of SMAD7 and a reduced SMAD3 signalling (Meyer et al., 2013), 

and reduced TβRII expression has been associated with more aggressive features of HCC 

(Mamiya et al., 2010). However, these alterations are not so frequent and, in fact, expression of 

TGF-β is upregulated in a great percentage of HCC patients (Massagué, 2008). Hence, other 

ways to disrupt TGF-β signalling may exist, probably altering just downstream signals in the 

tumour-suppressive branch, which would promote, or facilitate, the tumorigenic arm. In 

accordance to this idea, HCC cells overexpress a specific set of microRNAs (miRNAs) that would 

allow the escape from TGF-β-induced apoptosis (Huang et al., 2008; Petrocca et al., 2008; Li et 

al., 2010). Most importantly, overactivation of survival signals in HCC cells, such as MAPK/ERKs, 

PI3K/Akt or NF-κB, would impair the TGF-β suppressor arm observed in liver tumour cells. It is 

worthy to mention that, during hepatocarcinogenesis, an increase in the activity of the 

metalloprotease TACE/ADAM17 may promote the anti-apoptotic arm of the TGF-β signalling (Caja 

et al., 2007). Apart from the already mentioned crosstalk with the EGFR pathway, TGF-β can 

interacts with other growth factors and chemokine pathways in the tumour microenvironment. 

During liver tumorigenesis, TGF-β activates the β-catenin pathway, through induction of the PDGF 
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signalling (Fischer et al., 2007), which mediates EMT, migration and survival in HCC cells. 

Interestingly, a crosstalk between TGF-β and chemokine signalling has been recently reported, as 

TGF-β induces the expression of the chemokine receptor CXCR4 in HCC cells, which is required 

for TGF-β-induced cell migration and cell survival (Bertran et al., 2013). Finally, the crosstalk 

between EMT and apoptosis would also explain the resistance to TGF-β-induced suppressor 

effects observed in HCC cells. Indeed, a mesenchymal-like phenotype correlates with resistance 

to drug therapy (Fernando et al., 2015; Fabregat et al., 2016b). 

 

 

3.3.3. Targeting TGF-β in HCC  

 

The major problem facing targeting TGF-β is its complex role in the liver, regarding cell 

proliferation, carcinogenesis, immune modulation and EMT (Fabregat et al., 2016a).  

 

Several different strategies have been proposed for inhibiting the TGF-β pathway in human 

cancer, including the use of chimeric proteins, monoclonal antibodies, small molecules and 

antisense oligonucleotides (Fabregat et al., 2014). Recently, it has been shown that the TβRI 

kinase inhibitor Galunisertib, but not a monoclonal inhibitor of TβRII (D10), blocks the canonical 

and non-canonical pathways (Giannelli et al., 2016). Biomarkers would be extremely useful in the 

proper selection of patients who might benefit from receiving the drug in clinical trial, although so 

far, no biomarkers have been validated for this purpose. Recently, an inverse correlation between 

circulating TGF-β and E-cadherin levels has been reported in patients with HCC, that resembles 

the EMT process, as documented in vitro (Giannelli et al., 2016). Thus, a phase II clinical trial using 

Galunisertib in patients with advanced HCC to test safety, time to progression and overall survival 

is currently ongoing. Preliminary data show that patients with higher levels of circulating TGF-β 

are more likely to respond to therapy with Galunisertib (NCT01246986 http://clinicaltrials.gov).  

 

Besides intervention with the TGF-β canonical and non-canonical pathway, the inhibition 

of the signalling events collaborating with its cascade could be of interest. In this context, the 

switch from tumour-suppressive to pro-oncogenic TGF-β actions could be directed by its crosstalk 

with RTKs, such as EGFR. As this receptor is necessary for the activation of Akt, which confers 

resistance to TGF-β mediated apoptosis, interference with EGFR signalling by employing 

approved targeted drugs in TGF-β/SMAD-positive HCC patients might be effective (Fabregat et 

al., 2016a; Giannelli et al., 2016). 

  

http://clinicaltrials.gov/
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4. Inflammation and liver diseases 

4.1 Inflammation in HCC 

Tumours frequently develop on sites of sustained inflammation and it is suggested a strong 

association between chronic inflammation and cancer (Mantovani et al., 2008; Berasain et al., 

2009). As it is described above, infections, viruses (B and C) and other toxic insults can generate 

liver inflammation. Despite the differences among etiological factors for HCC, the common 

denominator is the perpetuation of a wound-healing response triggered by parenchymal cell 

death, and the consequent inflammatory reaction. 

HCC almost always develops on a background of chronic liver injury including chronic 

hepatitis and cirrhosis, conditions regarded as pre-neoplastic stages. Accumulating evidences 

indicate that the inflammatory reaction characteristic of chronic liver injury actively participates in 

the development of hepatic fibrosis, as well as in the activation of the potent regenerative response 

of liver parenchyma (Markiewski et al., 2006). For instance, cytokines such as TNFα and the IL-

6/NF-κB/STAT3 axis are essential to trigger hepatocyte proliferation, liver regeneration, and 

animal survival after partial hepatectomy, as has been demonstrated in the corresponding 

genetically modified mice (Fausto et al., 2006). When liver repair mechanisms are activated 

transiently, the normal hepatic structure and function are rapidly recovered. However, sustained 

inflammation favours survival of pre-neoplastic hepatocytes, the generation of a fibrotic substrate, 

and ultimately contribute to carcinogenesis. 

A growing number studies have identified a plethora of inflammatory mediators and 

signalling pathways implicated in HCC (Berasain et al., 2009; Bishayee, 2014). The following 

section highlights some cytokines, chemokines, transcription factors, and proteins which belong 

to inflammatory signalling pathways implicated in hepatocarcinogenesis (Figure XVII). 

• Cytokines. Cytokines are cell signalling protein molecules used in intercellular 

communication and are synthesized by various cell types in the liver, and hepatocytes can express 

cytokines receptors. These proteins are generally grouped into two categories, pro-inflammatory 

or anti-inflammatory with pleiotrophic functions.  Several cytokines, particularly those produced 

by CD4+ Th cells, are defined as Th1 or Th2 and are comprised mainly of ILs. Th1 cytokines (e.g., 

IL-1α, IL-1β, IL-2, IL-12p35, IL-12p40, IL-15, and non-ILs, e.g., TNFα and IFN-γ) are generally 

referred to as pro-inflammatory, and the Th2 cytokines (e.g., IL-4, IL-8, IL-10, and IL-5) induce 

anti-inflammatory responses (Budhu and Wang, 2006). Various inflammatory cytokines, such as 

IL-1β, IL-6 and TNFα, participate in chronic hepatic inflammation as growth and survival factors 

that act on premalignant cells, stimulate angiogenesis, tumour progression and metastasis and 
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also maintain tumour-promoting inflammation (Naugler and Karin 2008). IL-1β is found to promote 

HSC proliferation, activation, and transdifferentiation into the MFB phenotype (Han et al. 2004). 

During chronic hepatitis, activated Kupffer cells produce IL-6 which enhances local inflammatory 

responses and induces compensatory hepatocyte proliferation resulting in neoplastic 

transformation of hepatocytes (Naugler and Karin 2008). IL-6 knockout mice exhibited a 

significant reduction of DEN-initiated HCC development, suggesting direct involvement of IL-6 

signalling in experimental hepatocarcinogenesis (Naugler et al. 2007). TNFα expression was 

elevated in HCC patients, especially those with recurrence. In addition, the levels of the TNFα 

Receptors (TNFαRI and TNFαRII) were higher in HCC patients when compared with healthy 

individuals (Budhu and Wang, 2006). 

 
• Chemokines. Chemokines are small molecular weight proteins (8–13 kDa) and 

categorized into 4 different families (CC, CXC, CX3C, C) based on the presence of NH2 terminal 

cysteine motifs. Altogether, the chemokine system comprises genes encoding 50 chemokine 

ligands and 20 cognate chemokine receptors, of which several have been identified as relevant in 

the context of liver diseases (Marra and Tacke, 2014). Chemokine receptors are typical G protein–

coupled transmembrane proteins. 

Damage of hepatocytes results in the release of various danger signals, termed as danger 

associated molecular patterns (DAMPs), which bind to Toll-like receptor (TLR) 4 and other TLRs 

on Kupffer cells and promote release of proinflammatory cytokines, chemokines, ROS and 

chemokines such as CXCL1, CXCL2, and CXCL8, which are key chemokines to attract 

neutrophils, among other functions, mainly via the chemokine receptors CXCR1 and CXCR2. 

CXCL8 is found in HCC patients serum, represent a biomarker of tumour burden and 

aggressiveness and correlate with a poor patient prognosis (Ren et al., 2003). In parallel, Kupffer 

cells, injured hepatocytes, and activated HSCs secrete high levels of CCL2, which promotes the 

hepatic accumulation of bone marrow–derived CCR2 expressing monocytes that massively 

expand the local macrophage pool (Dambach et al., 2002; Seki et al., 2007). HSCs display direct 

migratory as well as proliferative responses to CCL5 (RANTES), indicating that this chemokine is 

crucial for profibrogenic HSC activity (Schwabe et al., 2003).  Similarly, HSCs also express 

chemokine receptor CXCR4 and become activated to collagen-producing MFB by stimulation with 

its ligand CXCL12 (Hong et al., 2009). Both CXCL12 and CXCR4 are expressed in HCC cells, 

mediating proliferation, survival, and invasion (Sutton et al., 2007). TGF-β up-regulates the 

expression of CXCR4, and activation of this receptor is required for tumour dissemination and 

acquisition of mesenchymal characteristics in liver cells (Bertran et al., 2013). In conditions of 

fibrosis resolution, restorative macrophages are essential, which degrade ECM (Pellicoro et al., 
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2012) as well as the controlled deactivation of HSCs/MFBs (Troeger et al., 2012). However, 

compared with mechanisms during fibrosis progression, the contribution of chemokines to fibrosis 

regression is less well understood.  

• NF-κB. NF-κB, an important transcription factor that regulates innate immunity and 

inflammation, plays an essential function in the regulation of inflammatory signalling pathways in 

the liver (Xiao and Ghosh 2005; Muriel 2009). Accumulating knowledge clearly indicate that NF-

κB provides a critical link between Inflammation and cancer (Karin 2009; DiDonato et al. 2012). 

Mammalian NF-κB consists of five members, namely RelA (p65), c-Rel, RelB, NF-κB1 (p50/ p105), 

and NF-κB2 (p52/p100) (Ghosh and Karin 2002). Under normal physiologic conditions, p50 and 

p65 subunits of NF-κB dimerize are kept inactive in the cytoplasm through binding to the inhibitory 

protein known as inhibitor of NF-κB (IκB) (Hoffmann and Baltimore 2006). In response to various 

pro-inflammatory stimuli, the IκB kinase (IKK) complex, which consists of two catalytic subunits, 

IKK-α and IKK-β, and a regulatory subunit, IKK-γ or NF-κB essential modulator (NEMO), 

phosphorylates IκB and subsequently induces its degradation by the 26S proteasome (Karin and 

Ben-Neriah 2000; West et al. 2006). Consequently, the activated NF-κB dimer is released and 

translocates into the nucleus, binds specific DNA sequences, and stimulates transcription of target 

genes involved in inflammation, immune responses, cell proliferation, and cell survival (Pahl 1999; 

Ghosh and Karin 2002). It also controls the expression, such as IL-6, TNF-α and HGF, which are 

secreted by non-parenchymal cells in response to dying hepatocytes (DAMPs) to stimulate 

compensatory proliferation of remaining hepatocytes (Maeda et al. 2005). 

 

• JAK/STAT. STAT proteins are known to play vital roles in cytokine signalling pathways 

involved in cell growth and differentiation in various species, including mammals (Darnell et al. 

1994). The STAT family consists of seven members, such as STAT1, STAT2, STAT3, STAT4, 

STAT5a, STAT5b, and STAT6. Among STAT family proteins, STAT3 has gained substantial 

attention as a convergent point for a number of oncogenic signalling pathways as well as regulator 

of signal transduction pathways of several pro-inflammatory cytokines and growth factors involved 

in hepatic damage and repair mechanisms (Taub 2003; Costa et al. 2003). Following 

phosphorylation and activation by JAKs, especially by JAK2, STAT3 undergoes dimerization 

before entry to nucleus for DNA binding (Yoshimura et al. 2007). STAT3 signalling is involved in 

the initiation of hepatocarcinogenesis by regulating genes related with inflammation, survival, 

invasion and angiogenesis during HCC progression (Pfitzner et al. 2004; He and Karin 2011; 

Nakagawa and Maeda 2012; Subramaniam et al. 2013). Hepatocyte-specific STAT3-deficient 

mice have been used to investigate the role of STAT3 in experimental liver tumorigenesis induced 
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by DEN. STAT3- deficient mice were found to exhibit more than six-fold reduction in liver tumour 

load compared to their normal counterparts (He et al. 2010). The suppressor of cytokine signalling 

3 (SOCS3) is known to block STAT3 signalling, and hepatocyte-specific SOCS3 knockout mice 

have been found to be susceptible to HCC development (Ogata et al. 2006). Another study 

showed that hepatocyte-specific IL-6 and IL-6 receptor transgenic mice spontaneously developed 

hepatocellular hyperplasia and adenomas, which represent pre-neoplastic lesions in humans, with 

concomitant STAT3 activation (Maione et al. 1998).  

 

 

 
Figure XVII. Some molecular pathways connecting inflammation and HCC development. Figure 

adapted from Berasain et al, 2009. 
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4.2. Inflammation and EGFR 

 The expression of EGFR ligands is known to be increased during injury and inflammation 

in different organs and tissues (Berasain et al., 2009). Transactivation of the EGFR by the shedding 

of its ligands is the best well-known characterized link between EGFR system and inflammation 

(Figure XVIII). To allow paracrine or autocrine interaction of the EGFR ligands with the receptor, 

the membrane-tethered ligand precursors need to be released by a proteolytic reaction (more 

information in EGFR section 2.1.). The proteolytic activity of ADAMs is therefore crucial for the 

generation of soluble EGFR ligands and receptor activation. Importantly, the proteolytic activity of 

ADAMs is in turn subject to regulation by multiple upstream signals (Arribas and Esselens, 2009). 

This process has important biological implications, because it places the EGFR system at the 

centre of converging signals for cell proliferation, survival, migration, and inflammatory signals. 

 

 

Figure XVIII. EGFR transactivation. Crosstalk between the EGFR and other signalling systems 
involved in inflammatory pathways. GF: pro-growth factor.  Figure adapted from Berasain 2009 

 

Upregulation of AR, TGFα, and HB-EGF gene expression was reported in models of 

chronic liver injury as well as in liver tissue samples obtained from cirrhotic patients (Berasain et 

al., 2005, 2007). Importantly, as occurs during experimental liver regeneration, the expression of 

ADAM17 is also increased in human liver cirrhotic tissues, suggesting that the availability of 

soluble EGFR ligands is further enhanced during chronic liver injury (Castillo et al., 2006).  
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During liver regeneration, the factors involved in the activation of fibrogenic cells include 

inflammatory cytokines such as IL-1β, IL-6, or TGFα, and growth factors like PDGF, CTGF, and 

TGF-β (Bataller and Brenner, 2005; Markiewski et al., 2006). The expression of EGF-related 

growth factor can be also elicited by pro-inflammatory cytokines such as IL-1β and TNFα in murine 

KCs (Perugorria et al., 2008).  The existence of EGFR transactivation mechanisms in liver 

fibrogenic cells has been recently shown. In an attempt to characterize the mechanisms behind 

the resistance of HSCs to the pro-apoptotic effects of death receptor agonists such as FasL, 

TNFα, or TRAIL, a ligand-dependent activation of the EGFR was uncovered (Reinehr et al., 2008). 

It was found that these death receptor agonists were able to stimulate EGFR signalling and HSC 

proliferation through the protease-mediated release of EGF, therefore identifying novel cellular 

mechanisms potentially related to liver fibrogenesis that involve the EGFR system. 

The interaction of the EGFR system with the inflammatory and pro-tumorigenic cytokine 

TGF-β was extensively described above. TGF-β has been demonstrated to induce the expression 

of EGFR ligands such as HB-EGF and TGFα in isolated foetal rat hepatocytes through the 

activation of the inflammatory transcription factor NF-κB (Murillo et al., 2007). Moreover, TGF-β 

also stimulates ADAM17 activity promoting the release of EGFR ligands, which in turn contribute 

to mediate resistance toward the pro-apoptotic effects of TGF-β (Murillo et al., 2005). HCC cells 

rely on the EGFR system to resist apoptosis induced by TGF-β. More information in section 3.4.3. 

The implication of a dysregulated EGFR signalling system in the development of HCC is 

gaining considerable support. Already from the early stages of experimental carcinogenesis it has 

been observed that the production of EGFR ligands may influence the growth of premalignant cells 

(Drucker et al., 2006). Pro-inflammatory stimuli elicit the release of EGFR ligands such as HB-EGF 

from liver KCs and endothelial cells, which in turn stimulate the proliferation of initiated hepatocytes 

in a paracrine fashion (Drucker et al., 2006). Furthermore, activation of the EGFR in liver cancer 

cells by ligands released from inflammatory cells seems to further potentiate their aggressive 

behaviour (Lin et al., 2006). 

Overall, the EGFR signalling system is situated at a critical junction between inflammation-

related signals and potent cell-regulating machineries. These experimental evidences connecting 

liver cancer development and inflammation provide novel strategies for the prevention and 

treatment of this deadly disease that warrant clinical testing (Berasain et al., 2009) 
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5. Receptor trafficking 

 

Plasma membrane is a proteins and lipid covered mosaic where their nature, presence 

and interaction regulate a range of cellular processes. This thesis will be focused in the trafficking 

regulation of the cell-surface receptors. Modulating the presence of receptors at the plasma 

membrane is decisive for regulating cell signalling, receptor turnover and the magnitude, duration 

and nature of signalling events. Exist diverse ways to regulate cell-surface receptors activation 

and localization, where lipids rafts and intracellular membrane trafficking play a critical role.  

 

5.1. Lipids Rafts 

 

Cell membranes are organized into less-ordered liquid and liquid-ordered domains. These 

liquid-ordered microdomains are known as lipids rafts, which are particularly important for 

trafficking and signalling events (Simons and Toomre, 2000). They are rich in cholesterol, 

sphingomyelin, phosphatidylcholine, glycosphingolipids, lipid-modified proteins (glycosyl-

phosphatidyl-inositol-anchored and acetylated proteins) and other signalling molecules (Alonso 

and Millán, 2001; Helms and Zurzolo, 2004). Due to this composition, lipids rafts own the ability 

to recruit or exclude specific lipids and proteins with consequences in signalling events that could 

be initiated by different ways (Figure XIX). 

 

 In the case of RTK signalling, adaptors, scaffolds and enzymes are recruited to the 

cytoplasmic leaf of the plasma membrane as a result of ligand activation. In this sense, rafts can 

form clustering platforms for individual receptors, promoting their dimerization and activation after 

ligand binding and organizing a signal complex in space and time. Lipids and proteins cooperate 

assembling cell-signalling networks into ordered structures that are ready to transmit extracellular 

signals. Moreover, if receptor activation takes place in a lipid raft, the signalling complex is 

protected from non-raft enzymes such as membrane phosphatases (Simons and Toomre, 2000). 

Raft assembly interactions are dynamic and reversible, and, for example, negative modulators can 

disassemble raft clusters and/or removal raft components from the cell surface by endocytosis.   
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Figure XIX. In lipid rafts, receptors signalling could be initiated at least by three different ways. 
 (A) Activation through ligand binding in receptors associated with lipid rafts is enhanced due to their 
proximity (B) Individual receptors with weak raft affinity could oligomerize on ligand binding, and this would 
lead to an increased residency time in rafts. (C) Activated receptors could recruit crosslinking proteins 
that bind to proteins in other rafts, and this would result in raft clustering. These models are not mutually 
exclusive. Figure adapted from Simons and Toomre, 2000. 

 

5.2. Membrane trafficking 

 

Membrane trafficking releases to or internalises proteins and other macromolecules from 

the extracellular space, and sorting them around the cell. This process uses membrane-bound 

vesicles as transport intermediaries and the cargo molecules, enclosed within or associate with 
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the vesicle membrane. One of the most important process is endocytosis (Doherty and McMahon, 

2009). Using endocytosis, cells internalize plasma membrane segments, cell-surface receptors 

and various soluble molecules from extracellular media. Endocytosis plays a key role in the 

regulation of mitosis, antigen presentation, cell migration and its becoming apparent that is crucial 

for many intracellular signalling cascades (Hoeller et al., 2005; Doherty and McMahon, 2009). For 

signal transduction, the main endocytosis function is signal attenuation through the removal and 

degradation of signalling receptors from the cell surface. However, recent studies, have 

uncovered that endocytosis has other positive effects on signal transduction and, conversely, 

receptor signalling regulates the endocytic machinery (Sorkin and von Zastrow, 2009).    

Endocytosis can be divided into two main pathways: the classical clathrin-mediated endocytic 

pathway and the non-classical clathrin-independent route and this, in turn, in caveolin-dependent 

and clathrin- and caveolin- independent internalization pathways (Le Roy and Wrana, 2005; 

McMahon and Boucrot, 2011) (Figure XX). 

 

 

Figure XX. Clathrin-dependent and -independent internalization pathways. There are multiple 
pathways of endocytosis into cells: clathrin-dependent, caveolin-dependent and clathrin- and caveolin-
independent internalization.Internalized cargo is trafficked into endosomes, where it is sorted either back 
to the surface of the cell or into other compartments (multivesicular bodies (MVBs) and lysosomes) for 
degradation. Figure adapted from McMahon and Boucrot, 2011 

 



54 
 

5.2.1. Clathrin-mediated endocytosis 

 

Clathrin-mediated endocytosis is the uptake of material into the cell from the surface using 

clathrin-coated vesicles (CCV). Although CCV can also be formed from other membranous 

compartments, the term clathrin-mediated endocytosis is used to refer only the intake through 

vesicles formed from the plasma membrane.  

 

The receptor cytoplasmic tails present sorting signal sequences that are recognized 

specifically by different accessory and adaptor proteins (Doherty and McMahon, 2009; Popova et 

al., 2013). These accessories and adaptors, such as adaptor protein-2 (AP2), among others, 

recruit clathrin from the cytoplasm to be assemble into a polygonal lattices at the plasma 

membrane to form coated pits, that bud and pinch off from the membrane in a dynamin-dependent 

manner, and give rise to CCV (Kirchhausen, 2000). In addition, in these coated pits are also found 

phospholipids that facilitate vesicle formation and budding by binding to clathrin adaptors. Once 

formed and after endocytosis, CCV are uncoated and fuse with the early endosome. During all 

the process participate a huge variety of accessory proteins that facilitate the endocytosis 

(McMahon and Boucrot, 2011). It is noteworthy the key role of phosphoinositides in membrane 

and protein trafficking. They also have crucial roles assembling and controlling cell-signalling 

pathways, interacting specifically with proteins that contain lipid-binding domains. For example, 

phosphatidylinositol 4,5-biphosphate (PI(4,5)P2) is mainly distributed in plasma membrane and 

has a role in endocytosis; and phosphatidylinositol 3-phosphate (PI3P) is abundant in early 

endosomes, playing a crucial role in signalling. Likewise, it exists a regulated and dynamic control 

of their generation by lipid-kinases (such as PI3K) and lipid-phosphatases (such as PTEN) (Le Roy 

and Wrana, 2005). 

 

5.2.2. Clathrin-independent endocytosis 

 

Perturbation of the clathrin-mediated endocytosis reveal the presence of endocytic 

vesicles that are clathrin-independent (Llorente et al., 1998). It is described that clathrin-

independent internalization routes are cholesterol- and lipid-raft-dependent, due to many lipid-raft-

bound components seem to be endocytosed through these non-clathrin pathways. The most well-

known involves the raft-resident protein caveolin-1, which induces the formation of caveolae, at 

the cell surface, and the subsequence caveosomes. Caveolin-1 is an integral membrane protein 

and an essential structural component of caveolae. Apart from caveolae formation, caveolins have 

many other relevant roles in cells: vesicle trafficking, endocytosis, cholesterol homeostasis, 
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regulation of signal transduction, gene expression, and protein turnover (Quest et al., 2013), 

highlighting its role in tumorigenesis. Caveolin-1 is required for the non-canonical signalling 

pathways that mediate anti-apoptotic signals triggered by TGF-β in hepatocytes (Meyer et al., 

2013; Moreno-Càceres et al., 2014), but little is known about whether caveolin-1 plays/has a 

similar effect/role in HCC cells. Recently, we described that the level of caveolin-1 expression 

determines response to TGF-β as a tumour suppressor in hepatocellular carcinoma cells (Moreno-

Càceres, Caballero-Díaz et al., 2017). 

 

 In contrast with clathrin-mediated endocytosis, almost nothing is known about the 

machinery that regulates the biogenesis of vesicles in these non-classic routes. However, it is 

known that can deliver molecules to various intracellular compartments that include the Golgi 

apparatus and the endoplasmic reticulum, as well as to classic endocytic compartments, such as 

the recycling endosome. 

  

5.2.3. Early Endosomes and signalling 

 

After internalization, by either clathrin-mediated endocytosis or non-clathrin-mediated 

endocytosis, receptors are routed to early endosomes. Endosomes serve as key signalling 

platforms during signal transduction from various receptors (Scita and Di Fiore, 2010). Endosomal 

signalling can be divided into two groups: signals that can take place in endosomes but can also 

occur at the plasma membrane, and signals that require receptor endocytosis and/or occurs 

exclusively on endosomal membranes. These specific signals are possible due to the unique 

endosomal membranes properties: 1) small volume that favours ligand–receptor association and 

the maintenance of receptor activity; 2) a long residence time of active receptors with slow 

endosomal sorting; 3) the ability to use microtubular transport to move for long distances and 

towards the nucleus; 4) an enrichment in PI3P, which allows the assembly of complexes involving 

FYVE domain and PX domain-containing proteins; 5) the presence of specific resident proteins 

that can be used to assemble specific scaffold complexes; 6) and an acidic pH,  especially in late 

endosomes, which favours the activity of proteolytic enzymes that participate in signalling (Sorkin 

and von Zastrow, 2009). For example, one of these specific signals are related to TGF-β receptors. 

Early endosomes can recruit the FYVE-domain-containing adaptor SARA. SARA is also associated 

with SMAD2, and this allows the efficient SMAD2 phosphorylation by the TGF-β receptors in 

endosomes (Lu et al., 2002). Another FYVE-domain-containing protein, endofin, interacts with 

TβRI and SMAD4, and potentiates TGF-β signalling by facilitating the formation of a SMAD2/3–

SMAD4 complex in endosomes (Chen et al., 2007). 
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From the early endosome, receptors are either recycled to the plasma membrane or 

degraded. Trafficking in the endosomal compartments is controlled by small GTP-binding proteins 

of the RAB and ARF (ADP-ribosylation factor) families. RAB4, RAB8 and RAB11 mediate 

recycling, while RAB7 is involved in the degradative route through late endosomes and 

multivesicular bodies (more information about RAB family in Wandinger-Ness and Zerial, 2014). 

In this route is crucial the ubiquitylation of the receptors. Ubiquitylated receptors are recognized 

by a series of ubiquitin-binding protein complexes: HRS–STAM (also known as ESCRT-0), and 

endosomal sorting complex required for transport I (ESCRT-I), ESCRT-II and ESCRT-III (Raiborg 

and Stenmark, 2009). 

 

5.3. Clathrin  

 

In 1964, Roth and Porter discovered coated vesicles in the course of studying uptake of 

yolk protein by insect oocytes (Roth and Porter, 1964). Some years later, Pearse revealed that 

the major protein component of these coated vesicles was a 180 kDa band analysed by SDS-

PAGE (Pearse, 1975). She named this protein clathrin, in reference to the cage-like ordered 

structures and the “clathrates” that it formed.  

 

Clathrin is a spider-like molecule, with three legs radiating from a central hub, named a 

triskelion (derived from Greek τρισκελης – three-legged). It is composed by three heavy and three 

lights chains, and is found in all eukaryotic cells. The amino acid sequence of the clathrin heavy 

and light chains are highly conserved across different species (~ 95-99%) (Kirchhausen, 2000; 

Kirchhausen et al., 2014). Most organisms contain a single copy of the heavy chain gene, with no 

indications of differential splicing. In humans, there are two isoforms of clathrin heavy chain (CHC), 

which are encoded by separate genes (Wakeham et al., 2005; Hood and Royle, 2009). On 

chromosome 17, the first gene (CLTC) encodes CHC17, which is ubiquitously expressed. On 

chromosome 22, the second gene (CLTCL1) encodes for CHC22 at low levels in testis and in 

skeletal and cardiac muscle tissue. This thesis will be focus on CHC17 (CLTC gene. 

 

The amino-terminal domain of the CHC is a 7-blade β-propeller with seven WD40 repeats 

(domain for multiple and specific interactions). From this globular β-propeller emerges the linker 

segment, which is a zig-zag of 42 α-helices. A motif termed “clathrin heavy chain repeat” (CHCR) 

was identified consisting of 5 α-helix zig-zags. These CHCR (8 in total) create an extended, gently 

curved “leg” for the clathrin triskelion. Next, there is a longer α-helix at the threefold heavy chain 
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contact, and a 45-residue carboxy-terminal segment with a poorly defined structured (binding site 

for HSC70, related to uncoating process) (Figure XXI) (Kirchhausen, 2000).  

 

To understand the role of this protein, various clathrin knock-outs were generated in 

different organisms, underlying its relevance in higher organisms. Disruption of CHC homologue 

gene in yeast (Saccharomyces cerevisiae) slowed cell growth and limited endocytosis (Lemmon 

and Jones, 1987). Its deletion in Dictyostelium discoideum by antisense RNA or gene replacement 

resulted in slow growth and decreased endocytosis (Wessels et al., 2000). In Caenorhabditis 

elegans, its depletion by RNA interference (RNAi) resulted in decreased yolk uptake by 

endocytosis in oocytes and dead progeny (Grant and Hirsh, 1999). In Drosophila melanogaster, 

deletion of its CHC homologue resulted in embryonic lethality (Bazinet et al., 1993). These results, 

together with the observation that deletion of AP2 are embryonic lethal in the mouse (Mitsunari et 

al., 2005), suggest that CHC deletion in mammals would also be incompatible with life. Recently, 

RNAi has also been used in various mammalian cell types to deplete CHC levels and resulted in 

both decreased endocytosis and multiple defects in mitosis (Royle, 2006). 

 

Figure XXI. Clathrin heavy chain structure. (A) Clathrin barrel with a single triskelion highlighted 
in blue. (B) A schematic representation of a clathrin triskelion, which highlights the various domains. (C) 
The clathrin-heavy-chain-repeat modules (CHCRs) that are involved in each domain are listed. Figure from 
Royle, 2012. 
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5.4. EGFR trafficking 

 

 The majority of EGFR signalling occur at the plasma membrane. However, after ligand 

stimulation, EGFR-mediated signals can continue from endosomes creating a complex picture of 

spatial and temporal regulation. EGFR endocytosis is mainly clathrin-dependent. However, 

clathrin-independent mechanisms have been reported when clathrin-mediated endocytosis is 

inhibited or saturated, for example, due to an excess of ligand (Sigismund et al., 2008; Doherty 

and McMahon, 2009). An important regulation for the ligand binding is the presence of the EGFR 

within or outside lipid rafts (Mineo et al., 1999; Roepstorff et al., 2002). EGFR can be localized at 

lipids rafts, mediated by a specific extracellular sequence in the EGFR, and ligand stimulation 

induces EGFR exit from rafts and permits clathrin-dependent internalization. The receptor 

endocytosis occurs within minutes and phosphorylated EGFR recruit the E3-ubiquitin ligase Cbl, 

which multiubiquitylates EGFR. Ubiquitylation targets EGFR for endocytosis and subsequent 

sorting to degrative pathway. Even more, Cbl participates in the recruitment of BAR proteins, 

which induce membrane curvature and help in the fission of clathrin-coated buds from the 

membrane. After internalization into the early endosomes, receptor can be sorted to the recycling 

vesicles, from which they travel back to the cell surface, or are sorted towards the multivesicular 

endosome/multivesicular body (degrative pathway), which results in signalling termination (Figure 

XXII) (Le Roy and Wrana, 2005).  

 

 Classically, endocytic pathway has a crucial function in EGFR downregulation. However, 

recently it is described that endosomal sorting may control both the nature and magnitude of 

molecular signalling events and the biological outcome of cell stimulation (Sorkin and von Zastrow, 

2009). For example, MAPK activation is promoted in endosomal compartments due to the 

presence of p14, which recruits MP1 (MEK1 partner) a MAPK scaffolding protein (Teis et al., 

2002). Indeed, ERBB-family members traffic with variable kinetics: EGFR homodimers are rapidly 

degraded, while EGFR-ERRB2 heterodimers or ERBB3 tend to be recycled (Marmor and Yarden, 

2004; Le Roy and Wrana, 2005), highlighting the relevance of receptor trafficking as a target for 

new therapeutic approaches.  
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Figure XXII. EGFR trafficking. From the cell surface, EGF (or EGFR ligands) bound EGFRs might 

move out of lipid rafts. They are then internalized into clathrin-coated pits. Phosphorylated EGFRs recruit 
the E3 ubiquitin ligase Cbl, which multiubiquitylates EGFR. EGFR phosphorylates and induces the 
monoubiquitylation of EGFR-pathway substrate-15 (EPS15) and epsin, the latter of which interacts with 
adaptor protein-2 (AP2), clathrin and PI(4,5)P2 at the plasma membrane. In early endosomes, 
hepatocyte-growth factor-regulated tyrosine-kinase substrate (HRS) binds to PI3P through its FYVE 
domain, and forms a ternary complex with signal transduction adaptor molecule (STAM) and EPS15 that 
interacts with EGFRs. Ubiquitylated HRS is also phosphorylated after receptor-tyrosine-kinase activation. 
From the early endosomes, EGFRs are recycled back to the cell surface or are sorted towards the 
multivesicular endosome/multivesicular body (MVE/MVB). At the MVE/MVB, HRS interacts with tumour 
susceptibility gene-101 (TSG101), a component of endosomal sorting complex required for transport-I 
(ESCRT-I). This interaction leads EGFRs to ESCRT-II and -III and to the intralumenal vesicles of 
MVEs/MVBs, and subsequently to late endosomes/lysosomes where they are degraded. Figure adapted 
from Le Roy and Wrana, 2005. 
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5. 5. TGF-β receptor trafficking 

 

TGF-β receptors are constitutively internalized via clathrin- dependent or lipid-raft-

caveolin-1 dependent endocytic pathways (Figure XXIII). Classically, clathrin-dependent 

endocytosis of the receptors has been regarded to positively facilitate TGF-β signalling, while lipid 

raft/caveolae-mediated internalization has an inhibitory effect (Di Guglielmo et al., 2003; Le Roy 

and Wrana, 2005; Huang and Chen, 2012).  

 

TβRII, which contains a di-leucine motif, is recognize by AP2. It has been described that 

TβRIII can participate actively in TβR endocytosis and can bind to β-arrestin. After clathrin-

mediated endocytosis, TβRs are found in early endosomes where is promoted their signalling due 

to the presence of SARA, which facilitates R-SMADs activation and complex formation. Currently, 

it exists high controversial about the role of clathrin-mediated endocytosis in the regulation of TGF-

β signalling: 1) Some authors defend that interfering clathrin-dependent trafficking – using K+ 

depletion, or dynamin negative-mutants – prevent TβRII trafficking and block TGF-β-induced 

SMAD2 activation (Di Guglielmo et al., 2003). 2) Other authors describe that clathrin inhibitors 

enhance TGF-β signalling (Chen et al., 2009). 3) And other authors suggested that clathrin-

mediated endocytosis is not relevant for canonical TGF-β signalling (Meyer et al., 2011). In the 

other hand, TβRs are partitioned between the lipid-raft microdomains and non-lipid rafts on the 

plasma membrane and be internalized in a caveolin-1-dependt manner. In these domains, the 

presence of caveolin-1 is described that inhibits TGF-β signalling by interacting with TβRI and 

promoting its degradation in a SMAD7/SMURF2-dependent manner (Le Roy and Wrana, 2005). 

However, it is also described that caveosomes facilitates non-SMAD TGF-β-induced AKT 

signalling (Meyer et al., 2011). Furthermore, caveolin-1 mediate anti-apoptotic signals triggered 

by TGF-β in hepatocytes (Moreno-Càceres et al., 2014) and has an essential role in switching the 

response to TGF-β from cytostatic to tumourigenic role in HCC cells (Moreno-Càceres, Caballero-

Díaz et al., 2017) trough TACE/ADAM17 activation in a  Src and NOX1-dependent manner 

(Moreno-Càceres et al., 2016). 
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Figure XXIII. Scheme of TGF-β induced signalling in hepatocytes in the context of endocytic 
regulation. Left branch: clathrin internalization pathway; formation of pits depends on clathrin assembly 
as well as an AP-2 complex formation.  Right branch: the caveolin-1-dependent pathway as a dampening 
internalization route for TGF-β signalling. Caveolin-1 is required for TGF-β induced Akt activation. Figure 

adapted from Meyer et al., 2011.  
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5.6. Endocytosis, clathrin and cancer 

 

Endocytosis is not a passive process in the cell and acts as a key player in the regulation 

of signalling pathways. Therefore, it is obvious that could be playing a crucial role in the 

development of cancer. A rough summary (extract from Lanzetti and Di Fiore, 2008) of the several 

connections between endocytosis and cancer includes: 

 

 • Endocytosis is an attenuator of signalling, and therefore a potential candidate as a 

tumour suppressor pathway/system. 

 • Endocytosis sustains signalling in various manners (signalling endosomes, recycling as 

a tool to prevent degradation), thus it is a potential oncogenic pathway. 

 • Endocytosis is involved in pathways leading to the activation of certain receptors of 

established relevance to cancer. 

 • Endocytosis is a major regulator of cell fate determination, and is therefore predicted to 

play a role in the maintenance of the stem cell compartment. 

 • Endocytosis or, at least, endocytic proteins are involved in the regulation of the cell cycle, 

mitosis and possibly apoptosis. 

 • Endocytosis is involved in the spatial restriction of signals needed for directed cell 

movement and for the switch between motility strategies (amoeboid versus mesenchymal) 

adopted by metastatic cells. This allows us to predict a role for endocytosis in tumour progression. 

 • Autophagy, a degradative pathway that involves the delivery of cytoplasmic cargo to the 

lysosome, is a tumour suppressor pathway. 

 

More related with CHC, recent studies indicate that it is involved in different cell processes, 

which in the end, are related to cancer (Ybe, 2014):  

 

• Clathrin participates in cell division by enhancing the integrity and stability of 

centrosomes and mitotic spindles to effectuate chromosome segregation. During interphase, 

clathrin is found in puncta (clathrin-coated pits) at the plasma membrane, on endosomes and 

Golgi apparatus. During the metaphase, clathrin is recruited to microtubules and stays associated 

with mitotic spindle until chromosome segregation. Its relevance at mitotic spindle suggests that 

CHC dysfunction could be relevant during diseases, such as cancer. For example, downregulation 

of CHC causes spindle morphology defects and leads to chromosome dysfunction (Royle, 2012).  

• Clathrin has a role in Wnt signalling pathway, where it was found playing a structural role 

stabilizing the LRP6 signalosome (Kim et al., 2013). Dysfunctions in Wnt signalling are related with 
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diseases due to deregulation of β-catenin, which is correlated with a host of human cancer such 

as ovarian cancer, hepatocellular carcinoma, colon cancer.  

• Two different gene fusions involving CHC have been described in human cancers. These 

involve either anaplastic lymphoma kinase (ALK) or transcription factor binding to IGHM enhancer 

3 (TFE3) and raise the possibility that altered CHC function in cells expressing the fusion proteins 

could contribute to oncogenesis (Blixt and Royle, 2011).  

• Clathrin is involved in activating p53 by entering the nucleus to present histone 

acetyltransferase p300 to p53, highlighting the link between clathrin and p53-mediated gene 

regulation in cancer (Enari et al., 2006). 
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HYPOTHESIS 

 

Considering the crosstalk between the EGFR and the TGF-β pathways, we wondered 

whether the interaction among these pathways would be relevant in vivo. We hypothesized that 

overactivation of the EGFR during chronic liver diseases could be counteracting TGF-β suppressor 

actions. The expression of a truncated form of the EGFR in hepatocytes, which acts as a dominant 

negative mutant, could affect the liver fibrosis and hepatocarcinogenesis process. 

 

Moreover, due to the relevance of trafficking receptor in the signalling of EGF ligands and 

TGF-β, we wondered which would be the role of clathrin in the crosstalk among these pathways. 

We hypothesize that clathrin would be playing a key role in the regulation of the canonical pro-

apoptotic and/or the non-canonical anti-apoptotic signals triggered by TGF-β in liver cells, which 

could be relevant during hepatocarcinogenesis. 

 

 

OBJECTIVES 

Objective 1. Analysis of the relevance of the EGFR pathway during hepatocarcinogenesis 
and liver fibrosis. Crosstalk with the TGF-β pathway. 

 
1.1. Characterization of a new experimental animal model to study the role of the catalytic 

activity of the EGFR in liver physiology and pathology. 
 

1.2. Relevance in vivo of the EGFR kinase activity during DEN-induced 
hepatocarcinogenesis.  
 

1.3. Relevance in vivo of the EGFR kinase activity during CCl4-induced liver fibrosis.  
 

1.4. Molecular mechanisms involved. 
 
Objective 2. Analysis of the intracellular trafficking of the EGF and TGF-β receptors in the 
crosstalk between their signalling pathways. Role of the Clathrin Heavy-Chain in liver cells. 
 

2.1. Role of clathrin in EGFR and TGF-β signalling pathways in non-transformed 
hepatocytes and in liver tumour cells. Response to EGFR ligands and TGF-β in clathrin knock-
down cells. 

 
2.2. Analysis of potential differences in clathrin expression in tumoural versus non-

tumoural tissues from HCC patients. Correlation with EGFR and TGFB1 gene expression. 
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1. Animal experimentation 

 

1.1. Ethics statement 

The use of animals complied with the institutional and European legislation concerning 

vivisection, the use of genetically modified organisms, animal care and welfare (European 

Directive 2010/63/UE adopted by the European Parliament and the Council of the EU on 

September 22, 2010). All mouse lines were maintained in a C57BL/6 background in the University 

Complutense of Madrid (UCM) animal facility, allowed food and water ad libitum and routinely 

screened for pathogens in accordance with FELASA (Federation of European Laboratory Animal 

Science Associations) procedures. The experimental protocol for CCl4- and DEN-induced for liver 

fibrosis and hepatocarcinogenesis, respectively, was approved by the Institutional Committee for 

Animal Care and Use (CEA -UCM 87/2012, Madrid, Spain). 

 

1.2. Generation of transgenic EGFR mice 

A cDNA coding for a truncated form of the human EGFR, lacking the kinase domain in 

its intracytosolic region (654-1186 aa), was cloned in a transference bacterial artificial 

chromosome (BAC) clone RP23-279P6 (kindly provided by Prof. Dr. Günther Schütz, 

Molekularbiologie der Zelle I, Deutsches Krebsforschungszentrum (DKFZ) Heidelberg, 

Germany) carrying albumin locus and chloramphenicol resistance gene. The truncated EGFR 

was introduced just in the ATG starting codon of the albumin gene, surrounded by 160 kb of 

the albumin chromosomal genomic sequence (Warming et al., 2005). Linearized BAC DNA 

was microinjected into the pronuclei of mouse B6CBAF2 zygotes according to reported 

protocols (Giraldo and Montoliu, 2001), which were later on transferred to pseudo-pregnant 

recipient females, finally obtaining transgenic mice Alb-∆654-1186EGFR (from now abbreviated as 

∆EGFR) (Figure XXIV). Two of them gave littermates and showed germline transmission of the 

transgene, so they were established and named as 1ΔEGFR (>100 copies of the transgene) 

and 2ΔEGFR (10-20 copies of the transgene) line. The ΔEGFR F1 mice obtained were interbred 

to generate stable transgenic mouse lines, which were kept heterozygous. Transgenic lines are 

archived in the European Mouse Mutant Archive as B6CBA-Tg(Alb-DeltaEGFR). Genotyping 

was assessed by polymerase chain reaction (PCR) as specified in the European Mouse Mutant 

Archive. Using specific primers that exclusively detect the expression of the human EGFR gene, 

it was demonstrated the transgene expression in ΔEGFR mice by quantitative real-time PCR 

(qRT-PCR) analysis.  
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Figure XXIV. Diagram representing the generation of the transgenic model of AlbΔ654-1186EGFR 

(abbreviated as ΔEGFR) mice. (A) A complementary DNA coding for a truncated form of the human 
EGFR (hEGFR) was cloned in a transference plasmid (BAC) under the control of a specific hepatocyte 

promoter, formed by the albumin locus (just before ATG of the albumin mouse gene; Alb∆654-

1186EGFR). (B) This truncated form has a deletion in its intracytosolic region (amino acids 654-1186) 

and (C) can undergo EGF-induced dimerization. It is able to form heterodimers with wild type receptor 
allowing the binding of EGFR ligands and also acting as a dominant negative mutant. Abbreviation: 
TM: Transmembrane Domain. 
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These experiments were carried out by Jose Carlos Segovia, María García Bravo and 

Esther Grueso, in collaboration with Lluis Montoliu and Almudena Fernández, and with 

Aránzazu Sánchez and Adoración Martínez Palacián, performed in Cell Differentiation and 

Cytometry Unit, Hematopoietic Innovative Therapies Division, Centro de Investigaciones 

Energéticas, Medioambientales y Tecnológicas (CIEMAT), Centro de Investigación Biomédica 

en Red de Enfermedades Raras (CIBERER), Advanced Therapies Mixed Unit, CIEMAT/IIS 

Fundación Jiménez Díaz, Department of Molecular and Cellular Biology, National Centre for 

Biotechnology (CNB-CSIC), and the Department of Biochemistry and Molecular Biology II, 

School of Pharmacy, Complutense University of Madrid (UCM) (Madrid, Spain). 

 

1.3. DEN-induced hepatocarcinogenesis in mice  

Male mice at day 15 of age received intraperitoneal injections of DEN (10 mg/kg) diluted 

in saline buffer. At 9 and 12 months of age, mice were sacrificed and their livers removed 

(Figure XXV-A). For histological studies, liver lobes were fixed in 4% paraformaldehyde 

overnight and paraffin-embedded for immunohistochemistry staining. Tissue samples were 

immediately frozen in liquid nitrogen for RNA and protein extraction. Total RNA and protein 

were isolated from frozen tissues for qRT-PCR and western blotting analyses (protocols below).  

 

DEN-induced experiments were performed by Aránzazu Sánchez in the Department of 

Biochemistry and Molecular Biology II, School of Pharmacy, Complutense University of Madrid 

(UCM, Madrid, Spain). Samples were collected by María García Álvaro, Diego de la Morena, 

Annalisa Addante and Laura Almalé. 

 

1.4. CCl4-induced liver fibrosis in mice 

8-weeks male mice received intraperitoneal, during 4 or 8 weeks, two injections per 

week of CCl4 (480 mg/kg) diluted in mineral oil (MO). After treatment, mice were sacrificed and 

their livers removed (Figure XXV-B). For histological studies, liver lobes were fixed in 4% 

paraformaldehyde overnight and paraffin-embedded for immunohistochemistry staining. 

Tissue samples were immediately frozen in liquid nitrogen for RNA and protein extraction. Total 

RNA and protein were isolated from frozen tissues for qRT-PCR and western blotting analyses 

(protocols below).  

 

CCl4-induced experiments were performed by Aránzazu Sánchez and Annalisa 

Addante in the Department of Biochemistry and Molecular Biology II, School of Pharmacy, 

Complutense University of Madrid (UCM, Madrid, Spain). Samples were collected by Annalisa 
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Addante and Laura Almalé. The 4-weeks CCl4-treatment samples analysis were done in 

collaboration with Iván Prieto Duran (biomedicine undergraduate student). 

 

 
Figure XXV. Schematic representation of the experimental schedules. (A) DEN-induced 

hepatocarcinogenesis protocol schedule. (B) CCl4-induced fibrosis protocol schedule. 
 

1.5. Analysis of serum parameters 

For serum biochemical analysis, total blood was withdrawn from the carotid artery 

under isoflurane anaesthesia, allowed to clot at room temperature (RT) and centrifuged for 10 

minutes at 1800 rpm in a microcentrifuge. Serum was stored at -20ºC. Alkaline phosphatase 

(ALP), alanine-aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (T 

BIL) were measured in a Clinical Analysis Laboratory (UCM, Madrid, Spain) using gold 

standard methods and a Cobas Integra 400 Plus Chemistry Analyzer (Roche).  
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These experiments were performed by Aránzazu Sánchez, Margarita Fernández, Judit 

López Lúque and Daniel Caballero Díaz in Department of Biochemistry and Molecular Biology 

II, School of Pharmacy, Complutense University of Madrid (UCM, Madrid, Spain). 

 

2. Cell culture 

 

2.1. Generation of transgenic ΔEGFR hepatocyte cell lines 

To generate immortalized hepatocytes, pools of four to six livers from WT, 1ΔEGFR and 

2ΔEGFR neonates (5-7 days old) were used. Isolation of the cells (by collagenase dispersion) 

and immortalization were performed as described before (Valverde et al., 2003). Briefly, viral 

Bosc-23 packaging cells were transfected at 70% confluence with 3 μg/6 cm-dish of the 

puromycin-resistance retroviral vector pBabe encoding SV40 Large T antigen (LTAg) (kindly 

provided by J. de Caprio, Dana Farber Cancer Institute, Boston, MA). Then, primary cultures 

of neonatal hepatocytes isolated from WT, 1ΔEGFR and 2ΔEGFR mice were infected at 60% 

confluence with polybrene (4 μg/mL)-supplemented virus for 48 hours and maintained in 

culture medium for 72 hours, before selection with puromycin (0,5-1 μg/mL) for one week. 

Pools of infected cells rather than individual clones were selected to avoid potential clone-to-

clone variations. Immortalized cell lines were further cultured for at least two weeks with 

arginine-free medium supplemented with 10% Foetal Bovine Serum (FBS) and ornithine to 

avoid growth of non-parenchymal cells. 

 

These experiments were performed by Ángela M. Valverde and Águeda González 

Rodríguez in Instituto de Investigaciones Biomédicas “Alberto Sols” (CSIC/UAM), and Centro 

de Investigación Biomédica en Red de Diabetes y Enfermedades Metabólicas Asociadas 

(CIBERDEM), ISCIII, (Madrid, Spain). 

 

2.2. Human liver tumour cell lines 

Hep3B and PLC/PRF/5 cell lines were obtained from the European Collection of 

Authenticated Cell Cultures (ECACC, Salisbury, United Kingdom). Huh7 and HLF cells were 

from the Japanese Collection of Research Bioresources (JCRB Cell Bank, Osaka, Japan) and 

were kindly provided by Dr. Perales (University of Barcelona, Barcelona, Spain) and Dr. 

Giannelli (University of Bari, Bari, Italy), respectively. SNU449 cells were from the American 

Tissue Culture Collection (ATCC). The molecular characteristics of human liver tumour cells 

are shown in Table I. 
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2.3. Culture conditions 

For cell culture, cell lines were grown in Dulbecco's Modified Eagle Medium (DMEM) 

medium from Lonza (Ref. BE12-604F, Verviers, Belgium), supplemented with 10% FBS, 

Penicillin (120 mg/mL), Streptomycin (100 mg/mL) and Amphotericin (2.5 mg/mL), and 

maintained in a humidified atmosphere of 37ºC, 5% CO2. In the case of mouse hepatocytes, 

the FBS used was from Gibco® (Thermo Ficher Scientific, Waltham, MA, USA), for the tumour 

liver cells the FBS used was from Sera Laboratories (Ref. EU-000-F, Brazil EU Grade).  

 

All cell lines needed to be split at sub-confluent cultures (70-80%) by trypsinization 

(Trypsin- EDTA 0.05%). For the indicated experiments, cells were serum-starved during 16 

hours before treatments. After this time, it is considered that cells lose the proliferative stimuli 

obtained from FBS components. This is useful for evaluating the effect of compounds alone. 

 

2.4. Treatments used 

For experiments, cells at 60% confluence were serum-starved for 16 hours and treated 

with different factors: TGF-β1 (2 ng/mL) (Calbiochem, Ref. 616455, La Jolla, CA, USA), HB-

EGF (20ng/mL) (Sigma-Aldrich Ref. E4643, St. Louis, MO, USA), and FBS (10%). For HCC 

cell lines, treatment was added to medium with 0% or 2% FBS (only SNU449 cells), as is 

indicated in the experiment, to avoid cell death.  

 

 

 

Cell 
line 

Tumour type 
Morphology / 

differentiation grade 
P53 status Other characteristics 

PLC/PRF/5 
Human liver 

hepatocarcinoma 
Epithelial / Well 
differentiated 

Mutated 
pR249S 

 

Huh7 
Human liver 

hepatocarcinoma 
Epithelial / Well 
differentiated 

Mutated 
pY220S 

 

Hep3B 
Human negroid 

hepatocarcinoma 
Epithelial / Well 
differentiated 

Deleted 
Deficient in functional 
pRB; mutations within 

hFas gene 

SNU449 
Human asian 

hepatocarcinoma 

Diffusely spreading 
cells / Poorly 
differentiated 

Mutated 
pK139R 
pA161T 

Aneuploid; mutations in 
CDKN2A 

HLF 
Human hepatoma 
(nondifferentiated) 

Diffusely spreading 
cells / Poorly 
differentiated 

Mutated 
pG244A 

 

 

 

Table I. Molecular characteristics of the human liver tumour cell lines used. 
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3. Knock-down assays 

 

3.1. Transient silencing 

For small interference RNA (siRNA) transient transfection, cells at 30-40% confluence 

were transfected using the TransIT-Quest reagent (Mirus, Madison, WI, USA) at a 1:300 

dilution in complete medium (medium with 10% FBS, following manufacturer’s 

recommendations) with a final siRNA concentration of 50 nM. After 8 hours with the 

transfection solution, plates were washed and fresh medium was added containing 10% FBS 

during a minimum of 24 hours before starting experiments. siRNA for clathrin heavy-chain was 

obtained from Sigma-Genosys (Suffolk, UK). It was used the same clathrin oligos for both 

mouse and human cells. Oligo sequences are shown in Table II (the unsilencing siRNA used 

was selected from previous works (Sancho et al., 2009)). 

 

siRNA (gene) Sequence (5’-3’) 

Clathrin heavy-chain #1 GAAAGAAUCUGCAGAGAAA 

Clathrin heavy-chain #2 GGGAAGAAUUGGUGAAGUA 

Unsilencing GUAAGACACGACUUAUCGC 

 

Table II. siRNA sequences. 

 

3.2. Stable transfection 

For stable transfection of short hairpin RNA (shRNA), cells at 50–60% confluence were 

transfected with MAtra-A reagent (IBA GmbH, Goettingen, Germany) at a dilution of 1:600 in 

complete media, according to the manufacturer’s recommendation (15 minutes on the magnet 

plate), using 2 μg/mL of shRNA plasmid. Hep3B cell line was stable silenced for EGFR. Four 

different shRNA plasmids were transfected, separately and combined, as well as a control 

unspecific shRNA. Pools of transfected cells rather than individual clones were selected to avoid 

potential clone-to-clone variations, and the best-silenced pools of transfected cells were selected 

(from now on denominated as clones). After 24 hours, media was changed to complete media, 

and selection of transfected cells was done in all cases with puromycin (InvivoGen Therapeutics, 

France), for at least 50 days prior to experiments. At the beginning, selection was done at a dose 

of 0.5 μg/mL of puromycin and this dose was gradually increased until reaching 2 μg/mL, which is 

the one used for maintaining the silenced clones. shRNA plasmids transfected were selected from 

Mission SH, Sigma-Aldrich (Madrid, Spain) and sequences are indicated in Table III. The clone 

used for experiments was the clone #64. This clone was extensively characterized by Judit López 
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Lúque. Generation of Hep3B shEGFR was performed by Laia Caja and Judit López Lúque, both 

at Fabregat’s laboratory in the Molecular Oncology Laboratory (IDIBELL). 

 

shRNA 
(gene) 

Plasmid 
number 

Sequence (5’-3’) 

Human 

EGFR 

#1 CCGGCCTCCAGAGGATGTTCAATAACTCGAGTTATTGAACATCCTCTGGAGGTTTTTG 

#2 CCGGGTGGCTGGTTATGTCCTCATTCTCGAGAATGAGGACATAACCAGCCACTTTTTG 

#3 CCGGGCTGCTCTGAAATCTCCTTTACTCGAGTAAAGGAGATTTCAGAGCAGCTTTTTG 

#4 CCGGCGCAAAGTGTGTAACGGAATACTCGAGTATTCCGTTACACACTTTGCGTTTTTG 

 

Table III. shRNA sequences. 

 

4. Analysis of cell proliferation  

 

4.1. Analysis of cell viability by trypan blue 

Analysis of cell viability was performed by trypan blue staining. At the desired times of 

treatment, cells were trypsinized and collecting the media (where dead cells were present). After 

5 minutes centrifugation at 1200 rpm, cells were resuspended in 50 μl of phosphate-buffered 

saline (PBS) + 1:10 v/v trypan blue. Viable and non-viable (blue dyed) cells were counted in a 

Neubauer chamber, counting eight squares/condition, in duplicates. Results are expressed as 

percentage of viable and non-viable cells. 

 

4.2. Crystal violet staining 

Crystal violet staining allows quantifying the number of cells that survive after a toxic 

process, being useful when working with adherent cells that detached after undergoing a toxic 

process. It is useful as well for quantifying the changes in the cell number along time when cells 

are cultured under certain conditions (Drysdale et al., 1983). 

 

After the time of culture required, cell medium was removed, cells were washed twice 

with PBS and the remaining viable adherent cells were stained with 300 μL/well of crystal violet 

solution (0.2% (w/v) in 2% ethanol) for 30 minutes. Following this, the staining solution was 

removed, and the wells were washed several times with PBS or distilled water until the dye 

excess was eliminated. The plate was air-dried, and the stained cells were lysed by adding 300 

μL of 10% Sodium Dodecyl Sulfate (SDS) for 30 minutes, in motion. This lead to a cellular 

rupture that released the dye incorporated by the remaining cells and stained the SDS 

proportionally to the number of still attached cells. By spectrophotometric analysis, the 
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absorbance was measured in a wavelength of 595 nm. Results were then calculated as the 

percentage of viable cells at the indicated times relative to time zero. 

 

4.3. Analysis of the percentage of ki67 positive nuclei 

In order to determine the proliferative fraction of a given cell population, Ki67 is 

considered an excellent marker because it is a protein that can be detected during all active 

phases of the cell cycle (G1, S, G2 and mitosis) and is absent in resting cells (G0) (Scholzen and 

Gerdes, 2000). Cell immunofluorescence using rabbit anti-Ki67 antibody as a primary antibody 

and DAPI (4′,6-diamidino-2-phenylindole) (Molecular Probes, Eugene, OR, USA) staining for 

nuclei detection was done as explained in Materials and methods 9.1. Cells were visualized in 

a Nikon eclipse 80i microscope with the appropriate filters, and cells were count at least in ten 

40x images (which were taken with a Nikon DS-Ri1 digital camera). Finally, the percentage of 

Ki67 positive cells versus the total number of cells (DAPI staining) was quantified from the 

images. 

 

5. Analysis of cell death 

 

5.1. Analysis of propidium iodide internalization by flow cytometry 

Analysis of live cells by flow cytometry allows detecting cell viability by internalization of 

propidium iodide (PI). Cells were detached from culture dishes, centrifuged at 1200 rpm for 5 

minutes at 4ºC. Pellets were resuspended in 100 µL of PBS and transferred into a tube fitted 

for flow cytometry analysis with 350 µL of PBS, for a total volume of 450 µL. PI was added at a 

final concentration of 0.05%. Flow cytometric analysis was performed using a Gallios cytometer 

from Beckman-Coulter (Barcelona, Spain). Data obtained was analysed with Kaluza version 

1.1 software developed by Beckman-Coulter. 

 

5.2. Analysis of caspase-3 activity 

For the analysis of caspase-3 activity, after incubation of cells with the desired stimuli, 

in our case cells were treated with TGF-β, media was preserved and cells were scrapped. Cells 

and media were collected together in a 15mL tube, which was then centrifuged at 2500 rpm 

for 5 minutes. Indeed, this pellet contained those cells that were attached to the tissue culture 

dish and those that were dead and floating in the media. The pellet was resuspended in 30 to 

100 μL of Lysis Buffer, Table IV. The solution was then transferred to an eppendorf tube, which 

was incubated for 20 minutes on ice and vortexed every 5 minutes in order to optimize cell 
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lysis. After this time, eppendorf tubes were centrifuged at 13000 rpm during 10 minutes at 4°C. 

The supernatant was stored at -20 or -80°C until caspase-3 activity was quantified.  

 

When caspase-3 activity was analysed in tissues, small pieces of frozen tissues were 

pulverized mechanically in a mortar, previously sterilized at 200ºC for 4 hours to inactivate 

RNAses. Tissue powder was then transferred to an eppendorf tube and resuspended in 200 

μL of Lysis Buffer (Table IV), incubated for 20 minutes on ice with a vortex mix every 5 minutes. 

From this point, the same procedure was used for both, cells and tissue samples.  

 

In both cases, to determine caspase-3 activity, first we determined the protein 

concentration by BCA Reagent (detailed in Material and Methods 8.2). Then, a mix containing 

20 μg of protein (in a final volume of 25 μL), 125 μL of Reaction Buffer 2X (Table V) and 2 μL 

of fluorigenic substrate for Caspase-3, Ac-DEVD-AMC (Ref. 556449, BD Biosciences 

Pharmigen, Franklin Lakes, NJ, USA) was prepared. This substrate, once it is cleaved by 

caspase-3, releases the AMC fragment that is fluorigenic and can be quantified 

spectrofluorimetrically. After 2 hours of incubation at 37°C and protected from light, 

fluorescence was measured in a Microplate Fluorescence Reader Fluostar Optima (BMG 

LabTech, Ortenberg, Germany) using an exciting wavelength of 360 nm and an emission 

wavelength of 440 nm. A unit of Caspase-3 activity is the amount of active enzyme necessary 

to produce an increase in 1 fluorescence unit in the spectrofluorimeter. Results were 

represented as arbitrary units/h/μg protein. 

  

Tris-HCl pH 8 5mM 

EDTA 20mM 

Triton-X-100 0.5% 

 

Table IV. Caspase-3 Lysis Buffer.   Table V. Caspase-3 Reaction Buffer 2X. 

 

6. Measure of redox state 

 

6.1. Extracellular hydrogen peroxide 

Extracellular H2O2 was measured in intact cells using horseradish peroxidase (HRP)-

linked Amplex Ultra Red (Invitrogen, UK). The non-fluorescent, colourless compound Amplex 

Red is oxidized by H2O2 in the presence of HRP to generate resorufin, which is coloured (pink) 

and highly fluorescent. It is used for the measurement of extracellular H2O2 since HRP does not 

  

Glycerol 20% 

Hepes pH 7.5 40mM 

DTT 4mM 



81 
 

penetrate membranes. 24 hours after seeding the cells in 12-well plates, they were washed 

with PBS and then 250 μL of a mix with Amplex Ultra Red (50 μM) and HRP (0.1 U/mL) were 

added to the cellular samples and incubated for 2 hours at 37ºC in the dark. Later, fluorescence 

readings were made in duplicate in a 96-well plate at Excitation/Emission = 530/590 nm using 

100 μL samples of media. Fluorescence was measured in a Microplate Fluorescence Reader 

Fluostar Optima (BMG LabTech, Ortenberg, Germany) and expressed as percentage of 

control after correction with cell number (crystal violet assay, Material and Methods 4.2). 

 

7. Gene expression analysis 

 

7.1. RNA isolation and reverse transcription 

E.Z.N.A. Total RNA Kit II (Omega bio-tek, Norcross, GA, USA) was used for total RNA 

isolation. RNA from cells was obtained following Manufacturer’s instructions after washing cell 

plates with PBS and scrapping cells with a RLT lysis buffer (from the Kit) containing 10 µL/mL 

of β-mercaptoethanol. Reverse transcription was performed with random primers using 1 µg of 

total RNA from each sample for complementary DNA synthesis by High Capacity RNA to cDNA 

Master Mix Kit (Applied Biosystems, Foster City, CA, USA) following the Manufacturer’s 

instructions. 

 

7.2. Quantitative Real Time PCR 

RNA expression was determined in a LightCycler® 480 Real Time PCR system, using 

the LightCycler® 480 SYBR Green I Master Mix (Roche Applied Science) in a 384-well plate. 

The PCR reaction was prepared with 10 µL of LightCycler® 480 SYBR Green I Master Mix, 2 

µL specific primers (5 µM) and 40 ng of cDNA in a final volume of 20 µL for duplicates. The 

levels of mRNA for each gene were determined following Manufacturer’s protocols and 

normalized with the housekeeping gene L32 (m for mouse or h for human) (Thellin et al., 1999), 

and SFRS4 (Boujedidi et al., 2012) for human samples from HCC patients. Primers detailed in 

Table VI (mouse genes) and Table VII (human genes). 

 

Gene (mouse) Forward (5’-3’) Reverse (5’-3’) 
Acta2 (aSma) TCACCATTGGAAACGAACGC CCCCTGACAGGACGTTGTTA 
Bcl2l1 (Bclxl) GGAAAGCGTAGACAAGGAGATG GCATTGTTCCCGTAGAGATCC 
Bcl2l11 (Bim) GAGATACGGATTGCACAGGAG CGGAAGATAAAGCGTAACAGTTG 

Birc5 (survivin) TCGCCACCTTCAAGAACTG CCCAGCCTTCCAATTCCTTA 
Bmf AGTTCCATCGGCTTCATACG CCCTTCCCTGTTTTCTTGTC 

Ccl2 GTCCCTGTCATGCTTCTGG GCTCTCCAGCCTACTCATTG 
Cd44 CCACAGCCTCCTTTCAATAACC GGAGTCTTCGCTTGGGGTA 
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Cdkn1a (p21) TTCCGCACAGGAGCAAAGTG AAGTCAAAGTTCCACCGTTCTCG 
Cdkn2b (p15) GGCAAGTGGAGACGGTG GTTGGGTTCTGCTCCGTG 

Cltc GCCAGATGTCGTCCTGGAAA AGCTGGGGCTGACCATAAAC 
Col1a1  GAGAGGTGAACAAGGTCCCG AAACCTCTCTCGCCTCTTGC 
Col1a2  CCCAGAGTGGAACAGCGATT ATGAGTTCTTCGCTGGGGTG 

Cxcl1 AAGGTGTCCCCAAGTAACGG TGTTGTCAGAAGCCAGCGTT 
Cxcl12 CGCTCTGCATCAGTGACG TGAAGGGCACAGTTTGGAG 
Cxcr4 ATGGAACCGATCAGTGTGAG GATGAAGTAGATGGTGGGCAG 

Cxcr7 AGGGCTGGACTTTTGAGTGT ACGGAGGACTGACAACCAAG 

Epcam TTGCTCCAAACTGGCGTCTA ACGTGATCTCCGTGTCCTTGT 

Erbb1 (Egfr) CTCCATGCTTTCGAGAACCTAG ATGATCACATCCCCATCACTG 

Erbb2 ACCTCTCCTACATGCCTATCTG ATGAATGTCACTGGGCTGG 

Erbb3 GGGCTATGAGACGCTACTTG ACAGTTCCAAAGACACCAGAG 
Erbb4  ACTCCAATAGGAATCAGTT AGGAGTCATCAAACATCTC 

Hgf GAGTCTGAGTTATGTGCTGGG AGGACGATTTGGGATGGC 
Il12b ATTACTCCGGACGGTTCACG ACGCCATTCCACATGTCACT 

Il1b CTGGGAAACAACAGTGGTCA CTGCTCATTCACGAAAAGGG 
Il6 AGTCAATTCCAGAAACCGCT CTGTGAAGTCTCCTCTCCGG 

Met GACCTCAGTGCTCTAAATCCAG TCCAGCAAAGTCCCATGATAG 
mL32 ACAATGTCAAGGAGCTGGAG TTGGGATTGGTGACTCTGATG 
Nox4 TCCAAGCTCATTTCCCACAG CGGAGTTCCATTACATCAGAGG 

Prom1 (Cd133) ACACCAACACCAAGAACAAGG GACAGGAGTTACTTTGGGTTTTAG 
Tgfb1 CCTGAGTGGCTGTCTTTTGA  CGTGGAGTACATTATCTTTGCTG 

Tnfa ACGTCGTAGCAAACCACCAA ATCGGCTGGCACCACTAGTT 
tPa TACTGCTGCTTTGTGGACTGG CGACTGGTGCTGTTGGTAAG 
uPa GTCGTCAAATGGAGGGAAGA GCCTGTGTCTGAGGGTAATG 

 

Table VI. Mouse primers sequences used in LightCycler 480 SYBR Green System quantitative PCR. 

 

Gene (human) Forward (5’-3’) Reverse (5’-3’) 
CCL2  ACAAGCAAACCCAAACTCCG AAACAGGGTGTCTGGGGAAA 

CLTC (CHC17) GCCAGATGTCGTCCTGGAAA AGCTGGGGCTGACCATAAAC 
CXCL1  CTGGCTTAGAACAAAGGGGCT TAAAGGTAGCCCTTGTTTCCCC 

CXCL12 GAAAGCCATGTTGCCAGAG TGAATCCACTTTAGCTTCGGG 
CXCL8  GGTGCAGTTTTGCCAAGGAG TTCCTTGGGGTCCAGACAGA 
CXCR4 GCCTTATCCTGCCTGGTATTGTC GCGAAGAAAGCCAGGATGAGGAT 
CXCR7 AACAATGAGACCTACTGCCG GACAGCGATAATGGAGAAGGG 

EGFR GCAAATTCCGAGACGAAGCC CTGTATTTGCCCTCGGGGTT 
hL32 AACGTCAAGGAGCTGGAAG GGGTTGGTGACTCTGATGG 

IL12B  CTTGGACCAGAGCAGTGAGG GAACCTCGCCTCCTTTGTGA 
IL1B AACCTCTTCGAGGCACAAGG GGCGAGCTCAGGTACTTCTG 

IL6  ACCCCCAATAAATATAGGACTGGA TTCTCTTTCGTTCCCGGTGG 
NOX4 GCAGGAGAACCAGGAGATTG CACTGAGAAGTTGAGGGCATT 

SFRS4 TGGAACTGAAGTCAATGGGAG CTGCTCTTACGGGAATGTCTG 
TGFB1 AAGTGGACATCAACGGGTTC GTCCTTGCGGAAGTCAATGT 

TNFA AGAACTCACTGGGGCCTACA GCTCCGTGTCTCAAGGAAGT 
 

Table VII. Human primers sequences used in LightCycler 480 SYBR Green System quantitative PCR. 
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8. Protein expression analysis 

 

8.1. Cell lysis 

After incubation with factors or under basal conditions, the cell culture dishes were 

placed on ice. The media was removed and dishes were washed twice with cold PBS. Cells 

were then pelleted at 2500 rpm during 10 minutes at 4ºC. The pellet was resuspended with 

RIPA lysis buffer (Table VIII) and transferred to an eppendorf tube. After 1 hour incubation with 

rotation at 4ºC, tubes were centrifuged at 13000 rpm during 10 minutes at 4ºC, and the 

supernatants were collected and stored at -80ºC until they were processed. 

  

TRIS-HCl pH 7.5 30 mM 

Sodium deoxycholate 5 mM 

SDS 0.1% 

Triton-X-100 1% 

NaCl 150 mM 

EDTA 5 mM 

Glycerol 10% 

PMSF 1 mM 

Leupeptin 5 µg/mL 

Na3VO4 0.1 mM 

DTT 0.5 mM 

β-glycerolphosphate 20 mM 

 

Table VIII. RIPA lysis buffer. 

 

8.2. Protein quantification by BCA commercial kit 

For each measurement, a standard curve of protein concentration was prepared with 

Bovine Serum Albumin (BSA) in a range from 0 to 2 μg/mL. The reaction was prepared by 

mixing Bio-Rad reagent (Ref. 500-0006, Bio-Rad Laboratories GmbH, Munich, Germany) and 

distillated water in a 1:5 ratio and 200 µL of this mix was added to 10 µL of 1:20 diluted sample 

into a 96-well plate. Absorbance was measured by spectrophotometry at a 595 nm wavelength. 

 

8.3. Protein immunodetection by Western blot 

Protein separation according to their molecular weight was done with denaturalizing 

poly-acrilamide gels (SDS-PAGE: SDS-PolyAcrilamide Gel Electrophoresis). Protein samples 

were prepared by mixing 30 to 100 µg of protein with Laemmli buffer (Table IX), and 
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denaturalized by heating them at 95ºC for 5 minutes. Once samples were boiled, they were 

spun and stored a 4ºC. 

  

TRIS-HCl pH 6.8 40 mM 

SDS 1% 

Glicerol 5% 

DTT 2.5 mM 

NaCl 150 mM 

Bromophenol blue 0.002% 

β-mercaptoethanol 5% 

 

Table IX. Laemmli buffer. 

 

Poly-acrylamide gels consisted of two different parts: the stacking and the resolving 

fraction. The first one was always prepared at the same acrylamide concentration (5%), as it 

functions to gather proteins. In contrast, the resolving one was prepared at different 

concentrations depending on the molecular weight of the proteins to be studied, functioning as 

a sorter for these proteins by their size (after denaturalization). Once the gel was ready it was 

assembled into the gel holder and immersed into the tank, which was filled with electrophoresis 

buffer (Table X). Then, the samples were carefully loaded into the gel, together with a molecular 

weight standard in order to know the molecular weight of the studied proteins. After that, 

protein samples were submitted to electrophoresis at a constant voltage. 

 

TRIS-HCl pH 8.3 25 mM 

Glycine 192 mM 

SDS 0.1% 

 

Table X. SDS-PAGE Running Buffer (Towbin). 

 

Once electrophoresis was finished, proteins were transferred to a Nitrocellulose 

membrane using electrical current in semi-dry or wet transfer equipment. The Nitrocellulose 

membrane was immersed in distillated water for 5 minutes previous to the protein transfer, 

following the manufacturer’s instructions. Then, together with the membrane, Wattman paper 

was soaked in transfer buffer (Table XI for Wet Transfer and Table XII for Semi-Dry Transfer) 

for 5 minutes, and the equipment was assembled as follows (from the bottom to the top): 3 

Wattman papers – membrane – acrylamide gel – 3 Wattman papers. A 0.03 amperes electrical 
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current was then applied for 1 hour. Later, the membrane was stained with a 0.5% red Ponceau 

in 1% acetic acid solution to confirm that proteins had uniformly been transferred into the 

membrane. Then, the membrane was washed several times in 0.05% Tween 20 in PBS solution 

(PBS-T). 

 

TRIS-HCl pH 8.3 25 mM 

Glycine 192 mM 

Methanol 20% (v/v) 

 

Table XI. Towbin Wet Transfer Buffer. 

 

TRIS-HCl pH 9.2 48 mM 

Glycine 39 mM 

SDS 1.3 mM 

Methanol 20% (v/v) 

 

Table XII. Bjerrum Schafer-Nielsen Semi-Dry Transfer Buffer with SDS. 

 

For blotting the desired protein, the membrane was incubated in 5% non-fat dry milk or 

5% BSA (depending on the primary antibody to be used) in PBS-T for 1 hour at room 

temperature for blocking unspecific bindings. After this time, it was incubated with the primary 

antibody (see antibodies and conditions in Table XIII) in 5% milk or BSA in PBS-T during 16 

hours at 4°C in motion. After that, the membrane was washed 3 times during 10 minutes with 

PBS-T, and subsequently incubated with the secondary antibody (from GE Healthcare: anti-

Mouse (NA931V) and anti-Rabbit (NA934V), conjugated with peroxidase) at a dilution of 

1:3000 in 0.5% milk PBS-T during 1 hour at room temperature in motion. The membrane was 

washed again 3 times in PBS-T. To visualize the antibody hybridized to the protein of study, the 

membrane was incubated with a chemiluminescent solution, ECL TM Western blotting 

detection reagent (GE Healthcare, Life Science, UK) and exposed to an Amersham 

HyperfilmTM ECL (GE Healthcare, Life Science, UK) or using ChemiDoc System (Bio-Rad). 

Densitometric analysis of protein bands’ intensity was performed using ImageJ software 

(National Institutes of Health (NIH), Bethesda, MD, USA). 
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Primary antibody Working conditions Catalogue nº 

Mouse Clathrin Heavy-Chain 1:1000 BD- 610500 

Mouse β-Actin (clone AC-15) 1:5000  Sigma-Aldrich A5441 

Rabbit EGFR  1:1000  Cell signalling #2232 

Rabbit EGFR (V279)* 1:500  Cell signalling #3265 

Rabbit p44/42 MAPK (Thr202/Tyr204) 1:1000  Cell signalling #9101 

Rabbit pAkt (Ser473) (D9E) XP 1:1000 Cell signalling #9271 

Rabbit pEGFR (Tyr1068) (D7A5) 1:1000  Cell signalling #3777 

Rabbit pSMAD2 (Ser465/467) 1:1000 Cell signalling #3101 

 

Table XIII. Primary antibodies used for Western blot. *Rabbit EGFR (V279) permits detect the 

EGFR truncated form. 

 

8.4. Measure of CXCL8 by Enzyme-linked immunosorbent assay (ELISA) 

CXCL8 (or IL-8) concentration was analysed from the cell medium following 

Manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA) (Human IL-8/CXCL8 

Quantikine ELISA Kit – Ref D8000C). This assay employs the quantitative sandwich enzyme 

immunoassay technique. A monoclonal antibody specific for human CXCL8 was pre-coated 

onto a microplate. Standards and samples (diluted 1:50) were pipetted into the wells and any 

CXCL8 present was bound by the immobilized antibody. After washing away any unbound 

substances, an enzyme-linked polyclonal antibody specific for human CXCL8 was added to 

the wells. Following a wash to remove any unbound antibody-enzyme reagent, a substrate 

solution was added to the wells and colour developed in proportion to the amount of CXCL8 

bound in the initial step. The colour development was stopped with the Stop Solution and the 

intensity of the colour was measured. The absorbance was read at 450 nm within 30 minutes, 

and was set wavelength correction to 540 nm.  

 

9. Immunocytochemistry 

 

9.1. Immunofluorescence in 2D cultured cells (immunocytochemistry) 

Epifluorescence microscopy studies were performed on cells seeded on gelatin-coated 

glass coverslips. For Ki67 staining (anti-rabbit-Ki67-SP6 Abcam (ab16667)), cells were fixed 

with 4% paraformaldehyde in PBS for 20 minutes and washed 3 to 5 times with PBS and cells 

were permeabilized with 0.2% Triton-X-100 for 2 minutes. When cells were permeabilized, prior 

to the incubation with the primary antibody they were incubated with a blocking solution (BSA 
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1%; FBS 10%; in PBS) during 1 hour at room temperature, and primary antibody was diluted 

in PBS-BSA 1% and incubated during 1 hour at room temperature Then, after several washes 

with PBS, samples were incubated with fluorescent-conjugated secondary antibody (anti-rabbit 

Alexa Fluor® 488 from Molecular Probes (Eugene, OR, USA)), using 1:200 dilution in PBS-

BSA 1% during 1 hour at room temperature. Finally, cells were washed 3 times for 5 minutes 

each with PBS, adding DAPI in the third last wash for nuclear DNA staining. At the end, samples 

were embedded using MOWIOL® 4-88 reagent (Calbiochem, La Jolla, CA, USA). Cells were 

visualized in a Nikon eclipse 80i microscope with the appropriate filters. Representative images 

were taken with a Nikon DS-Ri1 digital camera and using NIS-Elements BR 3.2 (64-bit) 

software. 

 

10. Immunohistochemistry 

 

10.1. Paraffin embedding 

After fresh tissue was surgically recovered, it was rinsed with PBS and included into a 

cassette for paraffin embedding. Then, it was fixed with tamponed 4% paraformaldehyde for 

12-16 hours. After fixing the samples, they were washed 3-4 times with PBS, and immersed in 

PBS-30% sacarose, PBS-20% sacarose and PBS-10% sacarose, consecutively. After fixing 

the samples, those were dehydrated by bathing them in subsequent alcohols as indicated on 

Table XIV. Then, dehydrated samples were finally embedded in paraffin at 65ºC and taken to 

4ºC for solidification. 

 

Step Time 

Rinse with tap water 30 minutes 

Ethanol 70% 60 minutes 

Ethanol 96% 60 minutes 

Ethanol 96%  60 minutes 

Ethanol 96%  Overnight 

Ethanol 100% 60 minutes 

Ethanol 100%  90 minutes 

Ethanol 100%  90 minutes 

Xylene 90 minutes 

Xylene-Paraffin (50%-65ºC) 90 minutes 

Paraffin (65ºC) Overnight 

 

Table XV. Dehydration steps for paraffin-embedding. 
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 10.2. Immunohistochemistry on paraffin-embedded tissues 

Paraffin-embedded samples were cut into 4 μm-thick sections using a microtome. Then 

after, slices were placed in poly-lysinated slides (for poly-lysing, slides were incubated for 20 

minutes with poly-L-Lysine at 4ºC and let air-drying at 37ºC). Next, paraffin was removed and 

samples rehydrated. For this, sample slides were placed at 50ºC for 30 minutes and then 

soaked in subsequent alcohols as indicated in Table XVI. Then after, sample slides were stained 

with Haematoxylin and Eosin (H&E) for tissue structure study or used for immunohistochemistry 

(IHC). 

 

Step Time 

Xylene 10 minutes 

Xylene  10 minutes 

Xylene  10 minutes 

Ethanol 100% 5 minutes 

Ethanol 100%  5 minutes 

Ethanol 100%  5 minutes 

Ethanol 96% 5 minutes 

Ethanol 96%  5 minutes 

Ethanol 96%  5 minutes 

Ethanol 70% 5 minutes  

Distilled water 5 minutes 

  

Table XVI. Hydration steps for IHC. Table XVII. Dehydration steps after H&E staining.  

 

For H&E staining, Haematoxylin solution-Harris modified (Ref. HHS32, Sigma-Aldrich, 

St. Louis, MO), was used. Samples were stained for 1 minute and washed abundantly with tap 

water. Next, samples were stained with Eosin solution (Ref. HT110232, Sigma-Aldrich, St. 

Louis, MO) for 6 minutes and washed again abundantly with tap water. Finally, samples were 

dehydrated soaking them in subsequent alcohols as indicated in Table XVII and slides were 

mounted in D.P.X. mountant (Ref. 360294H, BDH Prolabo, Germany) for preservation. 

 

For IHC, after rehydration, samples were rinsed during 5 minutes with distilled water 

and then covered with a mixture of citric acid (0.38 mg/mL) and sodium citrate (2.45 mg/mL), 

taken to boiling temperature and left boiling for 2 minutes to break the methylene bridges and 

expose the antigenic sites in order to allow the antibodies to bind. Next, samples were left 

immersed in these mixtures for 20 minutes at room temperature (until the temperature is 

Step Time 

Distilled water 5 minutes 

Ethanol 70% 5 minutes 

Ethanol 96% 5 minutes 

Ethanol 96%  5 minutes 

Ethanol 96%  5 minutes 

Ethanol 100% 5 minutes 

Ethanol 100%  5 minutes 

Ethanol 100%  5 minutes 

Xylene 10 minutes 

Xylene  10 minutes 

Xylene  10 minutes 
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between 35-45ºC), and afterwards rinsed during 5 minutes with distilled water. At this point, 

we proceeded to inactivate the endogenous peroxidases of the samples, in order to minimize 

the background, by incubating the slides in 3% hydrogen peroxide for 10 minutes and then 

washing them, first during 5 minutes in distilled water, and then in PBS-T (0.1%) for 10 minutes. 

Afterwards, samples were covered during 2 hours in IHC-blocking solution: 2% BSA and 20% 

FBS in PBS-T (0.1%). Then, slides were incubated overnight with primary antibody (Table XVIII) 

diluted in IHC-blocking solution, at 4ºC in a wet chamber. 

 

 

 

 

 

 

 

 

Table XVIII. Primary antibodies used for Immunohistochemistry. 

 

Next morning, slides were washed 3 times with PBS-T (0.1%) for 10 minutes and 

incubated for 1 hour with anti-mouse or anti-rabbit secondary peroxidase-conjugated 

antibodies (Ref. PK4001 for anti-rabbit and PK-4002 for anti-mouse, Vectastain ABC KIT, 

Vector laboratories Inc., Burlingame, CA, USA) following the manufacturer’s indications; then, 

samples were washed 3 times with PBS-T (0.1%) for 10 minutes and incubated in ABC 

(Vectastain ABC KIT, Vector laboratories Inc., Burlingame, CA, USA) solution for 30 minutes, 

following the manufacturer’s indications, until developing the peroxidase staining with diluted 

Diaminobenzidine (D.A.B) (Ref. K3468, DAKO, Inc., Carpinteria, CA, USA) for a maximum of 

30 minutes and taking care not to obtain a saturated signal. Once we had acquired an optimum 

staining, the developing reaction was stopped by soaking the samples into tap water for 5 

minutes.  

 

The final steps consisted in a counterstaining with Mayer’s Haematoxylin (Ref. MHS32, 

Sigma-Aldrich, St. Louis, MO, USA) following with dehydration steps as indicated in Table XIX, 

and mounting the slides in D.P.X. for preservation. 

 

Tissues were visualized in a Nikon eclipse 80i microscope with the appropriate filters. 

Representative images were taken with a Nikon DS-Ri1 digital camera and using NIS-Elements 

BR 3.2 (64-bit) software. Representative images were edited in Adobe Photoshop software. 

Primary antibody Working conditions Catalogue nº 

Rabbit F4/80 1:100 Abcam ab74383 

Rabbit Ki67 (SP6) 1:100 Abcam ab16667 

Mouse Clathrin HC 1:100 BD - 610500 

Mouse α-Smooth Muscle Actin 1:100 Sigma- A5228 
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Step Time 

Filtered Haematoxylin (Mayer’s) 5 minutes 

Running tap water Until desired staining 

Ethanol 70% 5 minutes 

Ethanol 96% 5 minutes 

Ethanol 96%  5 minutes 

Ethanol 96%  5 minutes 

Ethanol 100% 5 minutes 

Ethanol 100% 5 minutes 

Ethanol 100% 5 minutes 

Xylene 10 minutes 

Xylene  10 minutes 

Xylene  10 minutes 

 

Table XIX. Haematoxylin counterstaining after IHC following dehydration steps. 

 

10.3. Masson's trichrome staining 

Sample slides were placed at 50ºC for 30 minutes and then soaked in subsequent 

alcohols as indicated in Table XVI. Sample slides were incubated with Bouin’s Solution 

(prepared with saturated picric acid, formaldehyde and acetic acid and used as a mordant. 

Ref. HT10132, Sigma-Aldrich, St. Louis, MO) for 30 minutes at 50ºC. After several washes with 

water, sample slides were treated with Weigert’s iron haematoxylin solution (Ref. HT1079, 

Sigma-Aldrich), recommended for acidic stain procedures, for 10 minutes followed by 2 

minutes of Biebrich scarlet-acid fuchsine solution (Ref. HT151, Sigma-Aldrich). Slides were 

submerged in 2.5% phosphotungstic acid solution (Ref. HT152, Sigma-Aldrich) for 15 minutes. 

Phosphotungstic acid binds to fibrin, collagen, and fibres of connective tissues, and replaces 

the anions of dyes from these materials, selectively decolouring them. After that, slides were 

stained with 1% Aniline Blue solution in 2% acetic acid for 10 minutes in order to stain collagen 

fibres. Slides were washed with acetic water (distillated water with 1% acetic acid). The final 

steps consisted following with dehydration steps as indicated in Table XVII, and mounting the 

slides in D.P.X. for preservation. 

 

11. Statistical analyses 

Statistical analyses were performed as an estimation of the associated probability to a 

Student’s t test (95% confidence interval) or One/Two-way ANOVA method, depending on the 

involved conditions. Experiments were carried out at least 2-3 independent times with 2-3 
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technical replicates. Data were represented as mean ± standard error of the mean (S.E.M.). 

Normal distribution was assumed. Differences between groups were compared using Student’s t 

test (to compare the mean differences between two groups with one independent variable); One-

way ANOVA (to compare the mean differences between three or more groups with one 

independent variable) or Two-way ANOVA (to compare the mean differences between groups 

with two independent variables). It was used Bonferroni multiple comparison post-hoc test. For 

data from human samples, statistical significance was determined by Wilcoxon matched-pairs 

signed rank test and Pearson correlation analysis. In all cases, statistical calculation was 

developed using GraphPad Prism software (GraphPad for Science Inc., San Diego, CA, USA). 

Differences were considered statistically significant at p<0.05 (* or #), p<0.01 (** or ##) and 

p<0.001 (*** or ###). More information in the figure legends. 
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 1. Analysis of the relevance of the EGFR pathway during hepatocarcinogenesis. 

Crosstalk with the TGF-β pathway. 

 

1.1. Characterization of a new experimental animal model to study the role of the 

catalytic activity of the EGFR in liver physiology and pathology. 

 

Related with the interest of the group to elucidate the specific crosstalk between EGFR 

and TGF-β pathways, we focused on the study of liver fibrosis and hepatocarcinogenesis in a new 

transgenic mouse model that had been previously generated in the group. It expresses a 

truncated form of the human EGFR, which lacks the catalytic intracellular domain (amino acids 

654-1186), specifically in hepatocytes. This EGFR mutant is able to heterodimerize with the 

endogenous wild type (WT) EGFR (mEgfr/Erbb1), which is present in the hepatocytes of these 

animals. It can act as a dominant negative mutant and is capable of reducing WT EGFR tyrosine 

autophosphorylation and its biological signalling in these transgenic (ΔEGFR) mice (Material and 

Methods Figure XIV). In vitro characterization of the model (Figures 1-4) was performed in 

collaboration with J. López-Lúque and J. Moréno-Càceres in our lab. Using specific primers that 

exclusively detect the human EGFR (Figure 1A), we checked the transgene expression in ΔEGFR 

mice by qRT-PCR analysis (Figure 1B), which was also confirmed at the protein level (approximate 

molecular weight: 100 kDa) by western blot (Figure 1C). 

 

Figure 1. Analysis of the transgene expression in ΔEGFR livers. (A) Specific primers designed to 
detect the expression of the human EGFR transgene in ΔEGFR mice. (B) Analysis of human EGFR mRNA 
expression levels by qRT-PCR in WT (N=4) and ΔEGFR mice (N=4) under basal conditions. Relative 
expression to mL32 gene. (C) Analysis of endogenous and human EGFR protein levels by western blot 
in WT (N=3) and ΔEGFR mice (N=3) under basal conditions. β-Actin was used as loading control.  
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In order to assess the activation level of the EGFR pathway of this animal model in vitro, 

primary hepatocytes were isolated from WT and ΔEGFR mice and immortalized to create stable 

cell lines: HepWT, Hep1ΔEGFR and Hep2ΔEGFR (see Material and Methods section 2.1). First, 

we confirmed hEGFR mRNA expression levels by qRT-PCR, and we found that they were 

proportional to the copy number of the transgene in mice (Figure 2A). Analysis of the cell 

morphology of these cells revealed that Hep1ΔEGFR cell line (with the highest expression of the 

transgene) presented lower viability with more suspension cells compared to the WT one (Figure 

2B). 

 

Figure 2. Analysis of the transgene expression in immortalized hepatocyte cell lines isolated from 
WT and ΔEGFR mice. (A) Left: Primary hepatocytes were isolated and immortalized from WT mice 
(HepWT) and from two ΔEGFR mouse lines (Hep1ΔEGFR and Hep2ΔEGFR) with high transgene copy 
number (more information in Material and Methods section 2.1.) Right: Analysis of human EGFR mRNA 
expression levels by qRT-PCR in mouse cell lines (N=3). Relative expression to mL32 gene. (B) Cell 
morphology of the different transgenic hepatocyte cell lines isolated from ΔEGFR mice. Representative 
bright-field images of cells cultured under basal conditions. Data are mean ± S.E.M. One-Way ANOVA 
with Bonferroni post-hoc test was used: **p<0.05 and ***p<0.001 compared to WT hepatocytes.  

 
 

In Hep1ΔEGFR hepatocytes, the response to HB-EGF, one of the main EGFR ligands, was 

significantly attenuated in terms of EGFR phosphorylation and signalling, as well as in terms of cell 

proliferation (Figure 3).  
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Figure 3. ΔEGFR hepatocytes show diminished response to HB-EGF. After serum starvation (16h), 
cells were treated with HB-EGF (20 ng/mL) at indicated times. (A) Response to HB-EGF in terms of EGFR 
phosphorylation was attenuated in Hep1ΔEGFR hepatocytes by western blot analysis. β-Actin was used 
as loading control. A representative experiment of five is shown. (B) Differences in the response to HB-
EGF in terms of cell proliferation between HepWT and Hep1ΔEGFR cell lines (N=2). Cell number was 
analysed by trypan blue staining. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc 
test was used: *p<0.05 and **p<0.01 compared with untreated cells at the same time. 

 

It is known that TGF-β transactivates the EGFR in hepatocytes, which inhibits its pro-

apoptotic activity (Murillo et al., 2005; Caja et al., 2011). We could observe that hepatocytes 

isolated from ΔEGFR mice did not phosphorylate the EGFR after TGF-β treatment, which 

correlated with impairment in the activation of survival signals, such as ERKs (Figure 4A), higher 

growth inhibition and apoptosis (Figure 4B-D). Interestingly, ΔEGFR hepatocytes showed higher 

basal apoptosis compared to WT ones.  

 

All these results indicate the suitability of the model to study the specific implication of the 

hepatocyte EGFR catalytic domain in liver physiology and pathology. 
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Figure 4. Hepatocytes from ΔEGFR mice show increased response to TGF-β-induced apoptosis. 
After serum starvation (16h) HepWT and Hep1ΔEGFR cells treated with TGF-β (2 ng/mL) at the indicated 
times. (A) Response to TGF-β in terms of phosphorylation of EGFR and ERKs analysed by western blot. 
β-Actin was used as loading control. A representative experiment of 3 is shown. (B) Analysis of viable cell 
number by trypan blue staining (N=3). Percentage of increase versus time 0 hours. (C) Analysis of cell 
death shown as the percentage of non-viable cells, analysed by trypan blue staining (N=3). (D) Caspase-
3 activity, fluorimetric analysis (N=3). Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-
hoc test was used: *p<0.05, **p<0.01 and ***p<0.001 compared to WT at the same condition. 
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1.2. Relevance in vivo of the EGFR kinase activity during hepatocarcinogenesis. 

 

1.2.1. Tumorigenesis analysis of Diethylnitrosamine (DEN)-induced 

hepatocarcinogenesis in the genetically modified animal model expressing a truncated 

form -inactive- of EGFR in hepatocytes. 

 

Hepatocarcinogenesis process was induced by a single injection of DEN in 15-day-old 

male mice (Material and Methods 1.3.). After acute treatment with DEN (48 hours), liver injury, 

analysed by serum parameters (Table 1) was higher in ΔEGFR animals, indicating a role for EGFR 

as a survival pathway in hepatocytes when submitted to a toxic insult. However, at 9 months of 

age, WT animals developed macroscopically tumours, whereas ΔEGFR animals did not (Figure 

5A-B). Consistently, WT animals showed an increase in liver mass (analysed by liver/animal weight 

ratio) due to the appearance of tumours (Figure 5C). Nevertheless, at 12 months of age, the 

situation was comparable in both animals: ΔEGFR animals developed macroscopically tumours 

(Figure 5A-B) and showed a significant increase in liver to body/weight ratio (Figure 5C). 

 

        

Animal Parameters Untreated 48h DEN-treated 

WT ALT (U/L) 115.60±33.94 83.50±17.84 

  AST (U/L) 594.00±170.90 274.33±40.37 

  BIL (mg/dL) 0.09±0.03 0.14±0.06 

ΔEGFR ALT (U/L) 98.25±28.25 479.50±12.50*** 

  AST (U/L) 488.80±114.51 1465.33±682.36* 

  BIL (mg/dL) 0.22±0.03 0.38±0.07 

    
Table 1. Blood serum biochemical parameters of liver injury after 48 hours-DEN injection in WT and 

ΔEGFR mice. Data are mean ± S.E.M. of at least 3 animals/condition. Two-Way ANOVA with Bonferroni 
post-hoc test was used: * p<0.05 and *** p<0.001 compared to untreated condition. Abbreviations: ALT: 
Alanine Aminotransferase; AST: Aspartate Aminotransferase; BIL: Total Bilirubin. 
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Figure 5. ΔEGFR mice show a delay in the appearance of DEN-induced tumours. (A) 

Representative images of livers from DEN-treated mice at the time of sacrifice. (B) Quantification of 
macroscopic tumours per animal. Data are mean ± S.E.M. of at least 3 animals per group. (C) Analysis 
of the liver/body weight ratio of WT and ΔEGFR mice. The interquartile range shows as box plot with the 
median marked as a horizontal line. Minimum and maximum from lower and upper quartile represent 
error bar. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 and ** p<0.01 compared 
to WT mice at the same condition; # p<0.05 compared to 9 months (mo). Abbreviation: n.s., no 
significance.  

 
 

By Real-Time qPCR and western blot, it was verified that ΔEGFR animals kept the 

expression of the truncated form of the human EGFR over time (Figure 6). No changes were 

observed in the mRNA levels of the endogenous receptor neither of other family receptor members 

(mouse EGFR or Erbb1 and Erbb2/3) (Figure 7). Only Erbb4 seemed to be increased in non-

tumoural areas at 9 months, while at 12 months, both animals presented the same expression 

levels.  
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Figure 6. hEGFR transgene expression is kept until 12 months of age in ΔEGFR mice. (A) Analysis 

of human EGFR mRNA expression levels by qRT-PCR in non-tumoural (NT) and tumoural (T) areas from 
9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. (B) Analysis of 
endogenous and human EGFR protein levels by western blot. β-Actin was used as loading control. Data 
are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was 
used: * p<0.05, *** p<0.001 compared to WT at the same condition. 

 

 
 
Figure 7. Analysis of the expression of EGFR family members during DEN-induced 

hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis of the mouse EGFR family members in 
non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative 
expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA 
with Bonferroni post-hoc test was used: *** p<0.001 compared to WT at the same condition; ### p<0.001 
compared to non-tumoural at the same condition.  
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These results suggest that the attenuation of the catalytic activity of the EGFR, in the 

hepatocytes, results into an overall delay of the hepatocarcinogenic process.  

Using a proliferation marker (Ki67 staining), the presence of pre-neoplastic nodules was 

revealed in WT animals at 9 months after DEN-treatment, but barely found in ΔEGFR animals 

(Figure 8A). Analysis of cell proliferation rate by Ki67 immunohistochemistry in these zones 

revealed a lower proliferative rate in ΔEGFR tumours at 9 months as compared with WT tumours, 

but a similar proliferative rate at 12 months of age (Figure 8B). These results indicate that lack of 

EGFR catalytic activity in hepatocytes delays the appearance of tumours after DEN-treatment, but 

does not fully prevent hepatocarcinogenesis. 

 
Figure 8. ΔEGFR mice show lower pre-neoplastic nodules. (A) Appearance of microscopic pre-

neoplastic lesions at 9 months of age. (B) Representative haematoxylin and eosin (H&E) and 
immunohistochemical analyses of proliferation (Ki67 staining) in pre-neoplastic areas in livers from WT 
and ΔEGFR mice. Quantification of Ki67-positive cells (percentage) is in the bottom of each image. Data 
are mean ± S.E.M. of at least 3 animals per group. Student t test was used in A: * p<0.05. Two-Way 
ANOVA with Bonferroni post-hoc test was used in B: * p<0.05 compared to WT at the same condition; # 
p<0.05 compared to 9 months. Abbreviation: T: Tumoural lesion.  
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In the hepatocytes, the main proliferative and survival signalling pathways are both the 

EGFR and the HGF/c-Met pathways. Since HGF/c-Met is one of the key signalling pathways in 

physio-pathological processes in the liver, alternative or even redundant to the EGFR pathway, 

we next explored if it was altered in our mouse model. ΔEGFR animals showed higher levels of the 

HGF than WT animals in non-tumoural areas at 9 months of age (Figure 9). Other members of this 

signalling pathway are the plasminogen activators tPA and uPA (Tissue-type and Urokinase-type 

Plasminogen Activator; Tpa and Upa genes) (Mars et al., 1993), which are involved in the 

activation of precursor form of HGF. WT mice expressed higher levels of Tpa at 9 months of age 

and higher levels of Upa at 12 months of age in tumoural areas. These results suggest that the 

HGF/c-Met axis could act as a compensatory pathway involved in the tumour growth. 

 
 
Figure 9. Analysis of the expression of HGF/c-Met signalling pathway during DEN-induced 

hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis of the HGF/c-Met signalling pathway 
members in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. 
Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way 
ANOVA with Bonferroni post-hoc test was used: * p<0.05, *** p<0.001 compared to WT at the same 
condition.  
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In the last years, it has been emphasized the relevance of stem properties in cancer cell 

populations. The cancer stem cells (CSC) are involved in tumour initiation and progression. These 

cells are characterized by their ability of self-renewal, differentiation, chemo- and radio-resistance, 

and CSC are related with the heterogenicity origin of HCC (Sell and Leffert, 2008). Diverse 

markers have been proposed to identify liver CSCs: CD133, CD44 and the epithelial cell adhesion 

molecule (EpCAM), among others (Liu et al., 2011). Previous results of the group demonstrated 

that liver tumour cells that show high expression of CD44 were refractory to sorafenib-induced 

cell death in in vitro (Fernando et al., 2015). Moreover, in human HCC tumours, the expression of 

CD44 correlates with over-expression of EpCAM and CD133 (Malfettone et al., 2017).  Thus, we 

decided to analyse these markers in our animal model. At 9 months of age, WT animals express 

higher levels of Cd133 in tumoural areas in comparison with transgenic mice. At 12 moths, Cd133 

expression is quite similar in both animals. Moreover, in tumoural areas the expression of Cd44 

seems to be higher in WT animals at 9 and 12 months of age. However, it exists a great scattering 

in the expression levels between animals in the same group (Figure 10). No differences were found 

in Epcam expression. These results suggest the possible relevance of the EGFR, in the 

hepatocytes, in the regulation of stem cell properties during hepatocarcinogenesis process. 

 

 
  

Figure 10. Analysis of the expression of stem cell markers during DEN-induced hepatocarcinogenesis 
in WT and ΔEGFR mice. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 
months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 
animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 compared to WT at 
the same condition; # p<0.05, ### p<0.001 compared to non-tumoural at the same condition.  
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1.2.2. Analysis of the TGF-β pathway during DEN-induced hepatocarcinogenesis 

in ΔEGFR mice. 

Considering our previous results about the crosstalk between the TGF-β and the EGFR 

pathway, we next analysed the TGF-β pathway in WT and ΔEGFR mice after DEN treatment. We 

could not find significant differences in Tgfb1 mRNA levels (Figure 11A) neither in the 

immunohistochemical analysis of pSMAD2 (downstream TGF-β mediator) at 9 months (Figure 

11B).  

 
Figure 11. Analysis of TGF-β pathway during DEN-induced hepatocarcinogenesis in WT and 

ΔEGFR mice. (A) qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months 
(mo) after DEN-treatment. Relatives expression to mL32 gene. Data are mean ± S.E.M. of at least 3 
animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used. (B) Immunohistochemical 
analysis of phospho-SMAD2 in liver tissues from 9 months DEN-treated WT and ΔEGFR mice. 
Representative images are shown from least 3 animals per condition. 
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Of relevance, none of the apoptosis or cell cycle genes regulated by TGF-β showed 

differences in ΔEGFR livers (in either tumour or surrounding areas) that could correlate with their 

lower tumour progression (Figure 12).  

 
Figure 12. Analysis of the expression of apoptosis and cell cycle regulatory genes during DEN-

induced hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis in non-tumoural (NT) and 
tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. 
Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test 
was used: * p<0.05 compared to WT at the same condition; # p<0.05 compared to non-tumoural at the 
same condition.  
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Nonetheless, it was really interesting to find a significant difference in the levels of Nox4, 

the NADPH oxidase that mediates some of the suppressor actions of TGF-β. Our group 

described that in liver cells, NOX4 mediates TGF-β-induced mitochondrial-mediated apoptosis 

and suppresses liver tumour migration and invasion, acquiring a tumour suppressor role 

(Crosas-Molist et al., 2014, 2017). At 9 months, ΔEGFR mice showed higher levels of Nox4 in 

non-tumoural areas. However, the levels of Nox4 in tumoural areas is lower in both WT and 

ΔEGFR animals (Figure 13). The levels were kept lower even at 12 months in both tumoural and 

non-tumoural areas in both animals, suggesting that once tumour is formed, Nox4 levels 

diminishes and, in consequence, its suppressive role.  

 

 

 
 
 
Figure 13. ΔEGFR mice express higher levels of Nox4 during DEN-induced hepatocarcinogenesis. 

qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-
treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. 
Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 compared to WT; ## p<0.01 
compared to non-tumoural at the same time.  

 
 

Due to the relevance of this result, we decided to analyse Nox4 expression in hepatocytes 

isolated from both WT and ΔEGFR mice. Under basal conditions, ΔEGFR hepatocytes expressed 

higher levels of Nox4 than the WT hepatocytes (Figure 14A). After HB-EGF, WT hepatocytes 

showed a downregulation in the levels of Nox4, while ΔEGFR hepatocytes did not (Figure 14B), 

indicating the negative regulation of Nox4 by the EGFR pathway. 
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Figure 14. Analysis of the Nox4 expression in WT and ΔEGFR hepatocytes under basal conditions 
and after HB-EGF treatment (A) qRT-PCR analysis in WT and ΔEGFR hepatocytes under basal conditions 
(N=3). (B) After serum starvation (16h) cells were treated with HB-EGF (20 ng/mL) at indicated times 
(N=3). Nox4 expression was analysed by qRT-PCR. Relative expression to mL32 gene. Results in B 
expressed as fold induction versus each corresponding control (untreated cells). Data are mean ± S.E.M. 
Student t test was used in A: * p<0.05. Two-Way ANOVA with Bonferroni post-hoc test was used in B: * 
p<0.05 compared to WT at the same time; # p<0.05 compared to untreated cells. 

 

These results were very similar in the human liver cancer Hep3B cell line. In these cells, 

EGFR was knocked-down using short hairping RNA (shRNA) technology (Figure 15).  

 
Figure 15. EGFR was knocked-down in Hep3B cells by shRNA technology. (A) EGFR mRNA 

expression was measured by qRT-PCR in Hep3B shControl and shEGFR cells under basal conditions 
(N=3). Relative expression to hL32 gene. (B) EGFR protein levels analysed by western blot in Hep3B 
shControl and shEGFR cells under basal conditions (N=3). β-Actin was used as loading control; a 
representative western blot is shown. Densitometric analysis relative to β-actin is shown below. Data are 
mean ± S.E.M. Student t test was used: * p<0.05. 
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Hep3B shEGFR showed higher NOX4 mRNA levels under basal conditions (Figure 16A). 

However, we could not find significant changes in its regulation after HB-EGF treatment. (Figure 

16B). 

 

 

 
Figure 16. Analysis of the NOX4 expression in control and EGFR knock-down Hep3B cells. (A) 

NOX4 expression was analysed by qRT-PCR under basal conditions (N=3). (B) After serum starvation 
(16h) cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). Results in B expressed as fold 
induction versus each corresponding control (untreated cells). Relative expression to hL32 gene. Data 
are mean ± S.E.M. Student t test was used in A: ** p<0.01. Two-Way ANOVA with Bonferroni post-hoc 
test was used in B: # p<0.05 compared to untreated cells.  

 

 

These results suggest that NOX4 could play a suppressor role at the first stages of HCC, 

when its expression is higher. However, once tumour is formed, its levels diminishes and its 

expression could be downregulated by proliferative/survival signals such as HGF/c-Met, among 

others.  
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1.2.3. Analysis of the inflammatory process during DEN-induced 
hepatocarcinogenesis in ΔEGFR mice. 

Considering that HCC is a related-inflammatory disease, we decided to analyse 

inflammation along the tumour progression in WT and ΔEGFR mice. After acute treatment with 

DEN (48 hours), WT animals showed higher F4/80 (macrophage marker) staining in comparison 

with ΔEGFR mice (Figure 17). Similarly, at 9 months of age, WT animals showed higher 

inflammatory areas than ΔEGFR animals. However, at 12 months, inflammation was also evident 

in ΔEGFR animals, which even showed higher inflammation areas than WT animals of the same 

age (Figure 18).  

 
Figure 17. ΔEGFR mice show lower inflammatory areas after acute treatment with DEN. Upper: 

Representative haematoxylin and eosin (H&E) images. Lower: After acute DEN-treatment, inflammatory 
lesions analysed by F4/80 staining (macrophage marker). Representative images of at least 3 animals 
per condition are shown.  

 

 
Figure 18. ΔEGFR mice show a delay in the inflammatory process after DEN-treatment. Upper: 

Representative haematoxylin and eosin (H&E) images. Lower: Inflammatory lesions analysed by F4/80 
staining (macrophage marker). Representative images of at least 3 animals per condition are shown. 
Abbreviation: T: Tumoural lesion. 
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Based on the literature, we chose a cohort of several cytokines: TNFα, IL-6, IL-1β and IL-

12β. The most widely studied pro-inflammatory cytokines are TNFα and interleukin (IL)-6. Kuppfer 

cells are the main source of these cytokines that prime hepatocytes to enter into the cell cycle. 

They are proposed as good candidates to stimulate tumour growth and progression (Lin and Karin, 

2007; Berasain et al., 2009). Tumour-associated macrophages (TAM) produce cytokines such as 

TNFα or IL-1β, promoting invasiveness and inducing tumour-mediated suppression (Apte et al., 

2006). Naïve CD4+ T cells, in the presence of TGF-β, IL-6, and IL-1β, are activated to T helper 17 

cells (Th17), which are characterized by their capacity to secrete IL-1β, IL-6, TNFα, among other 

pro-inflammatory cytokines, favouring inflammatory environment. Their phenotype is maintaining 

in presence of IL-23, which is a proinflammatory heterodimeric cytokines composed by IL-12p40-

(IL-12β)/IL-23p19 subunits (Lin and Karin, 2007).  

At 9 months of age, no differences were found for Il1b expression. At the same time, WT 

animals expressed higher levels of Il6 and Tnfa in non-tumoural area and higher levels of Il12b in 

tumoural area. Interestingly, at 12 months of age, transgenic mice expressed higher levels of Il6 

in tumoural areas in comparison with non-tumoural areas (Figure 19). 

 

Figure 19. Analysis of the expression of pro-inflammatory cytokines during DEN-induced 
hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) 
areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are 
mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: 
*p<0.05 compared to WT at the same condition; ## p<0.01 compared to non-tumoural area at the same 
condition.  
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During tumorigenesis, chemokines are implicated in immune cell recruitment during 

inflammation and contribute to immune surveillance. In tissues from patients with HCC, different 

chemokines were found to be expressed (Marra and Tacke, 2014). Based on literature we chose: 

CCL2, CXCL1, CXCL12 and its receptors CXCR4/7. CCL2 could be produced by apoptotic 

hepatocytes, liver tumour cells and HSC attracting CCR2-monocytes (Dambach et al., 2002). 

CCL2 levels have been reported to be elevated in the liver after administration of hepatotoxic 

doses of CCl4, endotoxin, or alcohol to experimental animals as well as in chronic hepatitis in 

humans (Czaja et al., 1994). CXCL1 and its receptor, CXCR2, among their 

inflammatory/chemoattractant properties, are described to be pro-tumorigenic in some cancers. 

Some authors described that CXCL1, thought its receptor, is involved in the tumour proliferation 

and survival by means of the EGFR transactivation (Bolitho et al., 2010; Dong et al., 2013). CXCR4 

and its ligand, CXCL12, have been revealed as important molecules involved in the spreading and 

progression of a variety of tumours. CXCR4 is up-regulated in human HCC, correlating with 

progression of the disease. Its ligand CXCL12 stimulates human hepatoma cell growth, migration, 

and invasion (Schimanski et al., 2006; Jeng et al., 2017). Overactivation of the TGF-β pathway in 

HCC cells confers on them a mesenchymal-like phenotype and migratory properties through 

activation of the CXCR4/CXCL12 axis, a mechanism that would contribute to tumour progression 

in HCC patients (Bertran et al., 2013). CXCL12 has an alternative receptor called CXCR7, which 

is overexpressed in HCC, and tumour growth and angiogenesis in vivo are limited on CXCR7 

knock-down (Zheng et al., 2010).  

 

At 9 months of age, WT animals expressed higher levels of Cxcl1, Ccl2, Cxcl12 in tumoural 

area. At 12 months of age, WT animals expressed higher levels of Cxcl1 in non-tumoural areas, 

higher levels of Cxcr4 in tumoural areas, and higher levels of Cxcl12 in both tumoural and non-

tumoural areas. Moreover, at the same time, the expression of Cxcr7 in non-tumoural areas is 

higher in WT animals, but in tumoural areas its expression is higher in transgenic mice (Figure 20).  

 

These data suggest that the catalytic activity of the EGFR could be playing a key role as a 

liver inflammatory regulator after toxic insults. 
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Figure 20. Analysis of the expression of chemokines-related genes during DEN-induced 

hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) 
areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are 
mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: 
* p<0.05, ** p<0.01, *** p<0.001 compared to WT at the same condition; # p<0.05, ## p<0.01, ### 
p<0.001 compared to non-tumoural areas at the same condition.  
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1.3. Relevance in vivo of the EGFR kinase activity during liver fibrosis.  

 

1.3.1. Analysis of carbon tetrachloride (CCl4)-induced liver fibrosis in the ΔEGFR 

genetically modified animal model. 

  

Fibrosis process was induced in 8-weeks-old male mice by two CCl4-injections per week 

during 4 or 8 weeks (Material and Methods section 1.4.). Control mice were injected with Mineral 

Oil (MO). By Real-Time qPCR it was verified that ΔEGFR animals kept the expression of the 

truncated form of the human EGFR over time (Figure 21), and no changes were observed after 

CCl4 treatment. 

 

Figure 21. hEGFR transgene expression in WT and ΔEGFR mice treated during 4 and 8 weeks 
with CCl4. mRNA expression levels analysed by qRT-PCR. Relative expression to mL32 gene. Data are 
mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: 
** p<0.01, *** p<0.001 compared to WT.  

 

After 4 weeks of CCl4-treatment, WT animals developed a liver parenchyma disruption 

presenting disorganization and open areas (wounds), which was accentuated after 8 weeks of 

treatment (Figure 22). Transgenic mice, after 4 weeks of treatment, did not show significant 

changes in liver parenchyma architecture neither in the presence of wounds. Even after 8 weeks 

of CCl4-treatment, in transgenic mice, the disruption remains lower suggesting a delay or 

protection in the appearance of liver injury. 
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Figure 22. ΔEGFR mice show lower liver injury after CCl4-treatment. Representative haematoxylin 
and eosin (H&E) images in livers from WT and ΔEGFR mice treated with CCl4 or Mineral Oil (MO). Images 
are representative from at least 3 animals per group.  

 

To evaluate the development of liver fibrosis in these mice, we analysed the expression 

and presence of collagen fibres. Masson’s Trichrome staining, which stains in blue collagen fibres, 

revealed that WT animals showed large collagen deposits at 4 weeks after CCl4-treatment (Figure 

23A). This situation was accentuated at 8 weeks, where the fibres were bigger and started to form 

bridges between different portal areas, indicating a higher fibrosis stage (based on Ishak Stage 

classification). This result correlated with higher mRNA expression of collagen in WT animal in 

comparison with transgenic mice, measured as the expression of Col1a1 and Col1a2 genes 

(Figure 23B). ΔEGFR mice displayed a lower presence of collagen fibres and these fibres looked 

thinner than the WT ones. Even more, it seems that it exists a reversion (or lower appearance) of 

collagen fibres between 4 and 8 weeks after treatment. 

Considering that liver fibrosis is concomitant with the HSC activation to MFB, we analysed 

the α-Smooth Muscle Actin (αSMA) expression, a MFB marker. At 4 weeks after CCl4-treatment, 

WT animals showed αSMA-positive areas (Figure 24A) and these areas forming bridges between 

portal areas. Transgenic animals presented lower positive areas than WT ones with lower 

connections between portal areas. At 8 weeks after treatment, WT showed higher αSMA staining, 

while transgenic mice seemed to have a reversion of the appearance of αSMA-positive areas. 

Similarly, higher Acta2 (aSma gene) mRNA expression was found in WT animal in comparison 

with transgenic mice (Figure 24B). These results suggest that the catalytic activity of the EGFR -

in hepatocytes- seems to be important for the HSC activation and their collagen production, which 

is concomitant with fibrosis appearance. 
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Figure 23. ΔEGFR mice show lower expression of collagens after CCl4-treatment. (A) 
Representative Masson’s Trichromic staining. In blue is represented collagen fibres. A representative 
image from at least 3 animals per condition is shown. (B) Analysis collagen mRNA expression by qRT-
PCR in livers from 4 and 8 weeks after CCl4-treatment. Results expressed as fold induction versus each 
corresponding control (MO-treated animals). Relative expression to mL32 gene. Data are mean ± S.E.M. 
of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: # p<0.05, ### 
p<0.001 compared to untreated condition at the same time. Abbreviation: n.s.: no significative. 
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Figure 24. ΔEGFR mice show lower expression of α-Smooth Muscle Actin (αSMA), a Hepatic 
Stellate cell marker, after CCl4-treatment. (A) Inmunohistochemical analysis of αSMA expression in livers 
from WT and ΔEGFR treated with CCl4. A representative image from at least 3 animals per condition is 
shown. (B) Analysis Acta2 (αSma) mRNA expression levels by qRT-PCR in livers from 4 and 8 weeks 
after CCl4-treatment. Results expressed as fold induction versus each corresponding control (MO-treated 
animals). Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. 
Two-Way ANOVA with Bonferroni post-hoc test was used: # p<0.05 compared to untreated condition at 
the same time. Abbreviation: IHC: Immunohistochemistry  
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1.3.2. Analysis of the inflammatory process during CCl4-induced liver fibrosis in 

ΔEGFR mice. 

After liver injuries, inflammatory cells are recruited to produce factors that defend 

hepatocytes from these toxic insults, favouring liver regeneration. However, chronic liver damage 

contributes to hepatic non-resolvable chronic inflammation and induces progressive pathological 

changes, that include structural abnormality in hepatic lobules, fibrosis and cirrhosis, which may 

develop hepatocarcinogenesis. As it was done in DEN-model, we analysed inflammatory markers 

(F4/80) and the expression of inflammatory genes. After 4 weeks of CCl4-treatment, WT animals 

showed higher inflammatory areas, analysed by F4/80 staining (Figure 25), and expressed higher 

Il12b mRNA levels (Figure 26), while no significant changes were found in ΔEGFR mice. At that 

time, ΔEGFR mice presented lower inflammatory areas. Interestingly, at 8 weeks after treatment, 

WT animals still showed relevant inflammatory areas, while transgenic mice seemed to show even 

a reverse of them (Figure 25). Worth noting that, at that time, ΔEGFR animals expressed higher 

levels of Il6 and Cxcl1 (Figure 26). 

 

Figure 25. ΔEGFR mice show lower inflammatory areas after CCl4-treatment. 
Inmunohistochemical analysis of F4/80 (a macrophage marker) expression in livers from WT and ΔEGFR 
treated with CCl4. A representative image from at least 3 animals per condition is shown. Abbreviation: 
IHC: Immunohistochemistry. 
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Figure 26. Analysis of the expression of inflammatory-related genes in WT and ΔEGFR mice after 

CCl4-treatment. Cytokines (A) and chemokines (B) mRNA expression was measured by qRT-PCR in 
livers from 4 and 8 weeks after CCl4-treatment. Results expressed as fold induction versus each 
corresponding control (MO-treated animals). Relative expression to mL32 gene. Data are mean ± S.E.M. 
of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: # p<0.05, ### 
p<0.001 compared to untreated condition at the same time.   

 

These results suggest that the catalytic activity of the EGFR is involved in the regulation of 

the inflammatory environment in this liver fibrosis experimental model. 
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1.4. Relevance of the EGFR pathway in the regulation of inflammation-related gene 

expression in liver cells.  

 
Our study pointed out that in ΔEGFR mice the delay in the appearance of tumoural lesions 

and collagen deposits -and fibrosis- could be associated to an attenuation of the inflammatory 

process. The previous results suggested that the lack of the catalytic activity of EGFR -in 

hepatocytes- may affect the production of inflammatory cytokines and chemokines by themselves 

or other surrounding cells, which would provoke the delay in the DEN- and CCl4-induced 

inflammatory process in the liver. Thus, next we studied the potential role of EGFR modulating the 

expression of pro-inflammatory cytokines and chemokines in in vitro models: non-transformed 

hepatocytes (isolated from WT and ΔEGFR mice) and the human liver tumour Hep3B cell line. We 

focused on the expression of cytokines and chemokines that were significantly different between 

WT and ΔEGFR animals: IL-1β, IL-6, IL-12β, TNFα, CXCL1, CCL2 and the CXCR4/7/CXCL12 

axis.  

After HB-EGF treatment, WT hepatocytes up-regulated the expression levels of Il12b 

(Figure 27), Cxcl1 and Ccl2 (Figure 28) while ΔEGFR hepatocytes did not. The expression of 

Cxcr4, Cxcr7 and Cxcl12 were not detected in these cells (data not shown). 

 

Figure 27. Cytokines expression in WT and ΔEGFR hepatocytes after HB-EGF treatment. After 
serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). mRNA 
expression was measured by qRT-PCR. Relative expression to mL32 gene. Data are mean ± S.E.M. Two-
Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 compared to WT at the same time; # 
p<0.05 compared to untreated cells. 
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Figure 28. Chemokines expression in WT and ΔEGFR hepatocytes after HB-EGF treatment. After 

serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). mRNA 
expression was measured by qRT-PCR. Relative expression to mL32 gene. Data are mean ± S.E.M. Two-
Way ANOVA with Bonferroni post-hoc test was used: *p<0.05, **p<0.01, ***p<0.001 compared to WT at 
the same time; # p<0.05, ## p<0.01, ### p<0.001 compared to untreated cells. 

 
 
Next, we analysed their expression in Hep3B cells. After HB-EGF treatment, Hep3B 

shControl cells up-regulated the expression of the cytokine IL12B (Figure 29). 

 

 

 

 
Figure 29. Cytokines expression in control and EGFR knock-down Hep3B cells after HB-EGF 

treatment. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times 
(N=3). mRNA expression was measured by qRT-PCR. Relative expression to hL32 gene. Data are mean 
± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: *p<0.05, **p<0.01 compared to WT 
at the same time; # p<0.05, ## p<0.01 compared to untreated cells. 
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Hep3B shControl cells also showed elevated expression of the chemokines CXCL1 and 

CXCL8 (Figure 30), and the chemokine receptor CXCR4 (Figure 31). We incorporated CXCL8 

(a human homolog of Cxcl1 which is not expressed in mice) in the analysis due to it is described 

as a potent pro-inflammatory chemokine that appears elevated in serum from HCC patients, 

and represents a risk factor for survival (Ren et al., 2003; Liang et al., 2015). 

 

 

 

 
 
Figure 30. Chemokines expression in control and EGFR knock-down Hep3B cells after HB-EGF 

treatment. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times 
(N=3). mRNA expression was measured by qRT-PCR. Relative expression to hL32 gene. Data are mean 
± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: **p<0.01 compared to WT at the 
same time; # p<0.05, ### p<0.001 compared to untreated cells. 
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Figure 31. CXCL12 and its receptors CXCR4/7 expression in control and EGFR knock-down 
Hep3B cells after HB-EGF treatment. After serum starvation (16h), cells were treated with HB-EGF (20 
ng/mL) at indicated times (N=3). mRNA expression was measured by qRT-PCR. Relative expression to 
hL32 gene. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 
compared to WT at the same time; # p<0.05, ## p<0.01, ### p<0.001 compared to untreated cells. 

 

To confirm the results at protein levels, we performed an ELISA analysis of CXCL8. We 

decided to explore deeper this chemokine due to its relevance -and its mouse homologue Cxcl1- 

in our results, in tumour cells biology and in HCC patients (Ren et al., 2003; Liang et al., 2015). 

Hep3B shControl cells up-regulated the levels of CXCL8 after HB-EGF treatment compared to 

shEGFR cells (Figure 32). 

 

Figure 32. Analysis of the secretion of CXCL8 in control and EGFR knock-down Hep3B cells. After 
serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at 24 hours and the medium was 
recollected. The levels of CXCL8 were quantified by Enzyme-Linked ImmunoSorbent Assay (ELISA) 
(N=3). Results expressed as fold induction versus each corresponding control (untreated cells). Data are 
mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: *** p<0.001 compared to 
shControl at the same time; ## p<0.01 compared to untreated cells. 
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These in vitro results support the data obtained in vivo and highlights the relevance of 

EGFR pathway as a key liver inflammatory regulator. Indeed, they are showing up that hepatocytes 

and liver tumour cells may contribute through the expression of cytokines and chemokines, which 

would control their surrounding environment and their survival capacities. 

 

 

 

Our studies suggest that the catalytic activity of the EGFR -in hepatocytes- could 

be criticical during both fibrosis and hepatocarcinogenesis processes, where inflammation 

may play a critical role. Overall, results provide a mechanistic insight into how this kinase 

acts to regulate liver pathophysiology.  
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Objective 2. Analysis of the intracellular trafficking of the EGF and TGF-β receptors 

in the crosstalk between their signalling pathways. Role of the Clathrin Heavy-Chain in 

liver cells.  

 

Recent results have emphasized the essential role of the receptor trafficking in the control 

of the activity and down-regulation of signalling events. TGF-β receptors can internalize via at least 

two distinct routes that predetermine either a signalling response or receptor degradation. TGF-β 

receptors enter into the cells via cholesterol-rich membrane microdomain lipid rafts/caveolae, but 

are also found in clathrin-coated vesicles (Roy and Wrana, 2005). Clathrin-mediated endocytosis 

does not play a significant role in the early signals induced by TGF-β (Meyer et al., 2011). Lipid 

rafts/caveolae are indicated to facilitate the degradation of TGF-β receptors and therefore turnoff 

signalling. Caveolin-1 (CAV1) expression is increased in cirrhosis and HCC and plays a role in cell 

motility and invasiveness (Cokakli et al., 2009; Zhang et al., 2009). In the case of hepatocytes, 

results are contradictory and nothing is known about whether alterations of these endocytic 

pathways occur in liver tumorigenesis (Mayoral et al., 2010; Meyer et al., 2011) . In our laboratory, 

we were very interested in the study of the role of CAV1 in these processes. We found that CAV1 

favours TGF-β-induced anti-apoptotic response in liver cells playing a role in the EGFR 

transactivation. The mechanism of activation includes the establishment of a signalling platform 

that permits the activation of the metalloprotease TACE/ADAM17 (Moreno-Càceres et al., 2014). 

HCC cells express high CAV1 levels that may trigger a switch in TGF-β role: from anti- to pro-

tumorigenic role and could be via EGFR transactivation (Moreno-Càceres, Caballero-Díaz et al., 

2017). However, nothing is known about the role of clathrin in these processes in the liver. In this 

work, new experimental approaches were used to expand our knowledge about the role of the 

clathrin-dependent intracellular signalling on the response to TGF-β in liver cells, as well as their 

crosstalk with the EGFR pathway. 

 

2.1. Analysis of clathrin expression in tumoural and non-tumoural tissues from 

HCC patients.  

 

First, we wanted to examine wheter clathrin expression is altered in HCC patients. We 

analysed clathrin heavy-chain (CLTC gene; CHC17 isoform) expression in tumoural and non-

tumoural tissues from a cohort of 60 patients. Tumoural tissue showed higher mRNA expression 

levels of CLTC compared to surrounding non-tumoural tissue (Figure 33A-B). Moreover, 

inmmunohistochemical analyses revealed that HCC tissues presented more positive areas for 
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CLTC staining in comparison with healthy tissue samples (Figure 33C). Clathrin seemed to be 

localized in tumoural areas, with more powerful staining in tumoural borders.  

 

 

Figure 33. HCC patients show higher clathrin (CLTC) expression levels in tumoural areas. (A) 
qRT-PCR analysis of mRNA levels of CLTC in non-tumoural and tumoural tissue. Each dot represents 
relative expression of each HCC tumour tissue and its respective surrounding tissue. Statistical 
comparison was done using Wilcoxon matched-pairs signed rank test: *** p<0.001. (B) Detail of the 
relative expression of each one of the HCC tumour tissues analysed versus its respective surrounding 
tissue (N=60). Black line represents cut-off (relative expression ratio = 1). Relative expression to SRF4 
gene (C) Immunohistochemical analysis of CLTC of serial sections in three HCC patients (2, 5 and 9), 
compared with healthy patients (1 and 3). Representative images are shown.  

 

To extent the analysis to a higher number of patients, we used the Chen Liver database 

(N=196) from Oncomine (https://www.oncomine.org/). HCC tissue showed higher levels of CLTC 

mRNA compared with normal tissue (Figure 34A), in accordance with our data. Also, we used 
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TCGA database (N=212), from Oncomine. As occur with expression levels, HCC tissue showed 

higher number of CLTC DNA copy number (Figure 34B).  

 

Figure 34. Clathrin expression (CLTC) in Chen Liver and TCGA Liver databases. (A) CLTC mRNA 
expression in the Chen Liver database from Oncomine (N=196). No value (N=10); Normal Liver (N=75); 
Focal Nodular Hyperplasia of the Liver (N=4); Hepatocellular Adenoma (N=3); Hepatocellular Carcinoma 
(N=104). (B) CLTC copy number in the TCGA database from Oncomine (N=212). Blood (N=56); Normal 
Liver (N=59); Hepatocellular Carcinoma (N=97).  

 

Furthermore, we analysed clathrin expression in the DEN-induced hepatocarcinogenesis 

model in mice. At 9 months after treatment, clathrin (Cltc) mRNA levels were higher in tumoral 

areal in comparison to non-tumoral areas (Figure 35). 

 

 

Figure 35. Clathrin expression in DEN-induced hepatocarcinogenesis in WT mice. qRT-PCR 
analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment in 
C57BL/6 mice. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per 
group. Two-Way ANOVA with Bonferroni post-hoc test was used: # p<0.05 compared to non-tumoural 
area at the same time. 
 

These data suggest that clathrin-heavy chain could be playing a role during the 

hepatocarcinogenesis process. 
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2.2. Role of clathrin in EGFR and TGF-β signalling pathways in non-transformed 

hepatocytes and in liver tumour cells.  

 

To analyse the specific relevance of clathrin in response to EGFR ligands and TGF-β, we 

have induced the knock-down of clathrin heavy-chain through small interfering RNA (siRNA) 

technology in mouse hepatocytes (Figure 36A) and in the liver cancer PLC/PRF/5 cell line (Figure 

36B). 

 

 
Figure 36. Targeting knock-down of clathrin heavy-chain in liver cells. Mouse hepatocytes (Hep) 

(A) and HCC (PLC/PRF/5) cells (B) were transfected with a siRNA control, C, and two different sequences 
of siRNA against clathrin heavy-chain (Cltc/CLTC-KD #1 and #2). Upper: Western blot of protein extracts 
and densitometric analysis; β-actin as loading control. A representative experiment of 2 is shown. Bottom: 
Analysis of clathrin heavy-chain (Cltc and CLTC, respectively) mRNA levels by qRT-PCR. Expression 
relatives to mL32 (mouse) or hL32 (human) genes. Data are mean ± S.E.M. of 3 experiments. One-Way 
ANOVA with Bonferroni post-hoc test for western blot: *p<0.05 compared to siControl cells. Student t 
test was used for qRT-PCR analysis: *p<0.05, **p<0.01 compared to siControl cells.  
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2.2.1. Response to EGFR ligands in clathrin knock-down cells. 

 

 Next, we analysed whether clathrin may be required for cell responses to extracellular 

EGFR ligands. In response to HB-EGF, clathrin down-regulation attenuated EGFR, Akt and ERKs 

activation in terms of phosphorylation in both mouse hepatocytes and PLC/PRF/5 cells (Figure 

37). 

 

Figure 37. Activation of the EGFR signalling pathway by HB-EGF is attenuated in clathrin knock-
down liver cells. After serum starvation (16h) siControl cells (Ctrl) and clathrin heavy-chain knock-down 
cells (Cltc-KD or CLTC-KD) were treated with HB-EGF (20 ng/mL) at different times (N=3). (A, C) 
Response to HB-EGF in mouse hepatocytes (Hep) and (B, D) in PLC/PRF/5 cells. Western blot of protein 
extracts (A, B) and densitometric analysis (C, D); β-actin as loading control. A representative experiment 
is shown. Results expressed as fold induction versus each corresponding control (untreated cells). Data 
are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. * p<0.05, ** p<0.01, *** p<0.001 
compared to siControl cells.   
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Furthermore, in a proliferation functional assay, clathrin knock-down mouse hepatocytes 

showed a lower proliferation rate in response to HB-EGF or FBS (Figure 38). These results suggest 

that clathrin could be important in the proliferative and survival signals induced by EGFR. 

 

 

 

 
 
Figure 38. HB-EGF- and FBS-induced proliferation are attenuated in clathrin knock-down 

hepatocytes. After serum starvation (16h) siControl (Ctrl) and clathrin heavy-chain knock-down (Cltc-
KD) mouse hepatocytes (Hep) were treated with HB-EGF (20 ng/mL) or FBS (10%) at 24h (N=2). Left: 
proliferation expressed as percentage of Ki67-positive nuclei in at least 10 different fields for experiment. 
Right: representative images of Ki67 immunocytochemistry. Data are mean ± S.E.M. Two-Way ANOVA 
with Bonferroni post-hoc test. * p<0.05 compared to siControl cells.  
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2.2.2. Response to TGF-β in clathrin knock-down cells. 

 

In foetal hepatocytes and liver cancer cells, TGF-β simultaneously induces both pro- and 

anti-apoptotic signals whose final balance determinates cell fate (Valdés et al., 2004; Padua and 

Massagué, 2009). TGF-β, binding to specific TGF-β receptors, induces phosphorylation of 

SMAD2/3. Indeed, at short time (30 minutes) after TGF-β treatment, phosphorylation of SMAD2 

appeared to be slightly increased in clathrin knock-down mouse hepatocytes as compared to 

siControl cells (Figure 39). However, no differences were found in PLC/PRF/5 cells (Figure 40). 

TGF-β induces anti-apoptotic signals including the PI3K/Akt and MAPK/ERKs pathways, which 

require EGFR transactivation (Valdés et al., 2004). Thus, we wondered if in clathrin knock-down 

cells, survival signals triggered by TGF-β would be impaired. Western blot analysis showed a 

decrease in EGFR and Akt phosphorylation, but not in ERKs, in both TGF-β-treated mouse 

hepatocytes (Figure 39) and PLC/PRF/5 cells (Figure 40). 

 

 

 
Figure 39. Clathrin knock-down attenuates TGF-β-mediated anti-apoptotic signals in mouse 

hepatocytes. After serum starvation (16h) siControl cells (Ctrl) and clathrin knock-down cells (Cltc-KD) 
were treated with TGF-β (2 ng/mL) at different times (N=3). Response to TGF-β in mouse hepatocytes 
(Hep). Western blot of protein extracts and densitometric analysis; β-actin as loading control. A 
representative experiment is shown. Results expressed as fold induction versus each corresponding 
control (untreated cells). Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. * 
p<0.05, ** p<0.01 compared to siControl cells.  
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Figure 40. Clathrin knock-down attenuates TGF-β-mediated anti-apoptotic signals in PLC/PRF/5 
cells. After serum starvation (16h) siControl cells (Ctrl) and clathrin knock-down cells (CLTC-KD) were 
treated with TGF-β (2 ng/mL) at different times (N=3). Response to TGF-β in PLC/PRF/5 cells. Western 
blot of protein extracts and densitometric analysis; β-actin as loading control. A representative 
experiment is shown. Results expressed as fold induction versus each corresponding control (untreated 
cells). Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. * p<0.05 compared to 
siControl cells. 

 

 

Since anti-apoptotic TGF-β signals were diminished in clathrin knock-down cells, next we 

wanted to know if these cells were more sensitive to the pro-apoptotic TGF-β effects.  Clathrin 

knock-down liver cells showed an increased sensitivity to TGF-β in terms of cell death. Under 

microscope, the differences were significant visible (Figure 41). Clathrin knock-down cells, after 

TGF-β treatment, showed increased cell death and exhibited a higher percentage of non-viable 

cells compared to control cells after 72 hours of treatment, measured by flow cytometric analysis 

of propidium iodide incorporation (Figure 42). These results suggest that clathrin levels, through 

favouring the response to EGFR ligands, determine the balance between pro- and anti-apoptotic 

signals induced by TGF-β. 
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Figure 41. Clathrin knock-down in liver cells induces higher cell death after TGF-β treatment. 
Representative images of control and clathrin knock-down mouse hepatocytes (Hep Cltc-KD) and 
PLC/PRF/5 (PLC/PRF/5 CLTC-KD) at 72 hours after TGF-β treatment (N=3).  

 

 

Figure 42. Clathrin knock-down liver cells are more sensitive to TGF-β in terms of apoptosis. After 
serum starvation (16h) siControl cells (Ctrl) and clathrin knock-down cells (Cltc/CLTC-KD) were treated 
with TGF-β (2 ng/mL) for 72 hours (N=3). Cell viability in mouse hepatocytes (A) and PLC/PRF/5 cells (B) 
was measured by flow cytometric analysis of propidium iodide (PI) incorporation and expressed as 
percentage of PI-positive cells. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. 
* p<0.05 compared to siControl cells. # p<0.05, ## p<0.01 compared to untreated condition.  
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Previous experiments and western blots caught our attention, in the sense that they arose 

a possible correlation between clathrin levels and TGF-β treatment. By western blot, both mouse 

hepatocytes and PLC/PRF/5 cells showed higher levels of clathrin after TGF-β treatment (Figure 

43). We could not find transcriptional regulation at those times in mouse hepatocytes, while 

PLC/PRF/5 expressed higher mRNA levels of CLTC at 72 hours after TGF-β treatment.  

 

 

Figure 43. Clathrin levels are up-regulated after TGF-β treatment in liver cells. After serum 
starvation (16h) siControl cells (Ctrl) and clathrin knock-down cells (Cltc-KD or CLTC-KD) were treated 
with TGF-β (2 ng/mL) at different times (N=3). Western blot of protein extracts of mouse hepatocytes 
(Hep) (A) and PLC/PRF/5 cells (B) with the corresponding densitometric analysis (bottom); β-actin as 
loading control. A representative experiment is shown. Results expressed as fold induction versus each 
corresponding control (untreated cells). (C, D) qRT-PCR analysis of clathrin mRNA levels. Relative 
expression to mL32 (mouse) or hL32 (human) genes. Data are mean ± S.E.M. Two-Way ANOVA with 
Bonferroni post-hoc test. # p<0.05, ## p<0.01 and ### p<0.001 compared to untreated cells. 
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To analyse the translational relevance of these results, we checked CLTC, TGFB1 and 

EGFR genes in HCC patient samples. Worthy to note that in patients there is a positive 

correlation between TGFB1 and CLTC expression and EGFR and CLTC expression (Figure 44).  

 

 
Figure 44. CLTC, TGFB1 and EGFR expression in HCC patients. Pearson correlation analysis 

among TGB1 vs CLTC, and EGFR vs CLTC expression analysed by qRT-PCR in the cohort of 60 samples 
from HCC patients. Each dot represents relative expression of each HCC tumour tissue versus its 
respective surrounding tissue. Relative expression to SRF4 gene. 

 
Previously it was described that TGF-β requires ROS production mediated by the 

expression of the NADPH oxidase NOX4 for its pro-apoptotic effects in liver cells (Sánchez et al., 

1999; Carmona-Cuenca et al., 2008) and this effect is counteracted by the EGFR pathway 

(Carmona-Cuenca et al., 2006). Thus, we analysed ROS production and NOX4 expression levels 

in tumoural PLC/PRF/5 cells. Under these conditions, TGF-β-treated CLTC-KD cells showed 

higher ROS production that is correlated with up-regulation of NOX4 mRNA levels (Figure 45). 

 

 
Figure 45. Clathrin knock-down in PLC/PRF/5 cells produces an increased response to TGF-β in 

terms of ROS production and up-regulate NOX4 mRNA levels. After serum starvation (16h) control cells 
(Ctrl) and clathrin knock-down HCC cells (CLTC-KD) were treated with TGF-β (2 ng/mL) during 72h. (A) 
Extracellular ROS production expressed as relative percentage versus untreated siControl cells (N=3). 
(B) mRNA levels analysed by qRT-PCR (N=3). Relative expression to hL32 gene. Data are mean ± S.E.M. 
Two-Way ANOVA with Bonferroni post-hoc test. *p<0.05 compared to siControl cells. # p<0.05 
compared to untreated cells. 
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2.3. Clathrin knock-down sensitizes liver tumour mesenchymal cells to the pro-

apoptotic effects of TGF-β. 

 

Considering the relevance of the TGF-β pathway in cancer and the possible correlation 

between clathrin and TGF-β, we analysed their expression in different liver cancer cell lines. We 

found a positive correlation between CLTC and TGFB1 mRNA levels in the analysed liver cell lines 

(Figure 46A). Even more, this correlation seemed to be related with the cell phenotype. Indeed, 

epithelial cells showed lower expression of both genes, while mesenchymal cells expressed higher 

levels. Likewise, the same result was observed for clathrin by western blot (Figure 46B).  

 

 

Figure 46. Clathrin and TGFB1 expression in HCC cell lines. (A) qRT-PCR analysis of mRNA levels 
of clathrin heavy-chain (CLTC) and TGF-β (TGFB1) in different HCC cell lines (N=3). Relative expression 
to hL32 gene. (B) Western blot of clathrin heavy-chain in HCC cell lines (N=2); β-actin as loading control. 
Densitometric analysis is shown. Data are mean ± S.E.M. One-Way ANOVA with Bonferroni post-hoc 
test: * p<0.05 for TGFB1 expression and # p<0.05 for CLCT expression compared to in SNU449 cells.  

 

HCC cell lines used in this work (Material and Methods section 2.2.) were described to 

respond with different gene expression profiles to TGF-β treatment: early and late TGF-β signature 

(Coulouarn et al., 2008). Interestingly, the three epithelial PLC/PRF/5, Huh7 and Hep3B cell lines 

belong to a group called “early”, suppressive responders to TGF-β, while mesenchymal HLF and 

SNU449 cell lines belong to a group where this cytokine provoke a “late”, pro-tumorigenic 

response, inducing a more migratory and invasive phenotype. Upon TGF-β treatment, cells 

showing epithelial characteristics responded to the cytokine as a cytostatic factor, whereas cells 

with a mesenchymal-like phenotype did not arrest proliferation in the presence of TGF-β (Bertran 

et al., 2013) 
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Thus, we wondered whether the high expression of CLTC could be responsible for the 

lack of pro-apoptotic response to TGF-β in the mesenchymal cell lines. We chose SNU449 cell 

line due to its mesenchymal phenotype and its higher expression levels of both clathrin and TGF-

β, in comparison with PLC/PRF/5 which expressed lower levels of both proteins and had an 

epithelial phenotype. Clathrin knock-down in SNU449 cells sensitizes them to the pro-apoptotic 

effects of TGF-β, analysed by propidium iodide incorporation (Figure 47), and is concomitant with 

higher ROS production and the up-regulation of NOX4 mRNA levels (Figure 48). These results 

strengthen the idea of the key role of clathrin in the anti-apoptotic effects of TGF-β. 

 

 

 
Figure 47. Clathrin knock-down sensitizes SNU499 HCC cells to TGF-β in terms of apoptosis. 

SNU449 cells were transfected with a siRNA control, C, and two different sequences of siRNA against 
clathrin heavy-chain (CLTC-KD #1 and #2). (A) Left: Western blot of protein extracts and densitometric 
analysis; β-actin as loading control. A representative experiment of 2 is shown. Right: Analysis of clathrin 
heavy-chain mRNA levels by qRT-PCR (N=3). Relative expression to hL32 gene. (B) Representative 
images after TGF-β treatment (72h) (N=3) (C) After serum starvation (2% FBS) (16h) cells were treated 
TGF-β (2 ng/mL) for 72 hours. Cell viability was measured by flow cytometric analysis of propidium iodide 
(PI) incorporation, expressed as percentage of PI-positive cells. Data are mean ± S.E.M. Student t test 
was used in A: * p<0.05. Two-Way ANOVA with Bonferroni post-hoc test in C. * p<0.05 and ** p<0.01 
compared to siControl cells. ## p<0.01 compared to untreated cells  
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Figure 48. Clathrin knock-down in SNU449 cells produces an increased response to TGF-β in 

terms of ROS production and up-regulate  nNOX4 mRNA levels. After serum starvation (2% FBS) (16h) 
control cells (Ctrl) and clathrin knock-down cells (CLTC-KD) were treated with TGF-β (2 ng/mL) during 
72h. (A) Extracellular ROS production expressed as relative percentage versus untreated siControl cells 
(N=3). (B) mRNA levels analysed by qRT-PCR (N=3). Relative expression to hL32 gene. Data are mean 
± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. *p<0.05 and **p<0.01 compared to siControl 
cells. #p<0.05 compared to untreated cells. 

 

 

Overall, these results suggest that clathrin would be essential for the anti-apoptotic role of 

TGF-β, through the EGFR transactivation, giving advantages to the tumour cells and, 

consequently, would favour tumour progression. Without clathrin, the EGFR signalling pathway 

would be impaired, and TGF-β signal would switch from its anti-apoptotic to its pro-apoptotic role. 

In this pro-apoptotic role, ROS production and NOX4 could be playing a relevant role.  
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1. Analysis of the relevance of the EGFR pathway during hepatocarcinogenesis and liver 

fibrosis. Crosstalk with the TGF-β pathway. 

The purpose of this study was to elucidate the specific role of the EGFR catalytic activity 

under experimental conditions that reproduce liver chronic pathologies, such as fibrosis and 

hepatocarcinogenesis. Our results demonstrate that EGFR signalling in hepatocytes plays crucial 

roles in the progression of these chronic liver diseases. Its absence results in a protection of 

fibrosis process and a delay of the carcinogenesis one, mediated by the strong regulation of the 

EGFR pathway on the liver inflammatory environment. 

1.1. Relevance in vivo of the EGFR kinase activity during DEN-induced 

hepatocarcinogenesis. 

We show here that attenuation of EGFR catalytic activity induces a significant delay in the 

appearance of tumorigenic lesions in DEN-treated animals. However, once tumours appear, the 

proliferative rate is similar in ΔEGFR and WT animals. Surprisingly, our data reveal no significant 

differences in the TGF-β pathway nor in the expression of apoptosis or cell cycle regulatory genes, 

which could justify the delay in tumorigenesis. The only significant change was the mRNA levels 

of Nox4, a member of the NADPH oxidase family that is downregulated in HCC patients and 

negatively modulates hepatocyte proliferation (Crosas-Molist et al., 2014) Interestingly, EGF 

inhibits Nox4 expression acting on Nox4 promoter (Carmona-Cuenca et al., 2006). This may 

explain why ΔEGFR hepatocytes and shEGFR Hep3B HCC cells show higher levels of Nox4 under 

basal conditions, and its downregulation in WT hepatocytes after HB-EGF-treatment. Indeed, the 

more significant difference lies in the appearance of preneoplastic lesions. In agreement with this 

result, a previous study using gefitinib (an EGFR inhibitor) in DEN-induced hepatocarcinogenesis 

in mice revealed that, the gefitinib-treated animals showed significantly lower numbers of HCC 

nodules, but the mean tumour size was not different between untreated and gefitinib-treated mice 

(Schiffer et al., 2005). Moreover, hepatocytes are exposed to the “tonic” effects of both mitogenic 

HGF and EGF and it is demonstrated the complementary of these two pathways, at least, during 

liver regeneration (Paranjpe et al., 2016). Similarly to was found during liver regeneration (López-

Luque, Caballero-Diaz et al., 2016), levels of HGF were much higher in ΔEGFR animals, which 

suggests that this cytokine might replace the mitogenic function of the EGFR ligands. 

EGFR signalling is involved in cancer initiation and progression, including cell proliferation, 

drug resistance, tumorigenicity, invasion, and metastasis. A subpopulation of self-renewing 

cancer cells, cancer stem cells, have been described with the same properties (Reya et al., 2001) 
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and HCC patients with stem-like phenotype exhibit poor prognoses (Lee et al., 2006; Coulouarn 

et al., 2012). Here, WT DEN-treated animals expressed higher levels of Cd133 and Cd44 in 

comparison with transgenic mice. Similarly that occurs in head and neck squamous cell 

carcinoma, EGFR plays critical roles in the survival, maintenance, and function of cancer stem 

cells (Abhold et al., 2012), suggesting the EGFR relevance in the regulation of stem markers. 

These cancer stem cell markers are related with apoptosis resistance to antineoplastic drugs such 

as sorafenib in HCC cells (Fernando et al., 2015). A combinatory therapy with drugs against EGFR 

might be an effective treatment to inhibit the adaptive resistance of tumours cells and delay 

tumoral progression. 

Our study indicates that the delay in the appearance of tumoral lesions might be associated 

with attenuation of the inflammatory process. EGFR signalling has been proposed as a critical 

junction between inflammation-related signals and potent cell regulating machineries (Berasain et 

al., 2009) Recent evidence illustrates that the EGFR pathway regulates the expression of 

inflammatory factors and chemokine ligands produced by liver cells (Huang et al., 2014) Our 

results indicate differences in the expression of Il6 and TNFa in the tumour surrounding tissue, 

which suggests that the transgene expression in hepatocytes affects the production of 

inflammatory cytokines by themselves or other surrounding cells. Interestingly, the EGFR pathway 

plays an essential role in liver macrophages to mediate the inflammatory process in DEN-induced 

HCC (Lanaya et al., 2014). Furthermore, it is worth pointing out that CCL2, a chemokine 

considered to be a central coordinator of hepatocyte-mediated inflammation (Ziraldo et al., 2013), 

shows decreased expression in ΔEGFR tumours. CXCL1, a critical player in both inflammation 

and tumour growth in HCC (Han et al., 2015), presents significantly decreased mRNA levels in 

ΔEGFR tumoral and nontumoral areas. After tumoral transformation, liver cancer cells could 

express CXCL12 and its receptors CXCR4/CXCR7, involved in tumorigenesis and could be 

regulated by EGFR signalling pathway. We previously described that TGF-β up-regulates CXCR4 

in rat hepatoma cells (Valdés et al., 2004) and sensitizes them to respond to CXCL12, which 

mediates cell scattering and survival. Here, our results indicate that the higher levels of Cxcr4 in 

tumoral tissues could be regulated by EGFR. Interestingly, Cxcr4 and Cxcr7, among they have 

different functions, they can compensate the lack of each other (Gladson and Welch, 2008). This 

may explain the elevated levels of Cxcr7 in transgenic mice to compensate the lower expression 

of Cxcr4. Moreover, these animals overexpressed the ligand Cxcl12, possibly as a compensatory 

signal. These results evidence the potential relevance of hepatocytes in the regulation of the 

inflammatory environment after chronic injury through the expression of cytokines and 

chemokines. Indeed, this regulation in hepatocytes could be mediated by the EGFR pathway, 
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since the lack of its catalytic activity impairs the expression of some pro-inflammatory molecules. 

Hepatocytes are described as active players in the liver during patho-physiological conditions (Tu 

et al., 2015) and they can contribute to the inflammatory process. It will be more discuss later. 

1.2. Relevance in vivo of the EGFR kinase activity during CCl4-induced fibrosis. 

Experiments of CCl4 treatment in mice showed that EGFR signalling in hepatocytes plays a 

significant role during liver fibrosis and in the liver inflammatory environment. Progressive liver 

injury is characterized by liver damage and a significant upregulation in expression and deposition 

of collagens (Schuppan, 2015). Hepatocytes have been shown to produce a number of key 

mediators, which are involved in the fibrogenic response to various forms of injury and can actively 

alter surrounding cell populations (Tu et al., 2015). Indeed, damaged hepatocytes undergo cell 

death and release DAMPs provoking HSC activation and further fibrogenesis, and also, regulate 

immune system by the expression of different factors. ΔEGFR mice show lower liver damage after 

CCl4-treatment in comparison with WT animals, suggesting that EGFR attenuation might have a 

role in protecting hepatocytes. Even more, ΔEGFR mice have lower presence of α-SMA-positive 

MFB concomitant with lower collagen deposition.  A recent study demonstrated that EGFR 

inhibition by erlonitib (an EGFR inhibitor) regresses liver fibrosis (Fuchs et al., 2014) and the 

authors suggested that EGFR inhibition confers a protective role in the liver during fibrosis. 

Nevertheless, it is difficult to discern if this inhibitory effect was due to EGFR inhibition in 

hepatocytes, non-parenchymal cells, or even to an indirect global effect. After liver injury, 

hepatocytes increased the production of EGF-like ligands, such as amphiregulin, as a protective 

factor (Berasain et al., 2005). However, the constitutive EGFR activation would progress to 

malignant transformation. Moreover, similar to our model, reduction in EGFR-ERBB3 (double 

knock-out) heterodimer formation in damaged hepatocytes of CCl4-treated mice suppresses a 

pro-inflammatory and pro-fibrogenic communication between the hepatocyte and stellate cells or 

inflammatory cells, such as macrophages (Scheving et al., 2016).  

Hepatic fibrosis is commonly preceded by chronic inflammation, and persistence of this 

inflammation has been associated with progressive hepatic fibrosis and the development of 

cirrhosis (Czaja, 2014). One of the most interesting of our results is the role of EGFR regulating 

the inflammatory process in the liver. Interestingly, besides untreated ΔEGFR mice show higher 

basal F4/80-positive macrophages than WT animals, after CCl4-treatment, the situation is 

reversed, and WT animals have higher presence of F4/80-macrophages than transgenic ones, 

revealing inflammatory areas. Hepatic macrophages (Kupffer cells) are described with a central 

role in the pathogenesis of chronic liver injury and have been proposed as potential targets in 
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combatting fibrosis (Schuppan and Kim, 2013). Macrophages present two different phenotypes 

with distinctive characteristics and can be divided in M1- or M2-phenotype with fibrotic and 

antifibrotic roles, respectively (Murray, 2017). Besides little is known about the molecular 

mechanisms,  M2 are described to have a protective role of hepatocytes after injury by CCl4 

treatment (Bai et al., 2017). The lack of EGFR in hepatocytes could alter the expression of 

cytokines and chemokines and, the subsequent, recruitment and activation of immune cells which 

is critical for their function. Here, WT animals express higher levels of Il12b after CCl4-treatment. 

IL-12β is a subunit of the IL-23 and the axis IL-23/IL-17 has been described with a pathologic role 

implicated in lung and liver fibrosis (Gasse et al., 2011; Meng et al., 2012). Moreover, IL-12β highly 

induces M1 activation (Murray and Wynn, 2011) related with a pro-inflammatory and pro-fibrotic 

roles. On the other hand, transgenic animals show elevated mRNA levels of Il6 and Cxcl1 after 

CCl4-treatment. IL-6 activity appears to be strongly context specific and has both hepatoprotective 

role and support the transformation of normal livers (Gao, 2012). Due to the lack of the EGFR 

pathway, in transgenic mice, Il6 could be secreted as a compensatory hepatoprotective factor. 

Moreover, low concentrations of Cxcl1 are described to be involved in liver regeneration, 

resolution and reparation after liver injuries (Kuboki et al., 2008). Hepatocytes are active players 

in the regulation of liver environment through the expression of factors where EGFR could execute 

a key role. 

The molecular pathways that link chronic liver inflammation with progressive hepatic 

fibrosis need to be clarified. Here we described that the lack of EGFR signalling has a protective 

role in hepatocytes which is concomitant with lower HSC activation and inflammation. Moreover, 

hepatocytes could have a relevant role as regulators of the liver environment and inflammation 

during liver fibrosis. Novel anti-fibrotic treatments need to be focussed on anti-inflammatory and 

immunosuppressive properties added to the conventional treatments. In these sense, a 

combination with EGFR inhibitors seems to be an attractive therapy. 

1.3. Relevance of the EGFR pathway in the regulation of inflammation-related gene 
expression in in vitro liver cells. 

Due to the potencial role of the EGFR pathway in the regulation of liver inflammation found 

in our studies, we decided to explore deeper the regulation of cytokines and chemokines in in vitro 

models. Our data suggest that the EGFR regulates the expression of pro-inflammatory factors in 

liver cells. 

Despite the relation between EGFR and inflammation in cancer is very well-known 

(Berasain et al., 2009), the mechanism by which EGFR pathway is involved in the development of 
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inflammatory microenvironment in HCC is still unclear. Here, the attenuation of the EGFR pathway 

(by the overexpression of the truncated EGFR form or by shRNA technology) impair the HB-EGF-

upregulated cytokines and chemokines, suggesting a crucial role of EGFR in the development of 

liver inflammation. Mouse hepatocytes upregulate the levels of Il12b, Ccl2, Cxcl1, and HCC cells 

upregulate IL12B, CXCL1 and CXCL8 in a EGFR-dependent manner. In mouse hepatocytes and 

HCC cells, IL12B is regulated in in vitro by EGFR, strengthen the idea of the pro-inflammatory role 

of EGFR in liver cells. Even more, this regulation seems to be higher in tumoral cells. In osteoblasts, 

AG1478, an EGFR tyrosine kinase inhibitor, diminish CCL2 expression and ERK kinase activity 

(Huang et al., 2012). Moreover, our results support that both Cxcl1 and CXCL8 (its human 

homologue) could play a crucial crosstalk with the EGFR signalling pathway. In ovarian cancer 

cells, CXCL1 enhances survival and proliferation through the transactivation of EGFR (Bolitho et 

al., 2010), and CXCL8 confers resistance to EGFR inhibitors by inducing stem cell properties, in 

lung cancer (Liu et al., 2015). In HCC, the silencing of CXCL1 inhibits tumour growth and 

promotes apoptosis (Han et al., 2015). Tumoural cells and tumour-associated macrophages 

secrete CXCL8 promoting tumour angiogenesis and metastasis (Waugh and Wilson, 2008). This 

chemokine induces its own expression and the expression of CXCL1 in both paracrine and 

autocrine manners (Tang et al., 2012). In HCC cells, the inhibition of CXCL8 decreases the 

activation of survival signals (Li et al., 2015). Recently, it was described that EGF could stimulate 

mRNA expression and protein production of CXCL8 from HCC cells (Huang et al., 2014), 

hypothesizing that EGF may act as an initiator factor to induce the occurrence of HCC 

inflammatory microenvironment and increase HCC metastasis. Furthermore, CXCL8 is elevated 

in the serum of the patients and in HCC tissue, and are associated with metastasis and poor 

prognosis (Li et al., 2015; Ren et al., 2003). All these chemokines, among other signals, may 

promote a tumoral microenvironment favouring pro-tumorigenic effects on cancer cells in a EGFR-

dependent manner.  

After HB-EGF treatment, HCC cells upregulate the levels of CXCR4, but we could not find 

expression of Cxcr4/Cxcl12 axis in moue hepatocytes, suggesting that their regulation is related 

with tumoral transformation. Overactivation of the TGF-β pathway in HCC cells confers them a 

mesenchymal-like phenotype and migratory properties through expression and activation of the 

CXCR4/CXCL12 axis, a mechanism that would contribute to tumour progression in HCC patients 

(Bertran et al., 2013). Here we described that the levels of CXCR4 could also be mediated by 

EGFR pathway, suggesting a crosstalk between these two signalling pathways in its regulation.  
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Considering together our results, there is no doubt that one of the most essential functions 

of the EGFR pathway in hepatocytes during liver chronic diseases should be regulation of 

inflammation. 

2. Analysis of the intracellular trafficking of the EGF and TGF-β receptors in the crosstalk 
between their signalling pathways. Role of the Clathrin Heavy-Chain in liver cells. 

The classic endocytic role of intracellular trafficking proteins – caveolin-1 and clathrin- in the 

regulation of TGF-β and EGF receptors has been previously studied. However, much less is known 

about how these intracellular trafficking proteins affects the TGF-β and EGFR signalling pathways. 

In hepatocytes, TGF-β induces both pro- and anti-apoptotic signals. These last ones are mediated 

by the EGFR pathway, which is transactivated by TGF-β through a mechanism that involves 

upregulation of the EGFR ligands and activation of the metalloprotease TACE/ADAM17, 

responsible for their shedding (Murillo et al., 2005, 2007; Moreno-Càceres et al., 2014). We have 

recently reported that caveolin-1 is necessary for TGF-β induction of anti-apoptotic signalling in 

hepatocytes through a mechanism that involves phosphorylation of Src and NOX1-mediated ROS 

production (Moreno-Càceres et al., 2016). Furthermore, caveolin-1 has an essential role in 

switching the response to TGF-β from cytostatic to tumourigenic in liver tumour cells (Moreno-

Càceres, Caballero-Diaz et al., 2017). Nevertheless, the role of clathrin in the crosstalk between 

these two signalling pathways and its relevance during tumorigenesis was barely known.  

In hepatocytes, it has been described that blocking clathrin trafficking does not alter 

canonical-SMADs phosphorylation induced by TGF-β (Meyer et al., 2011), which indicates that 

clathrin-dependent endocytosis does not play a significant role in the early signals induced by 

TGF-β. Clathrin would play a key role in the regulation of the non-canonical pathways of the TGF-

β (through EGFR pathway), without decreasing the activation of its canonical pathways (SMAD-

dependent). The anti-apoptotic response induced by TGF-β in hepatocytes requires the 

transactivation of the EGFR through increase in the expression and shedding of EGFR ligands 

(Murillo et al., 2005). Here, we observed that clathrin down-regulation attenuates TGF-β-induced 

EGFR signalling pathway, which is described to be relevant for the TGF-β-stimulated activation of 

Akt and ERKs (Valdés et al., 2004; Murillo et al., 2005). According to our data, clathrin is essential 

for the HCC cell response to EGFR ligands. In fact, after ligand binding, EGFRs are recruited to 

clathrin-coated pits and their phosphorylation is amplified by clustering. Clustering platforms 

promote the dimerization and activation of unliganded EGFRs (Ichinose et al., 2004) and the 

signalling complex could be protected from non-raft enzymes such as membrane phosphatases 

(Simons and Toomre, 2000). Clathrin is described to be present and essential in protein clusters 
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such as transferrin receptor (Liu et al., 2010) or E-selectine (Setiadi and McEver, 2008), and EGFR 

clustering could be occur in clathrin-coated pits (Nagy et al., 2010). Phosphorylated receptors are 

able to escape the clathrin-coated pits leading to an amplified EGFR signal in surrounding plasma 

membrane (Ibach et al., 2015). Some authors described that EGFR mediates a differential 

signalling depending on its localization in the cell (Luo et al., 2011; Wang et al., 2002). At plasma 

membrane, receptors may require clathrin microdomains where clathrin acts as a scaffold protein 

and recruits signalling adaptors. This situation was recently described for c-Met, where clathrin 

seems to be required for Akt phosphorylation induced by HGF (Lucarelli et al., 2016). Endocytosis 

to early endosomes seems to be a requirement for full ERKs activation due to the existence of a 

MAPK scaffold (MEK1 partner 1 (MP1) and p14 protein) (Teis et al., 2002). The lack of clathrin 

would impair EGFR signalling at the both levels. At initial phases of clathrin-coated endocytosis, 

the EGFR signalling activity could be amplified (Sigismund et al., 2008). Amplification of 

phosphorylation could also establish a positive feedback loop between EGFR aggregation and 

signal amplification due to the receptors recruitment to clathrin-coated pits. Receptor 

phosphorylation would be amplified in clathrin-coated pits, leading the formation of local gradients 

of active receptors that could enhance the EGFR signals near to these clathrin microdomains. In 

this sense, clathrin down-regulation would impair this process and reduce active phosphorylated 

EGFR at the plasma membrane and endosomes (Ibach et al., 2015). 

The activation of EGFR could counteract the phosphorylation of SMAD2/3 (Caja et al., 

2007). So, in this case, when the EGFR signalling pathway is impaired due to the lack of clathrin, 

the canonical pathways could be potentiated with an increased and/or longer maintaining 

phosphorylation of SMAD2/3 and their functions, among them, the induction of apoptosis. Indeed, 

the higher death response observed in clathrin knock-down cells in response to TGF-β may be 

due to an attenuation of the anti-apoptotic TGF-β pathway (lower EGFR activation). Supporting 

this, clathrin knock-down cells express higher levels of NOX4 and ROS production after TGF-β 

treatment. Upregulation of NOX4 by TGF-β is required for its pro-apoptotic activity. As previously 

mentioned, the EGFR pathway inhibits NOX4 expression acting at the transcriptional level on the 

NOX4 promoter (Carmona-Cuenca et al., 2006). In this sense, clathrin downregulation could 

impair the EGFR inhibition over NOX4 and it could promote the TGF-β pro-apoptotic role. Inhibition 

of NOX4 in liver cells might lead to pro-tumorigenic processes. NOX4 plays a role in regulating 

liver cell proliferation either under physiological conditions or during tumorigenesis. NOX4 

silencing increases the tumorigenic potential of human HCC cells in xenografts in mice, resulting 

in earlier onset of tumour formation and increase in tumour size (Crosas-Molist et al., 2014), and 

the loss of NOX4 increases actomyosin levels and favours an epithelial to amoeboid transition 
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contributing to tumour aggressiveness (Crosas-Molist et al., 2017). In this sense, our results show 

that the more aggressive mesenchymal-like HCC cells express higher levels of both TGFB1 and 

Clathrin. In fact, after TGF-β treatment, the clathrin expression at both mRNA and protein levels 

seems to be upregulated, suggesting a pro-tumorigenic role for clathrin. Actually, we have recently 

described that mesenchymal cells overexpress TGF-β (Bertran et al., 2013), and the high levels 

of clathrin, induced by TGF-β, could be responsible for the lack of pro-apoptotic response to TGF-

β in these mesenchymal-like cells.  

In patients, clathrin expression positively correlates with TGFB1 and EGFR expressions, 

suggesting that clathrin seems to be essential for their signalling pathways. Our results showed 

that HCC patients show higher clathrin levels in tumoral areas, and clathrin in liver tumour cells 

switches TGF-β to its pro-tumorigenic roles, highlighting the relevance of clathrin during 

tumorigenesis. Furthermore, clathrin seems to be overexpressed in the tumour’s border. TGF-β, 

expressed by stromal cells, could activate the expression of clathrin in tumoral cells enhancing its 

pro-tumorigenic effects and favouring the mesenchymal phenotype, migration/invasion and 

tumour expansion and/or dissemination. In accordance with this, DEN-treated mice express 

higher levels of clathrin in tumoral areas compared to non-tumoral areas. A previous analysis with 

patients described clathrin as a potential biomarker of early stages of HCC (Seimiya et al., 2008; 

Di Tommaso et al., 2011). Recently, clathrin heavy chain was characterized as a direct target of 

miR‐199a‐5p (Huang et al., 2017). Huang and collaborators described this miRNA as a 

tumorigenesis suppressor of HCC by targeting clathrin, and observed that knock-down of clathrin 

inhibits cells growth. 

In summary, clathrin seems to have a new-unknown, interesting and essential role in the 

regulation of the crosstalk between the TGF-β and EGFR pathways. Besides it classical role in 

receptor internalization, clathrin has a separated role regulating signalling pathways. These results 

suggest that clathrin would be essential for the anti-apoptotic role of TGF-β. Indeed, it is necessary 

for the EGFR transactivation that prevents TGF-β-induced ROS production required for cell death 

(Figure XXVI). We describe a novel role for clathrin in liver tumorigenesis, favouring non-canonical 

pro-tumorigenic TGF-β pathways. Altogether it indicates that clathrin could be considered a 

potential biomarker in HCC and a potential target for new therapeutic approaches.  
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Figure XXVI. Clathrin is required for the anti-apoptotic TGF-β role thought the transactivation of the EGFR, 
which prevents TGF-β-induced ROS production necessary for cell death. Abbreviations: GF: Growth 
Factor. 
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Final Discussion 

Despite the impressive amount of knowledge about the role of the EGFR in liver cancer, the 

most of anti-EGFR clinical trials have failed to show beneficial effects. Thus, it is necessary a better 

understanding of the molecular mechanisms that underlie the EGFR pathway in physiological and 

pathological processes of the liver. Results presented here propose that EGFR is crucial in the first 

stages of liver fibrosis and hepatocarcinogenesis. Interestingly, the most relevant role of EGFR 

during both processes seems the regulation of the inflammatory liver environment. Hepatocytes 

and liver tumour cells have the ability to express pro- and/or anti-inflammatory signals whose 

balance would determinate the liver disease progression. In this process, the crosstalk with non-

parenchymal cells, such as Kupffer cells or Hepatic Stellate cells, plays an essential role. 

Moreover, we show that trafficking proteins could have a significant role during the tumorigenic 

crosstalk between EGFR and TGF-β. In this context, clathrin may favour a switch of TGF-β to its 

anti-apoptotic role through EGFR, promoting survival and pro-tumorigenic advantages to liver 

cancer cells. Indeed, HCC patients present elevated levels of clathrin in tumoral tissue, 

highlighting its relevance of our results for HCC progression. 

Chronic liver diseases are the consequence of deregulation in multifactor and multipath 

networks which articulate the molecular mechanisms that underlie liver tumorigenesis. This thesis 

proposes new insights about the role of inflammatory process and trafficking receptor proteins in 

the crosstalk between EGFR and TGF-β during liver chronic diseases. 
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1. The lack of the catalytic activity of the EGFR delays the appearance of DEN-induced 

tumours in mice, but cannot fully prevent the hepatocarcinogenic process. Increase in the HGF/c-

Met pathway, among others, may act compensating mitogenic and survival signals. 

 

2. The delay in tumour appearance is concomitant with higher expression of NOX4, a tumour 

suppressor gene under the control of the EGFR pathway. 

 

3. The lack of the catalytic activity of the EGFR protects from CCl4-induced fibrosis, 

correlating with a lower Hepatic Stellate Cell activation. 

 
4. In both fibrosis and hepatocarcinogenesis processes, EGFR regulates the inflammatory 

liver environment involved in the progression of these chronic liver diseases. 

 
5. In mouse hepatocytes and liver tumour cells, EGFR regulates the expression of pro-

inflammatory cytokines and chemokines.  In liver tumour cells, attenuation of the EGFR pathway 

decreases CXCL8 expression, among others, either at transcriptional or post-transcriptional 

levels. 

 

6. Clathrin knock-down in hepatocytes and liver tumour cells impairs the activation of anti-

apoptotic TGF-β signals that are EGFR dependent. Clathrin is required for cell response to EGFR 

ligands. 

 

7. The pro-apoptotic effects of TGF-β in clathrin knock-down cells correlates with higher up-

regulation of NOX4, concomitant with ROS production. 

 
8. TGF-β upregulates the levels of clathrin, which may favour a switch of TGF-β to its anti-

apoptotic role. In this sense, CLTC expression correlates with the more aggressive HCC 

mesenchymal-like cell phenotype. 

 
9. Analysis in tumour tissues from HCC patients reveal that most of them show higher levels 

of CLTC (clathrin gene). Moreover, there is a positive correlation between TGFB1 and CLTC 

expression. In patients that overexpress TGFB1 and CLTC, TGF-β would play a pro-tumorigenic 

role. 
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Dissecting the Role of Epidermal Growth Factor
Receptor Catalytic Activity During Liver
Regeneration and Hepatocarcinogenesis
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Different data support a role for the epidermal growth factor receptor (EGFR) pathway
during liver regeneration and hepatocarcinogenesis. However, important issues, such as the
precise mechanisms mediating its actions and the unique versus redundant functions, have
not been fully defined. Here, we present a novel transgenic mouse model expressing a
hepatocyte-specific truncated form of human EGFR, which acts as negative dominant
mutant (DEGFR) and allows definition of its tyrosine kinase–dependent functions. Results
indicate a critical role for EGFR catalytic activity during the early stages of liver regenera-
tion. Thus, after two-thirds partial hepatectomy, DEGFR livers displayed lower and delayed
proliferation and lower activation of proliferative signals, which correlated with overactiva-
tion of the transforming growth factor-b pathway. Altered regenerative response was associ-
ated with amplification of cytostatic effects of transforming growth factor-b through
induction of cell cycle negative regulators. Interestingly, lipid synthesis was severely inhib-
ited in DEGFR livers after partial hepatectomy, revealing a new function for EGFR kinase
activity as a lipid metabolism regulator in regenerating hepatocytes. In spite of these pro-
found alterations, DEGFR livers were able to recover liver mass by overactivating compen-
satory signals, such as c-Met. Our results also indicate that EGFR catalytic activity is
critical in the early preneoplastic stages of the liver because DEGFR mice showed a delay
in the appearance of diethyl-nitrosamine-induced tumors, which correlated with decreased
proliferation and delay in the diethyl-nitrosamine-induced inflammatory process. Conclu-
sion: These studies demonstrate that EGFR catalytic activity is critical during the initial
phases of both liver regeneration and carcinogenesis and provide key mechanistic insights
into how this kinase acts to regulate liver pathophysiology. (HEPATOLOGY 2016;63:604-619)

See Editorial on Page 371 T
he liver is a unique organ in displaying reparative
response and regenerative capacity. However,
prolonged liver regeneration as a consequence of

Abbreviations: DEN, diethyl-nitrosamine; EGFR, epidermal growth factor receptor; ERK, extracellular signal–regulated kinase; HCC, hepatocellular carcinoma;
HGF, hepatocyte growth factor; mRNA, messenger RNA; NADPH, reduced nicotinamide adenine dinucleotide phosphate; PH, partial hepatectomy; qRT-PCR,
quantitative reverse-transcriptase polymerase chain reaction; TGF-a/-b, transforming growth factor (a/b); TNF-a, tumor necrosis factor-a; uPA, urokinase-type
plasminogen activator; WT, wild type.

From the 1Bellvitge Biomedical Research Institute (IDIBELL), L’Hospitalet de Llobregat, Barcelona, Spain; 2Department of Biochemistry and Molecular Biology
II, School of Pharmacy, Complutense University of Madrid, and Instituto de Investigaci�on Sanitaria del Hospital Cl�ınico San Carlos, IdISSC, Madrid, Spain;
3Cell Differentiation and Cytometry Unit, Hematopoietic Innovative Therapies Division, Centro de Investigaciones Energ�eticas, Medioambientales y Tecnol�ogicas
(CIEMAT), Madrid, Spain; 4Centro de Investigaci�on Biom�edica en Red de Enfermedades Raras (CIBERER), Madrid, Spain; 5Advanced Therapies Mixed Unit,
CIEMAT/IIS Fundaci�on Jim�enez D�ıaz, Madrid, Spain; 6Department of Molecular and Cellular Biology, National Centre for Biotechnology (CNB-CSIC),
Madrid, Spain; 7Instituto de Investigaciones Biom�edicas “Alberto Sols” (CSIC/UAM), Madrid, Spain; 8Centro de Investigaci�on Biom�edica en Red de Diabetes y
Enfermedades Metab�olicas Asociadas (CIBERDEM), ISCIII, Spain; 9Pathological Anatomy Service, University Hospital of Bellvitge, Barcelona, Spain; 10Department
of Surgery, Liver Transplant Unit, University Hospital of Bellvitge, Barcelona, Spain; 11Department of Physiological Sciences II, School of Medicine, University of
Barcelona, Spain.

604

http://onlinelibrary.wiley.com/doi/10.1002/hep.28246/full


chronic liver diseases produces the appearance of genetic/
epigenetic alterations that finally concur in the develop-
ment of hepatocarcinogenesis. The epidermal growth fac-
tor receptor (EGFR/ErbB1) pathway plays an essential
role in virtually all steps of these processes.1 However,
many questions remain unanswered. It is not well under-
stood which of its two main functions (cell proliferation
and survival) plays more essential roles during liver regen-
eration or hepatocarcinogenesis. Additionally, EGF/
EGFR and hepatocyte growth factor (HGF)/Met signal-
ing play both redundant and specific roles in these phe-
nomena.2-4 Nevertheless, their specific mechanisms are
not completely known. We previously reported that the
EGFR pathway impairs the suppressor arm of the trans-
forming growth factor-b (TGF-b) pathway in hepato-
cytes and liver tumor cells in vitro5,6; however, there is no
evidence that this effect may be relevant in vivo. Further-
more, there is a lack of knowledge about how necessary
the catalytic domain of the EGFR pathway is in its in
vivo actions, which is very important for the design of
therapeutic strategies targeting this pathway. It would be
expected that the enzymatic phosphorylation capacity of
the EGFR is essential. In this sense, targeting EGFR by
small interfering RNA technology or inhibiting its enzy-
matic capacity with gefitinib produced similar effects in
liver tumor cells.7 However, it has been also proposed that
hepatocyte priming during liver regeneration involves
modulation of the EGFR-mediated growth responses with-
out an increase in its receptor tyrosine kinase activity.8

Taking all this into consideration, we decided to gen-
erate a new experimental animal model to explore the
role of hepatocyte EGFR tyrosine kinase activity in liver
regeneration and hepatocarcinogenesis. A transgenic ani-

mal was generated which expresses specifically in hepato-
cytes a truncated form of the human EGFR that lacks
the intracellular catalytic domain (previously generated
by Schlessinger’s group9). This truncated form is able to
undergo EGF-induced dimerization with wild-type
(WT) receptors, allowing the binding of EGFR ligands
but acting as a negative dominant mutant.10,11 This
model has the advantage, compared with the knockout
mouse model, that the EGFR ligands bind to the recep-
tors in the hepatocyte membrane and no excess of
EGFR ligand is available to the nonparenchymal cells.
Furthermore, only the intracellular domain of the
EGFR is missed, which means that the specific role of
the phosphorylation-dependent EGFR activity will be
analyzed. Partial hepatectomy (PH) and diethyl-
nitrosamine (DEN) treatment were performed to ana-
lyze the specific roles of the EGFR catalytic activity dur-
ing liver regeneration and hepatocarcinogenesis.

Materials and Methods

Generation of Transgenic EGFR Mice and Hepatocyte
Cell Lines. A complementary DNA coding for a trun-
cated form of the human EGFR, lacking the kinase
domain in its intracytosolic region (amino acids 654-
1186), was cloned in transference bacterial artificial
chromosome clone RP23-279P6 (kindly provided by
Prof. Dr. G€unther Sch€utz, Molekularbiologie der Zelle
I, Deutsches Krebsforschungszentrum (DKFZ) Heidel-
berg, Germany) carrying Albumin locus and Chloram-
phenicol resistance gene. The truncated EGFR was
introduced just in the ATG starting codon of the albu-
min gene, surrounded by 160 kb of the albumin chro-
mosomal genomic sequence, as described (Fig. 1A).12
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Fig. 1. Characterization of the transgenic model of Alb-D654-1186EGFR (abbreviated as DEGFR) mice. (A) A complementary DNA coding for a truncated
form of the EGFR that had a deletion in its intracytosolic region (amino acids 654-1186) was cloned in a transference plasmid under the control of a specific
hepatocyte promoter formed by the albumin locus just before ATG of the albumin mouse gene. Three different lines of transgenic mice were established and
named as 1000, 2000, and 4000, which presented different copy number of the transgene. (B) Left: Primary hepatocytes were isolated from WT and DEGFR
of the two mouse lines that presented a higher transgene copy number and immortalized as described in Materials and Methods. Right: Levels of human EGFR
transcripts in mice analyzed by qRT-PCR. Mean 6 standard error of the mean of three independent experiments. (C) Morphology of the isolated hepatocytes.
(D) Response to heparin binding EGF-like growth factor in terms of EGFR phosphorylation (fetal bovine serum depleted medium) was attenuated in the
Hep1DEGFR hepatocytes. Western blot analysis, a representative experiment of five is shown. (E) Differences in the response to heparin binding EGF-like
growth factor (fetal bovine serum depleted medium) in terms of cell proliferation between WT and Hep1DEGFR hepatocytes. Cell number was analyzed by try-
pan blue staining. Mean 6 standard error of the mean of two independent experiments performed in triplicate. (B,E) Student t test was used: *P< 0.05,
**P< 0.01, ***P< 0.001. Abbreviations: BAC, bacterial artificial chromosome; cDNA, complementary DNA; HB-EGF, heparin binding EGF-like growth factor.



Linearized bacterial artificial chromosome DNA was
microinjected into the pronuclei of mouse B6CBAF2
zygotes according to reported protocols,13 which were
later transferred to pseudopregnant recipient females,
finally obtaining transgenic mice Alb-D654-1186EGFR
(from now abbreviated as DEGFR). Six different foun-
der mice were bred with C57BL/6 WT mice. Three of
them gave littermates and showed germline transmission
of the transgene. The DEGFR F1 mice obtained were
interbred to generate stable transgenic mouse lines,
which were kept heterozygous. Transgenic lines are
archived in the European Mouse Mutant Archive as
B6CBA-Tg(Alb-deltaEGFR). Genotyping was assessed
by polymerase chain reaction as specified in the Euro-
pean Mouse Mutant Archive. Using specific primers
that exclusively detect expression of the human EGFR
gene, we demonstrated the transgene expression in
DEGFR mice by quantitative reverse-transcriptase poly-
merase chain reaction (qRT-PCR) analysis, which was
confirmed at the protein level by western blot (Support-
ing Fig. S1).

For generation of immortalized hepatocytes, pools of
four to six livers from WTand DEGFR neonates (5-7 days
old) were used. Isolation of the cells (by collagenase disper-
sion) and immortalization were achieved as described.14

For further details, culture conditions, cell viability, and
apoptosis analyses, see the Supporting Information.

PH in Mice. PH was performed in animals at 8-12
weeks of age by removal of two-thirds of the liver, as
described by Higgins and Anderson.15 Mice were killed at
6, 12, 24, 48, and 72 hours and 7 days after surgery; and
tissue samples were immediately frozen in liquid nitrogen
for RNA and protein extraction, cryopreserved in optimal
cutting temperature compound for oil red O staining, or
fixed in 4% paraformaldehyde for immunohistochemical
analysis. Sham-operated mice were used as control.

DEN-Induced Hepatocarcinogenesis in Mice.
Male mice at day 15 of age received intraperitoneal
injections of DEN (10 mg/kg) diluted in saline buffer.
At 9 and 12 months of age, mice were sacrificed and
their livers removed. For histological studies, liver lobes
were fixed in 4% paraformaldehyde overnight and
paraffin-embedded for immunohistochemical staining.
Total RNA and protein were isolated from frozen tissues
for qRT-PCR and western blotting analyses. Three to
four animals/condition and at least two different tissue
pieces/animal were processed for RNA extraction.

Western Blot Analysis. Total protein extracts and
western blotting procedures were carried out as
described.16,17

For more details and other methods, ethics statement,
and statistical analysis, see the Supporting Information.

Results

Generation of Transgenic Mice Expressing a Trun-
cated Form of the EGFR, Which Lacks the Catalytic
Intracellular Domain in Hepatocytes. Three differ-
ent lines of transgenic mice were established from foun-
der mice expressing different copy numbers of the
transgene (Fig. 1A). Primary hepatocytes were isolated
and immortalized, as described above. EGFR messenger
RNA (mRNA) expression levels were proportional to
the copy number of the transgene (Fig. 1B). Analysis of
cell morphology revealed that hepatocytes from line
1000 (highest expression of the transgene) presented
lower viability (Fig. 1C) and decreased basal prolifera-
tive capacity compared with the WT ones. Response to
heparin binding EGF-like growth factor was signifi-
cantly attenuated in terms of EGFR phosphorylation/
signaling, at either short (Fig. 1D) or long (results not
shown) time points, as well as in terms of cell prolifera-
tion (Fig. 1E). TGF-b transactivates the EGFR in hepa-
tocytes, which inhibits its proapoptotic activity.7,18

Hepatocytes isolated from DEGFR mice did not phos-
phorylate the EGFR under TGF-b treatment, which
correlated with impairment in the activation of survival
signals, such as extracellular signal–regulated kinase
(ERK) mitogen-activated protein kinases (Supporting
Fig. S2A), higher growth inhibition, and apoptosis
(Supporting Fig. S2B-D). Interestingly, DEGFR hepato-
cytes showed higher basal apoptosis compared with WT
ones. These results indicate the suitability of the animal
and cell model to study the specific implication of the
hepatocyte EGFR catalytic domain in liver physiology
and pathology.

DEGFR Mice Show Delayed Hepatocyte Prolifera-
tion After Two-Thirds PH Coincident With a Higher
Activation of the TGF-b Pathway. To explore the
specific role of hepatocyte EGFR activity during liver
regeneration, we performed two-thirds PH in WT and
DEGFR mice, selecting the two mouse lines with a
higher expression of the transgene. WT animals activated
the EGFR pathway in the remaining liver after PH, ana-
lyzed as EGFR phosphorylation in hepatocytes by
immunohistochemical analysis of paraffined tissues (Fig.
2A). DEGFR animals, in contrast, did not show phos-
phorylation of the EGFR. This was not due to differen-
ces in expression of the endogenous EGFR or its ligand
TGF-a, the EGFR ligand highly expressed in hepato-
cytes during liver regeneration19 (Supporting Fig. S3A),
which proves that the human DEGFR transgene indeed
acts as a negative dominant, inhibiting the hepatocyte
response to EGFR ligands. No compensatory increases
in the expression of other members of the EGFR family
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Fig. 2. Hepatocyte proliferation induced after two-thirds partial PH is delayed in DEGFR transgenic mice. Immunohistochemical analysis of
phospho-EGFR (A) and Ki67 (B, left) in paraffined liver tissues from WT and DEGFR mice at the indicated times after PH. (B) Right: Quantifica-
tion of the percentage of Ki67-labeled nuclei. (C) Upper: Western blot analysis of the protein levels of phospho-EGFR, phospho-Akt, and
phospho-ERKs as early proliferative signals. Lower: Quantification of the densitometric analysis. (B, right; C, lower) Data are mean 6 standard
error of the mean of at least four animals per group. Student t test was used: *P< 0.05 compared to WT; #P< 0.05, ##P< 0.01, and
###P< 0.001 compared to time 0.
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(Erbb2, Erbb3, and Erbb4), due to inactivation of the
EGFR function, were found (Supporting Fig. S3B).
Immunohistochemical analysis of Ki67 revealed lower

and delayed hepatocyte proliferation in DEGFR mice
(Fig. 2B). WT animals showed an early increase in the
levels of intracellular signals that mediate hepatocyte

Fig. 3. Overactivation of the TGF-b pathway in DEGFR mice under basal conditions and during liver regeneration after PH. (A) Ratio of
phospho-Smad3 versus Smad3 protein levels (densitometric analyses of western blots shown in Supporting Fig. S4) at basal conditions and at
the indicated times after PH. (B) qRT-PCR analysis of TGF-b1 and A2m mRNA levels. (C) Analysis of the mRNA levels of the indicated genes by
qRT-PCR at different times after PH. (A-C) Data are mean 6 standard error of the mean of at least four animals per group. Student t test was
used: *P< 0.05, **P< 0.01, and ***P< 0.001. Abbreviation: A2m, a2-macroglobulin.
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proliferation, such as p-AKT and p-ERK mitogen-acti-
vated protein kinases (Fig. 2C). However, DEGFR livers
presented a significantly lower response. Cytokines such
as interleukin-6 and tumor necrosis factor-a (TNF-a)
are considered relevant for priming hepatocytes to prolif-
erate2-4; however, both WT and DEGFR livers showed
similar changes in the expression of these cytokines at
12-24 hours after PH, which correlated with a similar
inflammatory response (results not shown).

Considering the relevant role played by EGF in coun-
teracting the TGF-b suppressor effects,6 we wondered
whether DEGFR animals may show higher Smads phos-
phorylation and/or higher activation of TGF-b down-
stream pathways. Results indicated that Smad3
phosphorylation, a hallmark of TGF-b activation, is
higher in DEGFR animals at basal levels and at all the
times analyzed after PH (Fig. 3A; Supporting Fig. S4).
Interestingly, the decrease in Smad3 phosphorylation
observed in WT animals at 12 hours after PH was not
observed in DEGFR mice, which maintained a high
activation of the pathway. Levels of TGF-b1 transcripts
were significantly higher in DEGFR livers before PH as
well as at short times after PH compared with WT ones
(Fig. 3B, left). Furthermore, a2-macroglobulin, a plasma
protein previously proposed as a binding protein for
TGF-b that attenuates its effects,20 was up-regulated in
WT, but not in DEGFR, animals after PH (Fig. 3B
right). Indeed, the EGFR pathway may up-regulate a2-
macroglobulin, which could in turn counteract TGF-b
activity. All these data suggest a stronger activation of
the TGF-b pathway in DEGFR livers compared with
WT ones.

As in vitro experiments had indicated that EGF coun-
teracts TGF-b-induced apoptosis by inhibiting its effects
on Bim and Bmf up-regulation,7 we tested for potential
differences in the expression of these genes between WT
and DEGFR mice. Bmf, but not Bim, expression was
down-regulated after PH in both animals; but, interest-
ingly, levels remained higher in DEGFR compared with
WT mice (Fig. 3C). Expression of Bcl-xL, an antiapop-
totic Bcl-2 member known to be a TGF-b target gene in
hepatocytes,6 increased early after PH in both animal
models, although the increase in DEGFR mice was
slightly lower. However, in spite of these differences,
analysis of the active form of caspase-3 by immunohisto-
chemistry or caspase-3 activity in tissues revealed no dif-
ferences between WT and DEGFR livers at any of the
different times analyzed (Supporting Fig. S5). Because
Bim and Bcl-xL expression undergoes also posttranscrip-
tional regulation, we analyzed their protein levels; but
we could not find significant differences between WT
and DEGFR mice (results not shown). Additionally, we

searched for changes in the expression of Nox4, a
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase whose expression is up-regulated by
TGF-b and mediates its apoptotic actions,21 an effect
that is impaired by EGF.5 Nox4 expression significantly
decreased after PH, as we have recently described.22

However, no significant differences were observed
between WT and DEGFR animals (Fig. 3C).

As apoptosis failed to explain the observed delay in
the hepatocyte proliferative response, we next focused
on the expression of cell cycle regulators modulated by
TGF-b. We found a significant increase in the expres-
sion of Cdkn2b (the gene encoding p15INK4b) at 6
hours after PH in DEGFR mice that was not observed
in WT animals (Fig. 3C). Levels of Cdkn1a transcripts
(the gene encoding p21/WAF1/CIP1) increased at short
times after PH in both animals, but whereas in WT ani-
mals levels slowly returned to basal ones, in DEGFR
mice levels remained high, the differences being particu-
larly relevant at 72 hours after PH. These results suggest
that high levels of p15 could be responsible for the delay
in the early proliferative response of DEGFR hepato-
cytes to PH and that high levels of p21 at later times
could slow the proliferation during the entire regenera-
tive process. Interestingly, both p15 and p21 levels were
increased in nonhepatectomized DEGFR livers com-
pared with WT ones. Indeed, a functional EGFR path-
way may be necessary to counteract the cytostatic effects
of TGF-b in hepatocytes, a process that is particularly
crucial after two-thirds PH of the liver.

Regulation of Lipid Metabolism After Two-Thirds
PH Is Altered in DEGFR Mice. When histological
analysis by hematoxylin and eosin was performed, we
observed that WT livers 48 hours after PH showed
vacuolated cells, with the appearance of multifocal drops
(Fig. 4A), whereas DEGFR livers did not show this
appearance. Suspecting that they could be deposits of
lipids, we performed oil red O staining, confirming the
accumulation of lipid drops, which correlated with an
increase in triglyceride levels in WT, but not in DEGFR,
livers (Fig. 4B,C). Among different regulatory genes
analyzed, the increase in lipid accumulation in WT liv-
ers was coincident with up-regulation of the mRNA lev-
els of fatty acid synthase, a key enzyme involved in de
novo fatty acid synthesis, and glucose-6-phosphate dehy-
drogenase, the regulatory enzyme of the pentose-
phosphate cycle, responsible for NADPH production.
However, up-regulation of these enzymes was altered in
DEGFR animals (Fig. 4D). These results suggest that
the EGFR pathway regulates lipid metabolism in hepa-
tocytes after PH.
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DEGFR Mice Are Able to Regenerate the Liver:
Potential Role of HGF/Met in This Process. Regard-
less of the described alterations, DEGFR mice showed
only a slight, but not significant, increase in the mortal-
ity after two-thirds PH (Fig. 5A). Remaining animals
overcame liver injury (analyzed by serum parameters;
Supporting Table S2) and were able to fully regenerate
the liver with a similar kinetic to WT animals (Fig. 5B).
These results led us to state that in spite of the delay in
hepatocyte proliferation, the capacity of the liver to
recover its mass was not affected by the inhibition of

EGFR signaling. Hence, we focused on identifying
other potential mitogenic signals that could be overacti-
vated in DEGFR livers. We observed that DEGFR mice
expressed higher levels of Hgf mRNA than WT mice,
both under basal conditions and shortly after PH (Fig.
5C, left). Interestingly, we also found differences in the
expression of urokinase-type plasminogen activator
(uPA), which mediates the release of HGF from extrac-
ellular matrix during liver regeneration.23 uPA mRNA
levels were elevated in DEGFR livers, compared with
WT mice, this difference being particularly significant at

Fig. 4. DEGFR mice show differences in lipid metabolic changes during liver regeneration. (A) Histological analysis of the livers from WT and
DEGFR mice by hematoxylin and eosin staining. (B) Immunohistochemical analysis of the lipid content by oil red O staining performed in frozen
liver sections. (C) Analysis of triglyceride content in WT and DEGFR livers at basal conditions and 48 hours after PH. (D) qRT-PCR analysis of the
levels of expression of Fasn and G6pdx at the indicated times after PH. (C) Data are mean 6 standard error of the mean of three animals per
group. Student t test was used: *P< 0.05. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; TG, triglyceride.
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6 hours after PH (Fig. 5C, right). The increase in Hgf
expression correlated with higher levels of c-Met phos-
phorylation in DEGFR livers. Notably, levels of phos-
phorylated c-Met remained high at 3 days after PH in
DEGFR livers (Fig. 5D). It is worth noting that,
although c-Met mRNA levels decreased after PH in
both WT and DEGFR livers (Fig. 5E), the decrease in

protein levels was only observed in WT animals, whereas
DEGFR mice maintained, or even increased, c-Met lev-
els at all time points analyzed (Fig. 5D). This suggests
that a posttranscriptional regulation of c-Met may allow
the maintenance of high protein levels after PH in
DEGFR mice, resulting in a sustained activation of this
pathway. All these results indicate that the HGF

Fig. 5. DEGFR livers that are able to regenerate after PH show overactivation of the HGF/Met pathway and a significantly greater cell size
compared with WT mice. (A) Kaplan-Meier survival curve. DEGFR mice showed a slight increase in mortality after two-thirds PH, although differ-
ences were not statistically significant. (B) Remaining animals fully regenerate the liver. Liver/body weight ratio. (C) qRT-PCR analysis of the
mRNA levels of Hgf (left) and uPA (right). (D) Analysis of phospho-Met and total Met by western blot at the indicated times after PH in WT and
DEGFR livers. (E) qRT-PCR analysis of the mRNA levels of Met. (F) Quantification of hepatocyte size at the indicated times (after immunostaining
of E-cadherin to label the cell membrane; Supporting Fig. S6) using ImageJ software. (B,C,E,F) Data are mean 6 standard error of the mean of
at least three animals per group. Student t test was used: *P< 0.05, **P< 0.01, and ***P< 0.001.
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pathway is overactivated in DEGFR livers after PH and
could justify that, although delayed, an efficient regener-
ation is observed in these animals.

It is worth mentioning that hepatocyte size signifi-
cantly decreased at short times after PH in both WT
and DEGFR animals; however, DEGFR mice showed a
quick recovery of size such that after 24 hours hepato-
cyte size in DEGFR livers was significantly higher than
that observed in WT livers (see Supporting Fig. S6 for
images of the cells and Fig. 5F for quantification of the
size). This hypertrophy could also contribute to the
maintenance of liver functions and the low percentage
of failure observed in DEGFR mice.

DEGFR Mice Show Delayed Appearance of Liver
Tumors Induced by DEN Treatment. When we sub-
mitted 15-day-old WTand DEGFR mice to an acute treat-
ment with DEN, liver injury (analyzed by serum

parameters; Supporting Table S2) was higher in DEGFR
animals, indicating a role for EGFR as a survival pathway
in hepatocytes when submitted to a toxic insult. However,
at 9 months of age, WTanimals developed macroscopically
visible tumors, which were barely observed in DEGFR
mice (Fig. 6A,B). Consistently, the liver to body weight
ratio significantly increased in WT, but not in DEGFR,
mice (Fig. 6C). However, 12 months after DEN injection,
DEGFR animals presented macroscopic tumors (Fig.
6A,B), and the liver to body weight ratio increase was quite
similar in mice of both phenotypes (Fig. 6C). Expression
of the truncated form of the hEGFR was maintained at this
age in the DEGFR animals, which did not show changes
in the mRNA levels of any of the EGFR family members
(Supporting Fig. S7).

Immunohistological and proliferative (Ki67 staining)
analysis of tissues at 9 months after DEN treatment

Fig. 6. DEGFR mice show a delay in the appearance of DEN-induced tumors. WT and DEGFR male mice were treated at day 15 of age with
phosphate-buffered saline or DEN, and livers were collected at 9 and 12 months of age. (A) Representative images of livers from DEN-treated
mice at the time of sacrifice. (B) Quantification of macroscopic tumors per animal. (C) Analysis of the liver/body weight ratio of WT and DEGFR
mice. (D) Appearance of microscopic preneoplastic lesions at 9 months of age. (B-D) Data are mean 6 standard error of the mean of at least
four animals per group. Student t test was used: *P< 0.05 and **P< 0.01 compared to WT mice; #P< 0.05 compared to 9 months. Abbrevi-
ation: n.s., no significance.
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revealed the appearance of early preneoplastic lesions
detectable only under the microscope. The number of
lesions at 9 months of age in WT mice was much higher
than that in DEGFR ones (Fig. 6D). Analysis of cell

proliferation rate by Ki67 immunohistochemistry in the
neoplastic areas revealed a lower proliferative rate in
DEGFR tumors at 9 months compared with WT
tumors but a similar proliferative rate at 12 months of

Fig. 7. Immunohistochemical analysis of proliferative and inflammatory areas in livers from DEN-treated WT and DEGFR mice. (A) Representa-
tive hematoxylin and eosin and immunohistochemical analyses of proliferation (Ki67 staining) in preneoplastic areas in livers from WT and
DEGFR mice. Quantification of Ki67-positive cells (percentage) is in the bottom of each image. (B) Upper: Inflammatory lesions analyzed by F4/
80 staining (macrophage marker). Lower: qRT-PCR analysis of mRNA levels of the proinflammatory cytokines interleukin-6 (Il6) and TNF-a (Tnfa)
and chemokines CCL2 (Ccl2) and CXCL1 (Cxcl1) in macroscopically selected tumoral areas as well as in the surrounding tissue at 9 months of
age in WT and DEGFR animals. (A,B) Data are mean 6 standard error of the mean of at least four animals per group (three sections/animal).
Student t test was used: *P< 0.05 and **P< 0.01 compared to WT mice; #P< 0.05 compared to 9 months. Abbreviation: H&E, hematoxylin
and eosin.
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age (Fig. 7A). These results suggest that lack of the cata-
lytic activity of the EGFR delays the appearance of
tumors but cannot fully prevent the hepatocarcinogenic
process.

DEN-Induced Hepatic Inflammatory Process Is
Delayed in DEGFR Mice. Considering that hepato-
cellular carcinoma (HCC) is a clear example of
inflammation-related cancer, we evaluated inflammatory
markers in histological sections of nontumoral areas of
WT and DEGFR livers. As shown in Fig. 7B, WT livers
showed strong positive areas for F4/80 staining, a macro-
phage marker, 9 months after DEN treatment, while
DEGFR mice did not. At 12 months of age the situation
in WT and DEGFR livers was comparable as both ani-
mals showed similar extent of inflammation. Further-
more, some fibrotic areas could be observed at 9 months
of age in WT mice, whereas in DEGFR mice collagen
deposits were only seen around the portal triads and peri-
vascular regions (Supporting Fig. S8), as occurs in healthy
liver. Larger collagen deposits were found in DEGFR liv-
ers at 12 months of age, similar to the situation in WT
animals. These results indicate that lack of EGFR cata-
lytic activity in the hepatocytes provokes a delay in the
DEN-induced inflammatory process in the liver. Analysis
of the expression of classical cytokines involved in liver
inflammation revealed lower Il6 and TNFa mRNA levels
(Fig. 7B) but no changes in Il1b or Il17a (results not
shown) in the tumor-surrounding tissues of DEGFR liv-
ers compared with WT ones. Furthermore, among differ-
ent inflammatory chemokines for which some evidence
exists that may be controlled by the EGFR pathway in
HCC,24 we found decreased expression of Ccl2 in the
tumoral tissues and of Cxcl1 in both tumoral and nontu-
moral areas in DEGFR livers (Fig. 7B). No differences
were found in other analyzed chemokines (Ccl20, Cxcl2,
Cxcl3, or Cxcl5; results not shown).

Following the previous hypothesis about crosstalk
between TGF-b and the EGFR, we next analyzed the
expression of TGF-b1 mRNA and the levels of phos-
phorylation of Smads in livers from WT and DEGFR
mice at 9 months of DEN treatment. We could not find
significant differences in either TGF-b1 levels (Fig. 8A)
or phospho-Smad3 levels (results not shown). Of rele-
vance, none of the apoptosis or cell cycle regulatory
genes analyzed showed differences in DEGFR livers (in
either tumor or surrounding areas) that could correlate
with their lower tumor progression (Fig. 8A). Nonethe-
less, it was really interesting to find a significant differ-
ence in the levels of Nox4, the NADPH oxidase that
mediates some of the suppressor actions of TGF-b and
for which we have recently found a relevant liver tumor
suppressor role.22 Finally, analysis of Hgf mRNA levels

revealed a significant increase in the livers of DEGFR
mice (nontumoral tissue). No evidence was observed for
increases in uPA or Met at the mRNA level (Fig. 8B).

These results together indicate that delay in the inflam-
mation process is the most evident alteration observed in
DEGFR mice that justifies the retarding of the appear-
ance of DEN-induced tumors. The increased levels of
Nox4, a liver growth suppressor protein, could also con-
tribute. The increase in HGF levels might replace the
EGF-induced growth once the tumor is formed.

Discussion

The purpose of this study was to elucidate the specific
role of the EGFR catalytic activity in a physiological
(liver regeneration) and a pathological (hepatocarcino-
genesis) situation of the liver where proliferation of
adult hepatocytes takes place. Our results demonstrate
that although EGFR signaling plays crucial roles in these
processes, its absence only results in an overall delay in
both regeneration and carcinogenesis, suggesting the
existence of at least partial functional compensation by
alternative routes.

First of all, we propose an essential role for EGFR in
the early phases of the regenerative response after PH in
mice, mediating a fast and efficient process. In a previ-
ous study, Natarajan et al.25 generated a mouse model
carrying a floxed EGFR allele to inactivate the EGFR in
the adult liver. They proposed that EGFR is a critical
regulator of hepatocyte proliferation in the initial phases
of liver regeneration. Here, we confirm these results
using a novel and unique animal model, but we also
associate these effects with the catalytic activity of the
EGFR and provide new insights about the molecular
mechanisms by which this occurs, particularly overacti-
vation of the TGF-b pathway and alterations in lipid
metabolism.

Inactivation of TGF-b signaling in hepatocytes results
in an increased proliferative response after PH.26,27 One
of the main effects of TGF-b in liver cells is the induc-
tion of apoptosis through up-regulation of Bim and
Bmf, proapoptotic members of the Bcl-2 family. The
EGF pathway counteracts TGF-b proapoptotic effects
by impairing up-regulation of both genes and up-
regulating BclxL and Mcl-1, two antiapoptotic members
of the Bcl-2 family,6,7 an effect mediated by survival sig-
nals such as the phosphoinositide 3-kinase/Akt and
ERK pathways. However, our study demonstrates that
the major role of EGF during liver regeneration after
PH is not cell survival, probably because apoptosis is
not relevant in a model where there is no hepatocyte
damage. In contrast, the decrease and delay in activation
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Fig. 8. Transcriptomic (qRT-PCR) analysis in tumoral and nontumoral areas in liver tissues from 9-month DEN-treated WT and DEGFR mice.
(A) Tgfb, apoptosis, and cell cycle regulatory genes. (B) HGF signaling pathway. (A,B) Data are mean 6 standard error of the mean of at least
four animals per group (three sections/animal). Student t test was used: *P< 0.05.
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of the phosphoinositide 3-kinase/Akt and ERK path-
ways at early times after PH in DEGFR animals, con-
comitant with high expression of the cyclin-dependent
kinase inhibitor p15INK4, suggest a relevant role for
the EGFR pathway in priming hepatocytes to enter into
the cell cycle. We suggest that this delay could be
related, at least partially, to the overexpression of TGF-
b1 and overactivation of the TGF-b pathway observed
in animals with attenuated EGFR signaling. Although
initially it was supposed that TGF-b could play a rele-
vant role in mediating termination of liver regeneration,
the latest results indicate that it is not necessary during
this stage.26 In contrast, a higher and accelerated DNA
synthesis peak after PH was found in a Tgfbr2 knockout
(R2LivKO) animal model.26 Indeed, in contrast to pre-
vious predictions, TGF-b could play an essential role in
the first stages of liver regeneration; and here we show
that the EGFR pathway may be essential in regulating
its expression and signaling.

It is well known that after PH hepatocellular fat accu-
mulation occurs, concomitant with up-regulation of
genes related to the adipogenic program,28 which has
been suggested to be a mammalian target of rapamycin–
dependent process.29 Disruption of hepatic adipogenesis
is associated with impaired hepatocellular proliferation
following PH28 (for review, see Rudnick and David-
son30). Here we show for the first time that the EGFR
pathway is required for fat accumulation and up-
regulation of two key enzymes related to the de novo
lipid synthesis. Further studies will be required to deter-
mine the precise molecular mechanisms mediating these
effects.

In spite of these alterations, most of the DEGFR mice
survived to the PH and no significant differences could
be observed in the serum parameters related to liver
injury or in the liver to body mass ratio. It is true that a
higher mortality was observed in the first 48 hours after
PH, as also suggested by Natarajan et al. in the mice car-
rying a floxed EGFR25; but differences were not statisti-
cally significant. Our results are in agreement with the
work of Michalopoulos’s group where the consequences
of in vivo silencing of the EGFR on rat liver regenera-
tion using EGFR-specific short hairpin RNAs were ana-
lyzed.31 Despite suppression of hepatocyte proliferation
lasting into day 3 after PH, liver restoration occurred.
Interestingly, hepatocytes in short hairpin EGFR–
treated rats were considerably larger compared with
short hairpin RNA–treated controls, an effect that we
also observed in the DEGFR animals. Furthermore, we
show that DEGFR mice presented higher phosphoryla-
tion levels of c-Met that could compensate for the lack
of EGFR-mediated proliferative signals, a possibility

that was also suggested in Michalopoulos et al.’s work.31

Interestingly, we demonstrate up-regulation not only of
the expression of Hgf in DEGFR livers after PH but also
of its activator uPA, whose deficiency was shown to
retard liver regeneration by impairing the HGF path-
way.23 However, even though the HGF/Met pathway is
clearly overactivated in DEGFR animals, the contribu-
tions made by EGFR are unique in some aspects and
not compensated by c-Met. In particular, early activa-
tion of phosphoinositide 3-kinase/Akt and ERK signal-
ing would require EGFR signaling. Interestingly, Factor
et al. elegantly demonstrated that c-Met signaling in
hepatocytes is essential for sustaining long-term ERK1/2
activation throughout liver regeneration, and alternative
pathways may account for the early ERK1/2 activa-
tion.32 Furthermore, here we show that compensation
of the cytostatic effects of the TGF-b pathway and regu-
lation of lipid metabolism after PH appear to be fully
dependent on EGFR and may be necessary for more
efficient liver regeneration but dispensable for restoring
liver mass in those animals that survive the first hours
after PH. In agreement with these results, lack of Nogo-
B (reticulon 4B) produces overactivation of the TGF-b
pathway after PH in mice, coincident with a delay in
hepatocyte proliferation, but did not affect the liver to
body mass ratio in the regenerative process.33

We also show here that attenuation of EGFR catalytic
activity induces a significant delay in the appearance of
tumorigenic lesions in DEN-treated animals. However,
once tumors appear, the proliferative rate is similar in
DEGFR and WT animals. Surprisingly, no significant
differences were observed in the TGF-b pathway or in
the expression of apoptosis or cell cycle regulatory genes,
which could justify the delay in tumorigenesis. The only
significant change was the mRNA levels of Nox4, a
member of the NADPH oxidase family that is down-
regulated in HCC patients and negatively modulates
hepatocyte proliferation.22 Interestingly, EGF inhibits
Nox4 expression, acting at the transcriptional level on
the Nox4 promoter.21 Indeed, the more significant dif-
ference lies in the appearance of preneoplastic lesions. In
agreement with this result, a previous study using gefiti-
nib (an EGFR inhibitor) in DEN-induced hepatocarci-
nogenesis in mice revealed that the gefitinib-treated
animals showed significantly lower numbers of HCC
nodules but that the mean tumor size was not different
between untreated and gefitinib-treated mice.34 Similar
to what was found during liver regeneration, levels of
HGF were much higher in DEGFR animals, which sug-
gests that this cytokine might replace the mitogenic
function of the EGFR ligands.
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Our study indicates that the delay in the appearance
of tumoral lesions might be associated with attenuation
of the inflammatory process. In support of these results,
pharmacological inhibition of EGFR signaling effec-
tively prevented the progression of cirrhosis and
regressed fibrosis in animal models.35 EGFR signaling
has been proposed as a critical junction between
inflammation-related signals and potent cell regulating
machineries.36 Recent evidence indicates that the EGFR
pathway regulates the expression of inflammatory factors
and chemokine ligands produced by liver tumor cells.24

Our results indicate differences in the expression of
interleukin-6 and TNF-a in the tumor surrounding tis-
sue, which suggests that the transgene expression in
hepatocytes affects the production of inflammatory
cytokines by themselves or other surrounding cells.
Interestingly, the EGFR pathway plays an essential role
in liver macrophages to mediate the inflammatory pro-
cess in DEN-induced HCC.37 Indeed, we cannot
exclude that the overexpression of a truncated form of
the EGFR that binds its ligands, but does not transduce
the signal, may decrease the number of free EGFR
ligands able to act on the nonparenchymal cells. Fur-
thermore, it is worth pointing out that CCL2, a chemo-
kine considered to be a central coordinator of
hepatocyte-mediated inflammation,38 showed decreased
expression in DEGFR tumors. Finally, CXCL1, consid-
ered a critical player in both inflammation and tumor
growth in HCC,39 presented significantly decreased
mRNA levels in DEGFR tumoral and nontumoral areas.
Regardless of the mechanism and considering together
our results and others in the literature, there is no doubt
that one of the most essential functions of the EGFR
pathway during hepatocarcinogesis should be regulation
of inflammation addressed by parenchymal and/or non-
parenchymal cells.

In conclusion, here we provide a novel research tool,
a DEGFR transgenic mouse model, which has proved to
be very useful in deciphering the molecular mechanisms
underlying the functions of EGFR signaling in the adult
liver, in particular uncovering its tyrosine kinase–
dependent functions in liver regeneration and carcino-
genesis. We believe this model will open new possibil-
ities for exploring the EGFR pathway as a targeted
therapeutic strategy in chronic liver diseases and
carcinogenesis.
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HEPATOLOGY HIGHLIGHTS
Jean-François Dufour, Editor

Covered Operation to Prevent Rebleeding

What is the best prophylactic approach to prevent
rebleeding from esophageal or gastric varices in a patient
with cirrhosis? One can opt for endoscopic therapy
combined with a beta-blocker or consider a transjugular
intrahepatic portosystemic shunt (TIPS). Data with
uncovered stents are outdated with covered stent data
now widely available. Early covered TIPS in selected
patients at high risk for treatment failure has demon-
strated survival benefit. Holster et al. randomized 72
patients with first/second episode of gastric/esophageal
variceal bleeding to covered TIPS or long-term endo-
scopic treatment combined with a beta-blocker. As
expected, early encephalopathy was more frequent post-
TIPS. During the 23 months of follow-up, variceal
rebleeding was significantly less frequent in the TIPS
arm, but survival was equivalent in both arms; this
emphasizes that the prognosis of these patients is not
defined by bleeding episodes alone. (HEPATOLOGY

2016;63:581-589)

Gripping Liver Transplantation

Access to transplantation for patients on the waiting
list depends on Model for End-Stage Liver Disease
(MELD) score, which is based on three objective labora-
tory measures. This excludes deliberately subjective
assessments, in particular, encephalopathy. Nevertheless,
every physician taking care of these patients knows how
frailty is a strong predictive parameter and that func-
tional deterioration is associated with poor outcome. Lai
et al. set out to quantify frailty. At each outpatient visit
for 309 liver transplant candidates, they prospectively
measured grip strength, gait speed, timed repeated chair
stands, and balance. Adjusting for possible confounding
factors (i.e., MELD, albuminemia, and baseline physical
function), the investigators demonstrate that quantified
functional deterioration is associated with waiting-list
mortality. This work opens the door to measure the

effects of interventions that aim at decreasing frailty.
(HEPATOLOGY 2016;63:574-580)

Are Fees Limiting MRE?

Many patients with nonalcoholic fatty liver disease
(NAFLD) have a benign disease that will not progress;
only a minority of patients progress to advanced fibrosis
and cirrhosis. It is essential to identify patients with early
fibrosis, because they are at risk of progressing. Liver
biopsy is too invasive and too limited by random sam-
pling to become the test of choice. Cui et al. performed a
prospective study comparing magnetic resonance elastog-
raphy (MRE) with acoustic radiation force impulse
(ARFI) to diagnose fibrosis in 125 patients with biopsy-
proven NAFLD. To diagnose any level of fibrosis, MRE
was significantly superior to ARFI, yet this superiority
disappeared in nonobese patients. Comparing the two
methods for different fibrosis stages, MRE demonstrated
better accuracy than ARFI, but this advantage decreased
as the fibrosis stage increased. MRE is currently a research
tool, which is not widely available and comes at a sub-
stantial cost; this still makes ARFI and other transient
elastographic methods more attractive. (HEPATOLOGY

2016;63:453-461)

More Reports on DILI

For patients presenting with elevated liver tests and
taking medications, drug-induced liver injury (DILI) is
always a possibility and remains a diagnosis of exclusion.
Available information that incriminates specific medica-
tions provides evidence for the possibility of DILI. The
website “LiverTox” has established itself quickly as a reli-
able source for immediate information. It classifies drugs
into five categories of likelihood of DILI based on the
number of published case reports. Bj€ornsson and Hoof-
nagle evaluated this classification. Among 353 individ-
ual drugs considered linked to DILI, 63% had less than
12 case reports supporting the link. They reanalyzed
these cases using a formal causality assessment method
(the RUCAM system) and found that a large proportion
did not provide sufficient details to fulfill criteria for
causality assessment. The investigators rightly call for
higher standards in the quality of DILI case reports and
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for their wider acceptance for publication. (HEPATOLOGY

2016;63:590-603)

Catalyzing Regeneration and Cancer

With the clinical use of epidermal growth factor recep-
tor (EFGR) kinase inhibitors, one needs to understand
precisely the role of its hepatocellular catalytic domain
in liver regeneration and carcinogenesis. L�opez-Luque
et al. engineered mice with hepatocytes that express a
truncated EGFR, which lacks its catalytic domain. This
truncated EGFR acts as a dominant-negative form
(DEGFR). In response to partial hepatectomy, mice
expressing DEGFR displayed delayed proliferation with
stimulation of the transforming growth factor beta path-
way. Interestingly, the regenerative steatosis was nearly
absent in these mice. DEGFR mice exposed to the car-
cinogen, diethyl-nitrosamine, demonstrated retarded
appearance of tumors. This work confirms the role of
this receptor in the early phases of regeneration and car-
cinogenesis, and suggests additional metabolic effects.
(HEPATOLOGY 2016;63:604-619)

Treating Children With HBV

Chronic liver diseases, including viral hepatitis, also
affect children. The drugs prescribed to children are the
same as those for adults, and yet there are fewer
randomized, control trials performed in children. Jonas
et al. randomized 180 hepatitis B e (HBe)-antigen-posi-
tive, therapy-na€ıve children (ages �2 to <18 years) to
receive either weight-based entecavir up to 0.5 mg/day
or placebo. At week 48, 24% of the entecavir-treated
patients and only 3% of the placebo-treated patients
reached the primary endpoint defined as HBe-antigen
seroconversion and hepatitis B virus (HBV) DNA <50
IU/mL. After 2 years, resistance appeared in 2.6% of
the patients receiving entecavir, which is higher than
reported in adults. This could be a result of the lower
rate of virological suppression at 2 years, which was
49% in this pediatric population compared to 67% pre-
viously reported in adults. As a possible explanation, the
investigators suggest the role of children’s more tolero-
genic status. There were no safety issues. Overall, these
findings indicate that entecavir is a treatment option for
children suffering from chronic hepatitis B. (HEPATOLOGY

2016;63:377-387)

Risk of Bleeding: Better Guidance

Patients with cirrhosis are at risk of bleeding according
to the classic tests, which are the international normal-
ized ratio (INR) and platelet count. So, these tests

would guide the clinician to attenuate the bleeding risk
before an invasive procedure. However, cirrhosis is now
perceived as a thrombogenic situation, and the inability
of these classic tests to assess the bleeding risk correctly
is recognized by clinicians. A better test is thromboelas-
tography, which globally assesses the clotting function.
In a remarkable study, De Pietri et al. randomized 60
patients with cirrhosis with an INR >1.8 and a platelet
count <50 3 103/mL before an invasive procedure
(ranging from paracentesis to liver resection) to have the
administration of blood product guided by INR/platelet
count or thromboelastography. The results are clear: 100%
of those guided by INR/platelet count received blood
products, in contrast to 17% in the thromboelastography
group. There was one bleeding episode that occurred in
the INR/platelet count group after paracentesis. If the
benefit of this approach is confirmed, clinical practice
and guidelines will have to be changed. (HEPATOLOGY

2016;63:566-573)

Derailing the Enterohepatic Circulation

Mice lacking multidrug resistance gene 2 (mdr2–/–) have
no biliary excretion of phospholipids. This disrupts the
formation of micelles with bile acids and cholesterol,
and leads to chronic cholangitis. Miethke et al. adminis-
tered an inhibitor of the apical sodium-dependent bile
acid transporter to these mice, thereby blocking ileal
bile acid reuptake. They observed an increased fecal bile
acid excretion and a massive reduction in the serum,
hepatic, and biliary bile acid concentrations. This was
associated with stimulation of hepatoprotective path-
ways, decreased liver inflammation, and attenuated
fibrosis. This detailed work supports the investigation
into blocking the enterohepatic circulation in patients
suffering from chronic cholestatic disorders. (HEPATOLOGY

2016;63:512-523)

HCC: Methyl Transferase as a New Target

Alterations in the epigenetic landscape occur in all can-
cers, including hepatocellular carcinoma (HCC). In
order to identify key players, Wong et al. compared the
level of expression of 591 epigenetic regulators in 16
hepatitis B pairs of HCC tissue and nontumor tissue.
No less than 72% of the quantified epigenetic regulators
were significantly up-regulated in tumor tissue. Among
them, SETDB1, an H3K9 histone methyltransferase,
demonstrated the highest degree of up-regulation. The
investigators showed that this could be a result of gene
copy gain, hyperactivation of the transcription factor,
SP1, or down-regulation of the microRNA miR-29.
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Up-regulation of SETDB1 messenger RNA correlated
with the formation of metastatic tumor microsatellite
and worse 5-year survival. In xenograft models,
SETDB1 down-regulation diminished HCC growth
and suppressed lung metastasis. Pharmacological inhibi-
tion is the next step! (HEPATOLOGY 2016;63:474-487)

Fibrotic Variants in Chronic Hepatitis C

Several gene variants have been associated with hepatic
fibrosis and HCC. In European patients with chronic
hepatitis C, Burza et al. examined two gene variants that
have been previously linked to HCC in Asian patients.
Neither DEPDC5 rs1012068 nor MICA rs2596542

were associated with HCC in these European patients.
Interestingly, the DEPDC5 rs1012068 variant was
associated with an increased risk of fibrosis in a cross-
sectional cohort and with more rapid fibrosis progres-
sion in a prospective cohort. DEPDC5 rs1012068
variant does not appear to affect gene expression, but is
in linkage disequilibrium with two nonsynonymous
variants. This led the investigators to down-regulate
DEPDC5 in immortalized LX-2 human stellate cells,
where it is highly expressed. Down-regulation of
DEPDC5 increased the production of matrix metallo-
peptidase 2, suggesting a mechanistic explanation for
the genetic association with fibrosis. (HEPATOLOGY

2016;63:418-427)
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HGF/c-Met signaling promotes liver progenitor cell migration and
invasion by an epithelial–mesenchymal transition-independent,
phosphatidyl inositol-3 kinase-dependent pathway in an in vitro model
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Oval cells constitute an interesting hepatic cell population. They contribute to sustain liver regeneration during
chronic liver damage, but in doing this they can be target of malignant conversion and become tumor-initiating
cells and drive hepatocarcinogenesis. The molecular mechanisms beneath either their pro-regenerative or
pro-tumorigenic potential are still poorly understood. In this study, we have investigated the role of the HGF/c-
Met pathway in regulation of oval cell migratory and invasive properties. Our results show that HGF induces
c-Met-dependent oval cell migration both in normal culture conditions and after in vitro wounding.
HGF-triggered migration involves F-actin cytoskeleton reorganization, which is also evidenced by activation of
Rac1. Furthermore, HGF causes ZO-1 translocation from cell–cell contact sites to cytoplasm and its concomitant
activation by phosphorylation. However, no loss of expression of cell–cell adhesion proteins, including
E-cadherin, ZO-1 and Occludin-1, is observed. Additionally, migration does not lead to cell dispersal but to a
characteristic organized pattern in rows, in turn associated with Golgi compaction, providing strong evidence
of a morphogenic collective migration. Besides migration, HGF increases oval cell invasion through extracellular
matrix, a process that requires PI3K activation and is at least partly mediated by expression and activation of
metalloproteases. Altogether, our findings provide novel insights into the cellular and molecular mechanisms
mediating the essential role of HGF/c-Met signaling during oval cell-mediated mouse liver regeneration.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Oval cells are bipotent adult hepatic progenitor cells (HPC) that
expand after chronic severe damage, migrate and invade into liver

parenchyma and differentiate into mature epithelial liver cells
(hepatocytes and cholangiocytes), thus actively contributing to repopu-
late the liver and restore liver function. This oval cell-mediated regenera-
tive process is often referred to as “oval cell response” or “ductular
reaction”due to the fact that proliferating oval cells organize into ductular
structures or ductules [1]. Their role in regeneration of the damaged liver
has been convincingly proven mostly based on their presence in
advanced stages of human liver diseases, surrounded by immature hepa-
tocytes, which indicates an ongoing regeneration response; and their
demonstrated capacity to repopulate the liver upon transplantation in
animal models of liver injury. Hence, they have been considered as
the second line of defense against liver injury [2]. Unfortunately, the
repopulation process is often not efficient enough and hepatic failure
cannot be always prevented. Strikingly, recent evidences suggest that
a sustained oval cell response may indeed aggravates fibrosis [3].
Furthermore, it is also recognized that deregulation of the oval cell acti-
vation/differentiation pathway can result in malignant transformation
of these cells that subsequently become tumor-initiating cells and
drive hepatocarcinogenesis [4]. It becomes clear that, in spite of their
relevance in liver pathophysiology, our knowledge about the complex
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The level of caveolin-1 expression determines
response to TGF-β as a tumour suppressor in
hepatocellular carcinoma cells

Joaquim Moreno-Càceres1,6, Daniel Caballero-Díaz1,6, Zeribe Chike Nwosu2, Christoph Meyer2, Judit López-Luque1,
Andrea Malfettone1, Raquel Lastra1,3, Teresa Serrano1,4, Emilio Ramos1,3, Steven Dooley2,7 and Isabel Fabregat*,1,5,7

Hepatocellular carcinoma (HCC) is a heterogeneous tumour associated with poor prognostic outcome. Caveolin-1 (CAV1), a
membrane protein involved in the formation of caveolae, is frequently overexpressed in HCC. Transforming growth factor-beta
(TGF-β) is a pleiotropic cytokine having a dual role in hepatocarcinogenesis: inducer of apoptosis at early phases, but pro-
tumourigenic once cells acquire mechanisms to overcome its suppressor effects. Apoptosis induced by TGF-β is mediated by
upregulation of the NADPH oxidase NOX4, but counteracted by transactivation of the epidermal growth factor receptor (EGFR)
pathway. Previous data suggested that CAV1 is required for the anti-apoptotic signals triggered by TGF-β in hepatocytes. Whether
this mechanism is relevant in hepatocarcinogenesis has not been explored yet. Here we analysed the TGF-β response in HCC cell
lines that express different levels of CAV1. Accordingly, stable CAV1 knockdown or overexpressing cell lines were generated. We
demonstrate that CAV1 is protecting HCC cells from TGF-β-induced apoptosis, which attenuates its suppressive effect on
clonogenic growth and increases its effects on cell migration. Downregulation of CAV1 in HLE cells promotes TGF-β-mediated
induction of the pro-apoptotic BMF, which correlates with upregulation of NOX4, whereas CAV1 overexpression in Huh7 cells
shows the opposite effect. CAV1 silenced HLE cells show attenuation in TGF-β-induced EGFR transactivation and activation of the
PI3K/AKT pathway. On the contrary, Huh7 cells, which do not respond to TGF-β activating the EGFR pathway, acquire the capacity
to do so when CAV1 is overexpressed. Analyses in samples from HCC patients revealed that tumour tissues presented higher
expression levels of CAV1 compared with surrounding non-tumoural areas. Furthermore, a significant positive correlation among
the expression of CAV1 and TGFB1was observed. We conclude that CAV1 has an essential role in switching the response to TGF-β
from cytostatic to tumourigenic, which could have clinical meaning in patient stratification.
Cell Death and Disease (2017) 8, e3098; doi:10.1038/cddis.2017.469; published online 12 October 2017

Hepatocellular carcinoma (HCC) is a heterogeneous tumour
commonly associated with chronic liver diseases, such as
alcoholic and viral hepatitis, and is often preceded by
cirrhosis.1 Given the lack of an effective therapeutic approach,
several studies have focused on molecular targets that can
predict either clinical outcome or drug response. Caveolins are
a family of membrane proteins required for the formation of
membrane invaginations called caveolae. Caveolae are
involved in cellular trafficking, and have been proposed as
possible sites for mining druggable targets in cancer.2

Interestingly, in addition to the role of caveolins in caveolae
formation, they also act as scaffolding proteins, and as such
modulate intracellular signalling pathways.3 Caveolin-1
(CAV1), the mostly studied member of the family (others
being CAV2 and CAV3), functions either as a tumour
suppressor or as an oncogene, depending on tumour type
and cellular context.3 Nevertheless, in HCC several evidences
propose CAV1 as an important factor determining higher

invasive and metastatic phenotypes, as well as poor
prognosis.4–6 CAV1 expression has been found to be
increased concomitant with HCC progression. This correlates
with the fact that overexpression of CAV1 promotes HCC cell
growth, increases motility and invasiveness, as well as higher
tumourigenic potential in vivo.4,6 Interestingly, knockdown of
CAV1 in metastatic HCC cells had the opposite effect,
suppressing tumour growth and metastatic potential in vivo.6

Further, CAV1 expression varies with differentiation state of
HCC cells: well-differentiated cell lines do not express
detectable levels of CAV1, whereas high expression can be
found in poorly differentiated HCC cell lines.7 However, the
mechanism for CAV1 involvement in all these effects is not
fully understood yet.
Transforming growth factor-beta (TGF-β) is a pleiotropic

cytokine that also has a dual role in tumourigenesis. For
instance, TGF-β acts as a growth inhibitor in early stages of
cancer, but promotes progression once cells have acquired
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1.3. Relevance in vivo of the EGFR kinase activity during liver fibrosis. 



1.3.1. Analysis of carbon tetrachloride (CCl4)-induced liver fibrosis in the ΔEGFR genetically modified animal model.

 

Fibrosis process was induced in 8-weeks-old male mice by two CCl4-injections per week during 4 or 8 weeks (Material and Methods section 1.4.). Control mice were injected with Mineral Oil (MO). By Real-Time qPCR it was verified that ΔEGFR animals kept the expression of the truncated form of the human EGFR over time (Figure 21), and no changes were observed after CCl4 treatment.

		



		Figure 21. hEGFR transgene expression in WT and ΔEGFR mice treated during 4 and 8 weeks with CCl4. mRNA expression levels analysed by qRT-PCR. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: ** p<0.01, *** p<0.001 compared to WT. 







After 4 weeks of CCl4-treatment, WT animals developed a liver parenchyma disruption presenting disorganization and open areas (wounds), which was accentuated after 8 weeks of treatment (Figure 22). Transgenic mice, after 4 weeks of treatment, did not show significant changes in liver parenchyma architecture neither in the presence of wounds. Even after 8 weeks of CCl4-treatment, in transgenic mice, the disruption remains lower suggesting a delay or protection in the appearance of liver injury.

		



		Figure 22. ΔEGFR mice show lower liver injury after CCl4-treatment. Representative haematoxylin and eosin (H&E) images in livers from WT and ΔEGFR mice treated with CCl4 or Mineral Oil (MO). Images are representative from at least 3 animals per group. 







To evaluate the development of liver fibrosis in these mice, we analysed the expression and presence of collagen fibres. Masson’s Trichrome staining, which stains in blue collagen fibres, revealed that WT animals showed large collagen deposits at 4 weeks after CCl4-treatment (Figure 23A). This situation was accentuated at 8 weeks, where the fibres were bigger and started to form bridges between different portal areas, indicating a higher fibrosis stage (based on Ishak Stage classification). This result correlated with higher mRNA expression of collagen in WT animal in comparison with transgenic mice, measured as the expression of Col1a1 and Col1a2 genes (Figure 23B). ΔEGFR mice displayed a lower presence of collagen fibres and these fibres looked thinner than the WT ones. Even more, it seems that it exists a reversion (or lower appearance) of collagen fibres between 4 and 8 weeks after treatment.

Considering that liver fibrosis is concomitant with the HSC activation to MFB, we analysed the α-Smooth Muscle Actin (αSMA) expression, a MFB marker. At 4 weeks after CCl4-treatment, WT animals showed αSMA-positive areas (Figure 24A) and these areas forming bridges between portal areas. Transgenic animals presented lower positive areas than WT ones with lower connections between portal areas. At 8 weeks after treatment, WT showed higher αSMA staining, while transgenic mice seemed to have a reversion of the appearance of αSMA-positive areas. Similarly, higher Acta2 (aSma gene) mRNA expression was found in WT animal in comparison with transgenic mice (Figure 24B). These results suggest that the catalytic activity of the EGFR -in hepatocytes- seems to be important for the HSC activation and their collagen production, which is concomitant with fibrosis appearance.



		



		Figure 23. ΔEGFR mice show lower expression of collagens after CCl4-treatment. (A) Representative Masson’s Trichromic staining. In blue is represented collagen fibres. A representative image from at least 3 animals per condition is shown. (B) Analysis collagen mRNA expression by qRT-PCR in livers from 4 and 8 weeks after CCl4-treatment. Results expressed as fold induction versus each corresponding control (MO-treated animals). Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: # p<0.05, ### p<0.001 compared to untreated condition at the same time. Abbreviation: n.s.: no significative.









		



		Figure 24. ΔEGFR mice show lower expression of α-Smooth Muscle Actin (αSMA), a Hepatic Stellate cell marker, after CCl4-treatment. (A) Inmunohistochemical analysis of αSMA expression in livers from WT and ΔEGFR treated with CCl4. A representative image from at least 3 animals per condition is shown. (B) Analysis Acta2 (αSma) mRNA expression levels by qRT-PCR in livers from 4 and 8 weeks after CCl4-treatment. Results expressed as fold induction versus each corresponding control (MO-treated animals). Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: # p<0.05 compared to untreated condition at the same time. Abbreviation: IHC: Immunohistochemistry 





1.3.2. Analysis of the inflammatory process during CCl4-induced liver fibrosis in ΔEGFR mice.

After liver injuries, inflammatory cells are recruited to produce factors that defend hepatocytes from these toxic insults, favouring liver regeneration. However, chronic liver damage contributes to hepatic non-resolvable chronic inflammation and induces progressive pathological changes, that include structural abnormality in hepatic lobules, fibrosis and cirrhosis, which may develop hepatocarcinogenesis. As it was done in DEN-model, we analysed inflammatory markers (F4/80) and the expression of inflammatory genes. After 4 weeks of CCl4-treatment, WT animals showed higher inflammatory areas, analysed by F4/80 staining (Figure 25), and expressed higher Il12b mRNA levels (Figure 26), while no significant changes were found in ΔEGFR mice. At that time, ΔEGFR mice presented lower inflammatory areas. Interestingly, at 8 weeks after treatment, WT animals still showed relevant inflammatory areas, while transgenic mice seemed to show even a reverse of them (Figure 25). Worth noting that, at that time, ΔEGFR animals expressed higher levels of Il6 and Cxcl1 (Figure 26).

		



		Figure 25. ΔEGFR mice show lower inflammatory areas after CCl4-treatment. Inmunohistochemical analysis of F4/80 (a macrophage marker) expression in livers from WT and ΔEGFR treated with CCl4. A representative image from at least 3 animals per condition is shown. Abbreviation: IHC: Immunohistochemistry.







		



		

Figure 26. Analysis of the expression of inflammatory-related genes in WT and ΔEGFR mice after CCl4-treatment. Cytokines (A) and chemokines (B) mRNA expression was measured by qRT-PCR in livers from 4 and 8 weeks after CCl4-treatment. Results expressed as fold induction versus each corresponding control (MO-treated animals). Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: # p<0.05, ### p<0.001 compared to untreated condition at the same time.  







These results suggest that the catalytic activity of the EGFR is involved in the regulation of the inflammatory environment in this liver fibrosis experimental model.

1.4. Relevance of the EGFR pathway in the regulation of inflammation-related gene expression in liver cells. 



Our study pointed out that in ΔEGFR mice the delay in the appearance of tumoural lesions and collagen deposits -and fibrosis- could be associated to an attenuation of the inflammatory process. The previous results suggested that the lack of the catalytic activity of EGFR -in hepatocytes- may affect the production of inflammatory cytokines and chemokines by themselves or other surrounding cells, which would provoke the delay in the DEN- and CCl4-induced inflammatory process in the liver. Thus, next we studied the potential role of EGFR modulating the expression of pro-inflammatory cytokines and chemokines in in vitro models: non-transformed hepatocytes (isolated from WT and ΔEGFR mice) and the human liver tumour Hep3B cell line. We focused on the expression of cytokines and chemokines that were significantly different between WT and ΔEGFR animals: IL-1β, IL-6, IL-12β, TNFα, CXCL1, CCL2 and the CXCR4/7/CXCL12 axis. 

After HB-EGF treatment, WT hepatocytes up-regulated the expression levels of Il12b (Figure 27), Cxcl1 and Ccl2 (Figure 28) while ΔEGFR hepatocytes did not. The expression of Cxcr4, Cxcr7 and Cxcl12 were not detected in these cells (data not shown).

		



		Figure 27. Cytokines expression in WT and ΔEGFR hepatocytes after HB-EGF treatment. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). mRNA expression was measured by qRT-PCR. Relative expression to mL32 gene. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 compared to WT at the same time; # p<0.05 compared to untreated cells.



		



		

Figure 28. Chemokines expression in WT and ΔEGFR hepatocytes after HB-EGF treatment. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). mRNA expression was measured by qRT-PCR. Relative expression to mL32 gene. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: *p<0.05, **p<0.01, ***p<0.001 compared to WT at the same time; # p<0.05, ## p<0.01, ### p<0.001 compared to untreated cells.









Next, we analysed their expression in Hep3B cells. After HB-EGF treatment, Hep3B shControl cells up-regulated the expression of the cytokine IL12B (Figure 29).





		



		

Figure 29. Cytokines expression in control and EGFR knock-down Hep3B cells after HB-EGF treatment. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). mRNA expression was measured by qRT-PCR. Relative expression to hL32 gene. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: *p<0.05, **p<0.01 compared to WT at the same time; # p<0.05, ## p<0.01 compared to untreated cells.





Hep3B shControl cells also showed elevated expression of the chemokines CXCL1 and CXCL8 (Figure 30), and the chemokine receptor CXCR4 (Figure 31). We incorporated CXCL8 (a human homolog of Cxcl1 which is not expressed in mice) in the analysis due to it is described as a potent pro-inflammatory chemokine that appears elevated in serum from HCC patients, and represents a risk factor for survival (Ren et al., 2003; Liang et al., 2015).







		



		



Figure 30. Chemokines expression in control and EGFR knock-down Hep3B cells after HB-EGF treatment. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). mRNA expression was measured by qRT-PCR. Relative expression to hL32 gene. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: **p<0.01 compared to WT at the same time; # p<0.05, ### p<0.001 compared to untreated cells.













		



		Figure 31. CXCL12 and its receptors CXCR4/7 expression in control and EGFR knock-down Hep3B cells after HB-EGF treatment. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). mRNA expression was measured by qRT-PCR. Relative expression to hL32 gene. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 compared to WT at the same time; # p<0.05, ## p<0.01, ### p<0.001 compared to untreated cells.







To confirm the results at protein levels, we performed an ELISA analysis of CXCL8. We decided to explore deeper this chemokine due to its relevance -and its mouse homologue Cxcl1- in our results, in tumour cells biology and in HCC patients (Ren et al., 2003; Liang et al., 2015). Hep3B shControl cells up-regulated the levels of CXCL8 after HB-EGF treatment compared to shEGFR cells (Figure 32).

		



		Figure 32. Analysis of the secretion of CXCL8 in control and EGFR knock-down Hep3B cells. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at 24 hours and the medium was recollected. The levels of CXCL8 were quantified by Enzyme-Linked ImmunoSorbent Assay (ELISA) (N=3). Results expressed as fold induction versus each corresponding control (untreated cells). Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: *** p<0.001 compared to shControl at the same time; ## p<0.01 compared to untreated cells.





These in vitro results support the data obtained in vivo and highlights the relevance of EGFR pathway as a key liver inflammatory regulator. Indeed, they are showing up that hepatocytes and liver tumour cells may contribute through the expression of cytokines and chemokines, which would control their surrounding environment and their survival capacities.







Our studies suggest that the catalytic activity of the EGFR -in hepatocytes- could be criticical during both fibrosis and hepatocarcinogenesis processes, where inflammation may play a critical role. Overall, results provide a mechanistic insight into how this kinase acts to regulate liver pathophysiology. 
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1. Animal experimentation



1.1. Ethics statement

The use of animals complied with the institutional and European legislation concerning vivisection, the use of genetically modified organisms, animal care and welfare (European Directive 2010/63/UE adopted by the European Parliament and the Council of the EU on September 22, 2010). All mouse lines were maintained in a C57BL/6 background in the University Complutense of Madrid (UCM) animal facility, allowed food and water ad libitum and routinely screened for pathogens in accordance with FELASA (Federation of European Laboratory Animal Science Associations) procedures. The experimental protocol for CCl4- and DEN-induced for liver fibrosis and hepatocarcinogenesis, respectively, was approved by the Institutional Committee for Animal Care and Use (CEA -UCM 87/2012, Madrid, Spain).



1.2. Generation of transgenic EGFR mice

A cDNA coding for a truncated form of the human EGFR, lacking the kinase domain in its intracytosolic region (654-1186 aa), was cloned in a transference bacterial artificial chromosome (BAC) clone RP23-279P6 (kindly provided by Prof. Dr. Günther Schütz, Molekularbiologie der Zelle I, Deutsches Krebsforschungszentrum (DKFZ) Heidelberg, Germany) carrying albumin locus and chloramphenicol resistance gene. The truncated EGFR was introduced just in the ATG starting codon of the albumin gene, surrounded by 160 kb of the albumin chromosomal genomic sequence (Warming et al., 2005). Linearized BAC DNA was microinjected into the pronuclei of mouse B6CBAF2 zygotes according to reported protocols (Giraldo and Montoliu, 2001), which were later on transferred to pseudo-pregnant recipient females, finally obtaining transgenic mice Alb-∆654-1186EGFR (from now abbreviated as ∆EGFR) (Figure XXIV). Two of them gave littermates and showed germline transmission of the transgene, so they were established and named as 1ΔEGFR (>100 copies of the transgene) and 2ΔEGFR (10-20 copies of the transgene) line. The ΔEGFR F1 mice obtained were interbred to generate stable transgenic mouse lines, which were kept heterozygous. Transgenic lines are archived in the European Mouse Mutant Archive as B6CBA-Tg(Alb-DeltaEGFR). Genotyping was assessed by polymerase chain reaction (PCR) as specified in the European Mouse Mutant Archive. Using specific primers that exclusively detect the expression of the human EGFR gene, it was demonstrated the transgene expression in ΔEGFR mice by quantitative real-time PCR (qRT-PCR) analysis. 



		



		

Figure XXIV. Diagram representing the generation of the transgenic model of AlbΔ654-1186EGFR (abbreviated as ΔEGFR) mice. (A) A complementary DNA coding for a truncated form of the human EGFR (hEGFR) was cloned in a transference plasmid (BAC) under the control of a specific hepatocyte promoter, formed by the albumin locus (just before ATG of the albumin mouse gene; Alb∆654-1186EGFR). (B) This truncated form has a deletion in its intracytosolic region (amino acids 654-1186) and (C) can undergo EGF-induced dimerization. It is able to form heterodimers with wild type receptor allowing the binding of EGFR ligands and also acting as a dominant negative mutant. Abbreviation: TM: Transmembrane Domain.





These experiments were carried out by Jose Carlos Segovia, María García Bravo and Esther Grueso, in collaboration with Lluis Montoliu and Almudena Fernández, and with Aránzazu Sánchez and Adoración Martínez Palacián, performed in Cell Differentiation and Cytometry Unit, Hematopoietic Innovative Therapies Division, Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT), Centro de Investigación Biomédica en Red de Enfermedades Raras (CIBERER), Advanced Therapies Mixed Unit, CIEMAT/IIS Fundación Jiménez Díaz, Department of Molecular and Cellular Biology, National Centre for Biotechnology (CNB-CSIC), and the Department of Biochemistry and Molecular Biology II, School of Pharmacy, Complutense University of Madrid (UCM) (Madrid, Spain).



1.3. DEN-induced hepatocarcinogenesis in mice 

Male mice at day 15 of age received intraperitoneal injections of DEN (10 mg/kg) diluted in saline buffer. At 9 and 12 months of age, mice were sacrificed and their livers removed (Figure XXV-A). For histological studies, liver lobes were fixed in 4% paraformaldehyde overnight and paraffin-embedded for immunohistochemistry staining. Tissue samples were immediately frozen in liquid nitrogen for RNA and protein extraction. Total RNA and protein were isolated from frozen tissues for qRT-PCR and western blotting analyses (protocols below). 



DEN-induced experiments were performed by Aránzazu Sánchez in the Department of Biochemistry and Molecular Biology II, School of Pharmacy, Complutense University of Madrid (UCM, Madrid, Spain). Samples were collected by María García Álvaro, Diego de la Morena, Annalisa Addante and Laura Almalé.



1.4. CCl4-induced liver fibrosis in mice

8-weeks male mice received intraperitoneal, during 4 or 8 weeks, two injections per week of CCl4 (480 mg/kg) diluted in mineral oil (MO). After treatment, mice were sacrificed and their livers removed (Figure XXV-B). For histological studies, liver lobes were fixed in 4% paraformaldehyde overnight and paraffin-embedded for immunohistochemistry staining. Tissue samples were immediately frozen in liquid nitrogen for RNA and protein extraction. Total RNA and protein were isolated from frozen tissues for qRT-PCR and western blotting analyses (protocols below). 



CCl4-induced experiments were performed by Aránzazu Sánchez and Annalisa Addante in the Department of Biochemistry and Molecular Biology II, School of Pharmacy, Complutense University of Madrid (UCM, Madrid, Spain). Samples were collected by Annalisa Addante and Laura Almalé. The 4-weeks CCl4-treatment samples analysis were done in collaboration with Iván Prieto Duran (biomedicine undergraduate student).

		



		

Figure XXV. Schematic representation of the experimental schedules. (A) DEN-induced hepatocarcinogenesis protocol schedule. (B) CCl4-induced fibrosis protocol schedule.







1.5. Analysis of serum parameters

For serum biochemical analysis, total blood was withdrawn from the carotid artery under isoflurane anaesthesia, allowed to clot at room temperature (RT) and centrifuged for 10 minutes at 1800 rpm in a microcentrifuge. Serum was stored at -20ºC. Alkaline phosphatase (ALP), alanine-aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (T BIL) were measured in a Clinical Analysis Laboratory (UCM, Madrid, Spain) using gold standard methods and a Cobas Integra 400 Plus Chemistry Analyzer (Roche). 

These experiments were performed by Aránzazu Sánchez, Margarita Fernández, Judit López Lúque and Daniel Caballero Díaz in Department of Biochemistry and Molecular Biology II, School of Pharmacy, Complutense University of Madrid (UCM, Madrid, Spain).



2. Cell culture



2.1. Generation of transgenic ΔEGFR hepatocyte cell lines

To generate immortalized hepatocytes, pools of four to six livers from WT, 1ΔEGFR and 2ΔEGFR neonates (5-7 days old) were used. Isolation of the cells (by collagenase dispersion) and immortalization were performed as described before (Valverde et al., 2003). Briefly, viral Bosc-23 packaging cells were transfected at 70% confluence with 3 μg/6 cm-dish of the puromycin-resistance retroviral vector pBabe encoding SV40 Large T antigen (LTAg) (kindly provided by J. de Caprio, Dana Farber Cancer Institute, Boston, MA). Then, primary cultures of neonatal hepatocytes isolated from WT, 1ΔEGFR and 2ΔEGFR mice were infected at 60% confluence with polybrene (4 μg/mL)-supplemented virus for 48 hours and maintained in culture medium for 72 hours, before selection with puromycin (0,5-1 μg/mL) for one week. Pools of infected cells rather than individual clones were selected to avoid potential clone-to-clone variations. Immortalized cell lines were further cultured for at least two weeks with arginine-free medium supplemented with 10% Foetal Bovine Serum (FBS) and ornithine to avoid growth of non-parenchymal cells.



These experiments were performed by Ángela M. Valverde and Águeda González Rodríguez in Instituto de Investigaciones Biomédicas “Alberto Sols” (CSIC/UAM), and Centro de Investigación Biomédica en Red de Diabetes y Enfermedades Metabólicas Asociadas (CIBERDEM), ISCIII, (Madrid, Spain).



2.2. Human liver tumour cell lines

Hep3B and PLC/PRF/5 cell lines were obtained from the European Collection of Authenticated Cell Cultures (ECACC, Salisbury, United Kingdom). Huh7 and HLF cells were from the Japanese Collection of Research Bioresources (JCRB Cell Bank, Osaka, Japan) and were kindly provided by Dr. Perales (University of Barcelona, Barcelona, Spain) and Dr. Giannelli (University of Bari, Bari, Italy), respectively. SNU449 cells were from the American Tissue Culture Collection (ATCC). The molecular characteristics of human liver tumour cells are shown in Table I.



		Cell line

		Tumour type

		Morphology / differentiation grade

		P53 status

		Other characteristics



		PLC/PRF/5

		Human liver

hepatocarcinoma

		Epithelial / Well differentiated

		Mutated pR249S

		



		Huh7

		Human liver

hepatocarcinoma

		Epithelial / Well differentiated

		Mutated pY220S

		



		Hep3B

		Human negroid

hepatocarcinoma

		Epithelial / Well differentiated

		Deleted

		Deficient in functional pRB; mutations within hFas gene



		SNU449

		Human asian

hepatocarcinoma

		Diffusely spreading cells / Poorly differentiated

		Mutated pK139R pA161T

		Aneuploid; mutations in CDKN2A



		HLF

		Human hepatoma

(nondifferentiated)

		Diffusely spreading cells / Poorly differentiated

		Mutated pG244A

		



		

		

Table I. Molecular characteristics of the human liver tumour cell lines used.







2.3. Culture conditions

For cell culture, cell lines were grown in Dulbecco's Modified Eagle Medium (DMEM) medium from Lonza (Ref. BE12-604F, Verviers, Belgium), supplemented with 10% FBS, Penicillin (120 mg/mL), Streptomycin (100 mg/mL) and Amphotericin (2.5 mg/mL), and maintained in a humidified atmosphere of 37ºC, 5% CO2. In the case of mouse hepatocytes, the FBS used was from Gibco® (Thermo Ficher Scientific, Waltham, MA, USA), for the tumour liver cells the FBS used was from Sera Laboratories (Ref. EU-000-F, Brazil EU Grade). 



All cell lines needed to be split at sub-confluent cultures (70-80%) by trypsinization (Trypsin- EDTA 0.05%). For the indicated experiments, cells were serum-starved during 16 hours before treatments. After this time, it is considered that cells lose the proliferative stimuli obtained from FBS components. This is useful for evaluating the effect of compounds alone.



2.4. Treatments used

For experiments, cells at 60% confluence were serum-starved for 16 hours and treated with different factors: TGF-β1 (2 ng/mL) (Calbiochem, Ref. 616455, La Jolla, CA, USA), HB-EGF (20ng/mL) (Sigma-Aldrich Ref. E4643, St. Louis, MO, USA), and FBS (10%). For HCC cell lines, treatment was added to medium with 0% or 2% FBS (only SNU449 cells), as is indicated in the experiment, to avoid cell death. 







3. Knock-down assays



3.1. Transient silencing

For small interference RNA (siRNA) transient transfection, cells at 30-40% confluence were transfected using the TransIT-Quest reagent (Mirus, Madison, WI, USA) at a 1:300 dilution in complete medium (medium with 10% FBS, following manufacturer’s recommendations) with a final siRNA concentration of 50 nM. After 8 hours with the transfection solution, plates were washed and fresh medium was added containing 10% FBS during a minimum of 24 hours before starting experiments. siRNA for clathrin heavy-chain was obtained from Sigma-Genosys (Suffolk, UK). It was used the same clathrin oligos for both mouse and human cells. Oligo sequences are shown in Table II (the unsilencing siRNA used was selected from previous works (Sancho et al., 2009)).



		siRNA (gene)

		Sequence (5’-3’)



		Clathrin heavy-chain #1

		GAAAGAAUCUGCAGAGAAA



		Clathrin heavy-chain #2

		GGGAAGAAUUGGUGAAGUA



		Unsilencing

		GUAAGACACGACUUAUCGC



		

Table II. siRNA sequences.







3.2. Stable transfection

For stable transfection of short hairpin RNA (shRNA), cells at 50–60% confluence were transfected with MAtra-A reagent (IBA GmbH, Goettingen, Germany) at a dilution of 1:600 in complete media, according to the manufacturer’s recommendation (15 minutes on the magnet plate), using 2 μg/mL of shRNA plasmid. Hep3B cell line was stable silenced for EGFR. Four different shRNA plasmids were transfected, separately and combined, as well as a control unspecific shRNA. Pools of transfected cells rather than individual clones were selected to avoid potential clone-to-clone variations, and the best-silenced pools of transfected cells were selected (from now on denominated as clones). After 24 hours, media was changed to complete media, and selection of transfected cells was done in all cases with puromycin (InvivoGen Therapeutics, France), for at least 50 days prior to experiments. At the beginning, selection was done at a dose of 0.5 μg/mL of puromycin and this dose was gradually increased until reaching 2 μg/mL, which is the one used for maintaining the silenced clones. shRNA plasmids transfected were selected from Mission SH, Sigma-Aldrich (Madrid, Spain) and sequences are indicated in Table III. The clone used for experiments was the clone #64. This clone was extensively characterized by Judit López Lúque. Generation of Hep3B shEGFR was performed by Laia Caja and Judit López Lúque, both at Fabregat’s laboratory in the Molecular Oncology Laboratory (IDIBELL).



		shRNA

(gene)

		Plasmid

number

		Sequence (5’-3’)



		Human EGFR

		#1

		CCGGCCTCCAGAGGATGTTCAATAACTCGAGTTATTGAACATCCTCTGGAGGTTTTTG



		

		#2

		CCGGGTGGCTGGTTATGTCCTCATTCTCGAGAATGAGGACATAACCAGCCACTTTTTG



		

		#3

		CCGGGCTGCTCTGAAATCTCCTTTACTCGAGTAAAGGAGATTTCAGAGCAGCTTTTTG



		

		#4

		CCGGCGCAAAGTGTGTAACGGAATACTCGAGTATTCCGTTACACACTTTGCGTTTTTG







Table III. shRNA sequences.



4. Analysis of cell proliferation 



4.1. Analysis of cell viability by trypan blue

Analysis of cell viability was performed by trypan blue staining. At the desired times of treatment, cells were trypsinized and collecting the media (where dead cells were present). After 5 minutes centrifugation at 1200 rpm, cells were resuspended in 50 μl of phosphate-buffered saline (PBS) + 1:10 v/v trypan blue. Viable and non-viable (blue dyed) cells were counted in a Neubauer chamber, counting eight squares/condition, in duplicates. Results are expressed as percentage of viable and non-viable cells.



4.2. Crystal violet staining

Crystal violet staining allows quantifying the number of cells that survive after a toxic process, being useful when working with adherent cells that detached after undergoing a toxic process. It is useful as well for quantifying the changes in the cell number along time when cells are cultured under certain conditions (Drysdale et al., 1983).



After the time of culture required, cell medium was removed, cells were washed twice with PBS and the remaining viable adherent cells were stained with 300 μL/well of crystal violet solution (0.2% (w/v) in 2% ethanol) for 30 minutes. Following this, the staining solution was removed, and the wells were washed several times with PBS or distilled water until the dye excess was eliminated. The plate was air-dried, and the stained cells were lysed by adding 300 μL of 10% Sodium Dodecyl Sulfate (SDS) for 30 minutes, in motion. This lead to a cellular rupture that released the dye incorporated by the remaining cells and stained the SDS proportionally to the number of still attached cells. By spectrophotometric analysis, the absorbance was measured in a wavelength of 595 nm. Results were then calculated as the percentage of viable cells at the indicated times relative to time zero.



4.3. Analysis of the percentage of ki67 positive nuclei

In order to determine the proliferative fraction of a given cell population, Ki67 is considered an excellent marker because it is a protein that can be detected during all active phases of the cell cycle (G1, S, G2 and mitosis) and is absent in resting cells (G0) (Scholzen and Gerdes, 2000). Cell immunofluorescence using rabbit anti-Ki67 antibody as a primary antibody and DAPI (4′,6-diamidino-2-phenylindole) (Molecular Probes, Eugene, OR, USA) staining for nuclei detection was done as explained in Materials and methods 9.1. Cells were visualized in a Nikon eclipse 80i microscope with the appropriate filters, and cells were count at least in ten 40x images (which were taken with a Nikon DS-Ri1 digital camera). Finally, the percentage of Ki67 positive cells versus the total number of cells (DAPI staining) was quantified from the images.



5. Analysis of cell death



5.1. Analysis of propidium iodide internalization by flow cytometry

Analysis of live cells by flow cytometry allows detecting cell viability by internalization of propidium iodide (PI). Cells were detached from culture dishes, centrifuged at 1200 rpm for 5 minutes at 4ºC. Pellets were resuspended in 100 µL of PBS and transferred into a tube fitted for flow cytometry analysis with 350 µL of PBS, for a total volume of 450 µL. PI was added at a final concentration of 0.05%. Flow cytometric analysis was performed using a Gallios cytometer from Beckman-Coulter (Barcelona, Spain). Data obtained was analysed with Kaluza version 1.1 software developed by Beckman-Coulter.



5.2. Analysis of caspase-3 activity

For the analysis of caspase-3 activity, after incubation of cells with the desired stimuli, in our case cells were treated with TGF-β, media was preserved and cells were scrapped. Cells and media were collected together in a 15mL tube, which was then centrifuged at 2500 rpm for 5 minutes. Indeed, this pellet contained those cells that were attached to the tissue culture dish and those that were dead and floating in the media. The pellet was resuspended in 30 to 100 μL of Lysis Buffer, Table IV. The solution was then transferred to an eppendorf tube, which was incubated for 20 minutes on ice and vortexed every 5 minutes in order to optimize cell lysis. After this time, eppendorf tubes were centrifuged at 13000 rpm during 10 minutes at 4°C. The supernatant was stored at -20 or -80°C until caspase-3 activity was quantified. 



When caspase-3 activity was analysed in tissues, small pieces of frozen tissues were pulverized mechanically in a mortar, previously sterilized at 200ºC for 4 hours to inactivate RNAses. Tissue powder was then transferred to an eppendorf tube and resuspended in 200 μL of Lysis Buffer (Table IV), incubated for 20 minutes on ice with a vortex mix every 5 minutes. From this point, the same procedure was used for both, cells and tissue samples. 



In both cases, to determine caspase-3 activity, first we determined the protein concentration by BCA Reagent (detailed in Material and Methods 8.2). Then, a mix containing 20 μg of protein (in a final volume of 25 μL), 125 μL of Reaction Buffer 2X (Table V) and 2 μL of fluorigenic substrate for Caspase-3, Ac-DEVD-AMC (Ref. 556449, BD Biosciences Pharmigen, Franklin Lakes, NJ, USA) was prepared. This substrate, once it is cleaved by caspase-3, releases the AMC fragment that is fluorigenic and can be quantified spectrofluorimetrically. After 2 hours of incubation at 37°C and protected from light, fluorescence was measured in a Microplate Fluorescence Reader Fluostar Optima (BMG LabTech, Ortenberg, Germany) using an exciting wavelength of 360 nm and an emission wavelength of 440 nm. A unit of Caspase-3 activity is the amount of active enzyme necessary to produce an increase in 1 fluorescence unit in the spectrofluorimeter. Results were represented as arbitrary units/h/μg protein.

		

		



		Tris-HCl pH 8

		5mM



		EDTA

		20mM



		Triton-X-100

		0.5%





		

		



		Glycerol

		20%



		Hepes pH 7.5

		40mM



		DTT

		4mM







Table IV. Caspase-3 Lysis Buffer. 		Table V. Caspase-3 Reaction Buffer 2X.



6. Measure of redox state



6.1. Extracellular hydrogen peroxide

Extracellular H2O2 was measured in intact cells using horseradish peroxidase (HRP)-linked Amplex Ultra Red (Invitrogen, UK). The non-fluorescent, colourless compound Amplex Red is oxidized by H2O2 in the presence of HRP to generate resorufin, which is coloured (pink) and highly fluorescent. It is used for the measurement of extracellular H2O2 since HRP does not penetrate membranes. 24 hours after seeding the cells in 12-well plates, they were washed with PBS and then 250 μL of a mix with Amplex Ultra Red (50 μM) and HRP (0.1 U/mL) were added to the cellular samples and incubated for 2 hours at 37ºC in the dark. Later, fluorescence readings were made in duplicate in a 96-well plate at Excitation/Emission = 530/590 nm using 100 μL samples of media. Fluorescence was measured in a Microplate Fluorescence Reader Fluostar Optima (BMG LabTech, Ortenberg, Germany) and expressed as percentage of control after correction with cell number (crystal violet assay, Material and Methods 4.2).



7. Gene expression analysis



7.1. RNA isolation and reverse transcription

E.Z.N.A. Total RNA Kit II (Omega bio-tek, Norcross, GA, USA) was used for total RNA isolation. RNA from cells was obtained following Manufacturer’s instructions after washing cell plates with PBS and scrapping cells with a RLT lysis buffer (from the Kit) containing 10 µL/mL of β-mercaptoethanol. Reverse transcription was performed with random primers using 1 µg of total RNA from each sample for complementary DNA synthesis by High Capacity RNA to cDNA Master Mix Kit (Applied Biosystems, Foster City, CA, USA) following the Manufacturer’s instructions.



7.2. Quantitative Real Time PCR

RNA expression was determined in a LightCycler® 480 Real Time PCR system, using the LightCycler® 480 SYBR Green I Master Mix (Roche Applied Science) in a 384-well plate. The PCR reaction was prepared with 10 µL of LightCycler® 480 SYBR Green I Master Mix, 2 µL specific primers (5 µM) and 40 ng of cDNA in a final volume of 20 µL for duplicates. The levels of mRNA for each gene were determined following Manufacturer’s protocols and normalized with the housekeeping gene L32 (m for mouse or h for human) (Thellin et al., 1999), and SFRS4 (Boujedidi et al., 2012) for human samples from HCC patients. Primers detailed in Table VI (mouse genes) and Table VII (human genes).



		Gene (mouse)

		Forward (5’-3’)

		Reverse (5’-3’)



		Acta2 (aSma)

		TCACCATTGGAAACGAACGC

		CCCCTGACAGGACGTTGTTA



		Bcl2l1 (Bclxl)

		GGAAAGCGTAGACAAGGAGATG

		GCATTGTTCCCGTAGAGATCC



		Bcl2l11 (Bim)

		GAGATACGGATTGCACAGGAG

		CGGAAGATAAAGCGTAACAGTTG



		Birc5 (survivin)

		TCGCCACCTTCAAGAACTG

		CCCAGCCTTCCAATTCCTTA



		Bmf

		AGTTCCATCGGCTTCATACG

		CCCTTCCCTGTTTTCTTGTC



		Ccl2

		GTCCCTGTCATGCTTCTGG

		GCTCTCCAGCCTACTCATTG



		Cd44

		CCACAGCCTCCTTTCAATAACC

		GGAGTCTTCGCTTGGGGTA



		Cdkn1a (p21)

		TTCCGCACAGGAGCAAAGTG

		AAGTCAAAGTTCCACCGTTCTCG



		Cdkn2b (p15)

		GGCAAGTGGAGACGGTG

		GTTGGGTTCTGCTCCGTG



		Cltc

		GCCAGATGTCGTCCTGGAAA

		AGCTGGGGCTGACCATAAAC



		Col1a1 

		GAGAGGTGAACAAGGTCCCG

		AAACCTCTCTCGCCTCTTGC



		Col1a2 

		CCCAGAGTGGAACAGCGATT

		ATGAGTTCTTCGCTGGGGTG



		Cxcl1

		AAGGTGTCCCCAAGTAACGG

		TGTTGTCAGAAGCCAGCGTT



		Cxcl12

		CGCTCTGCATCAGTGACG

		TGAAGGGCACAGTTTGGAG



		Cxcr4

		ATGGAACCGATCAGTGTGAG

		GATGAAGTAGATGGTGGGCAG



		Cxcr7

		AGGGCTGGACTTTTGAGTGT

		ACGGAGGACTGACAACCAAG



		Epcam

		TTGCTCCAAACTGGCGTCTA

		ACGTGATCTCCGTGTCCTTGT



		Erbb1 (Egfr)

		CTCCATGCTTTCGAGAACCTAG

		ATGATCACATCCCCATCACTG



		Erbb2

		ACCTCTCCTACATGCCTATCTG

		ATGAATGTCACTGGGCTGG



		Erbb3

		GGGCTATGAGACGCTACTTG

		ACAGTTCCAAAGACACCAGAG



		Erbb4

		 ACTCCAATAGGAATCAGTT

		AGGAGTCATCAAACATCTC



		Hgf

		GAGTCTGAGTTATGTGCTGGG

		AGGACGATTTGGGATGGC



		Il12b

		ATTACTCCGGACGGTTCACG

		ACGCCATTCCACATGTCACT



		Il1b

		CTGGGAAACAACAGTGGTCA

		CTGCTCATTCACGAAAAGGG



		Il6

		AGTCAATTCCAGAAACCGCT

		CTGTGAAGTCTCCTCTCCGG



		Met

		GACCTCAGTGCTCTAAATCCAG

		TCCAGCAAAGTCCCATGATAG



		mL32

		ACAATGTCAAGGAGCTGGAG

		TTGGGATTGGTGACTCTGATG



		Nox4

		TCCAAGCTCATTTCCCACAG

		CGGAGTTCCATTACATCAGAGG



		Prom1 (Cd133)

		ACACCAACACCAAGAACAAGG

		GACAGGAGTTACTTTGGGTTTTAG



		Tgfb1

		CCTGAGTGGCTGTCTTTTGA 

		CGTGGAGTACATTATCTTTGCTG



		Tnfa

		ACGTCGTAGCAAACCACCAA

		ATCGGCTGGCACCACTAGTT



		tPa

		TACTGCTGCTTTGTGGACTGG

		CGACTGGTGCTGTTGGTAAG



		uPa

		GTCGTCAAATGGAGGGAAGA

		GCCTGTGTCTGAGGGTAATG







Table VI. Mouse primers sequences used in LightCycler 480 SYBR Green System quantitative PCR.



		Gene (human)

		Forward (5’-3’)

		Reverse (5’-3’)



		CCL2 

		ACAAGCAAACCCAAACTCCG

		AAACAGGGTGTCTGGGGAAA



		CLTC (CHC17)

		GCCAGATGTCGTCCTGGAAA

		AGCTGGGGCTGACCATAAAC



		CXCL1 

		CTGGCTTAGAACAAAGGGGCT

		TAAAGGTAGCCCTTGTTTCCCC



		CXCL12

		GAAAGCCATGTTGCCAGAG

		TGAATCCACTTTAGCTTCGGG



		CXCL8 

		GGTGCAGTTTTGCCAAGGAG

		TTCCTTGGGGTCCAGACAGA



		CXCR4

		GCCTTATCCTGCCTGGTATTGTC

		GCGAAGAAAGCCAGGATGAGGAT



		CXCR7

		AACAATGAGACCTACTGCCG

		GACAGCGATAATGGAGAAGGG



		EGFR

		GCAAATTCCGAGACGAAGCC

		CTGTATTTGCCCTCGGGGTT



		hL32

		AACGTCAAGGAGCTGGAAG

		GGGTTGGTGACTCTGATGG



		IL12B 

		CTTGGACCAGAGCAGTGAGG

		GAACCTCGCCTCCTTTGTGA



		IL1B

		AACCTCTTCGAGGCACAAGG

		GGCGAGCTCAGGTACTTCTG



		IL6 

		ACCCCCAATAAATATAGGACTGGA

		TTCTCTTTCGTTCCCGGTGG



		NOX4

		GCAGGAGAACCAGGAGATTG

		CACTGAGAAGTTGAGGGCATT



		SFRS4

		TGGAACTGAAGTCAATGGGAG

		CTGCTCTTACGGGAATGTCTG



		TGFB1

		AAGTGGACATCAACGGGTTC

		GTCCTTGCGGAAGTCAATGT



		TNFA

		AGAACTCACTGGGGCCTACA

		GCTCCGTGTCTCAAGGAAGT







Table VII. Human primers sequences used in LightCycler 480 SYBR Green System quantitative PCR.



8. Protein expression analysis



8.1. Cell lysis

After incubation with factors or under basal conditions, the cell culture dishes were placed on ice. The media was removed and dishes were washed twice with cold PBS. Cells were then pelleted at 2500 rpm during 10 minutes at 4ºC. The pellet was resuspended with RIPA lysis buffer (Table VIII) and transferred to an eppendorf tube. After 1 hour incubation with rotation at 4ºC, tubes were centrifuged at 13000 rpm during 10 minutes at 4ºC, and the supernatants were collected and stored at -80ºC until they were processed.

		

		



		TRIS-HCl pH 7.5

		30 mM



		Sodium deoxycholate

		5 mM



		SDS

		0.1%



		Triton-X-100

		1%



		NaCl

		150 mM



		EDTA

		5 mM



		Glycerol

		10%



		PMSF

		1 mM



		Leupeptin

		5 µg/mL



		Na3VO4

		0.1 mM



		DTT

		0.5 mM



		β-glycerolphosphate

		20 mM







Table VIII. RIPA lysis buffer.



8.2. Protein quantification by BCA commercial kit

For each measurement, a standard curve of protein concentration was prepared with Bovine Serum Albumin (BSA) in a range from 0 to 2 μg/mL. The reaction was prepared by mixing Bio-Rad reagent (Ref. 500-0006, Bio-Rad Laboratories GmbH, Munich, Germany) and distillated water in a 1:5 ratio and 200 µL of this mix was added to 10 µL of 1:20 diluted sample into a 96-well plate. Absorbance was measured by spectrophotometry at a 595 nm wavelength.



8.3. Protein immunodetection by Western blot

Protein separation according to their molecular weight was done with denaturalizing poly-acrilamide gels (SDS-PAGE: SDS-PolyAcrilamide Gel Electrophoresis). Protein samples were prepared by mixing 30 to 100 µg of protein with Laemmli buffer (Table IX), and denaturalized by heating them at 95ºC for 5 minutes. Once samples were boiled, they were spun and stored a 4ºC.

		

		



		TRIS-HCl pH 6.8

		40 mM



		SDS

		1%



		Glicerol

		5%



		DTT

		2.5 mM



		NaCl

		150 mM



		Bromophenol blue

		0.002%



		β-mercaptoethanol

		5%







Table IX. Laemmli buffer.



Poly-acrylamide gels consisted of two different parts: the stacking and the resolving fraction. The first one was always prepared at the same acrylamide concentration (5%), as it functions to gather proteins. In contrast, the resolving one was prepared at different concentrations depending on the molecular weight of the proteins to be studied, functioning as a sorter for these proteins by their size (after denaturalization). Once the gel was ready it was assembled into the gel holder and immersed into the tank, which was filled with electrophoresis buffer (Table X). Then, the samples were carefully loaded into the gel, together with a molecular weight standard in order to know the molecular weight of the studied proteins. After that, protein samples were submitted to electrophoresis at a constant voltage.

		



		TRIS-HCl pH 8.3

		25 mM



		Glycine

		192 mM



		SDS

		0.1%







Table X. SDS-PAGE Running Buffer (Towbin).



Once electrophoresis was finished, proteins were transferred to a Nitrocellulose membrane using electrical current in semi-dry or wet transfer equipment. The Nitrocellulose membrane was immersed in distillated water for 5 minutes previous to the protein transfer, following the manufacturer’s instructions. Then, together with the membrane, Wattman paper was soaked in transfer buffer (Table XI for Wet Transfer and Table XII for Semi-Dry Transfer) for 5 minutes, and the equipment was assembled as follows (from the bottom to the top): 3 Wattman papers – membrane – acrylamide gel – 3 Wattman papers. A 0.03 amperes electrical current was then applied for 1 hour. Later, the membrane was stained with a 0.5% red Ponceau in 1% acetic acid solution to confirm that proteins had uniformly been transferred into the membrane. Then, the membrane was washed several times in 0.05% Tween 20 in PBS solution (PBS-T).

		



		TRIS-HCl pH 8.3

		25 mM



		Glycine

		192 mM



		Methanol

		20% (v/v)







Table XI. Towbin Wet Transfer Buffer.

		



		TRIS-HCl pH 9.2

		48 mM



		Glycine

		39 mM



		SDS

		1.3 mM



		Methanol

		20% (v/v)







Table XII. Bjerrum Schafer-Nielsen Semi-Dry Transfer Buffer with SDS.



For blotting the desired protein, the membrane was incubated in 5% non-fat dry milk or 5% BSA (depending on the primary antibody to be used) in PBS-T for 1 hour at room temperature for blocking unspecific bindings. After this time, it was incubated with the primary antibody (see antibodies and conditions in Table XIII) in 5% milk or BSA in PBS-T during 16 hours at 4°C in motion. After that, the membrane was washed 3 times during 10 minutes with PBS-T, and subsequently incubated with the secondary antibody (from GE Healthcare: anti-Mouse (NA931V) and anti-Rabbit (NA934V), conjugated with peroxidase) at a dilution of 1:3000 in 0.5% milk PBS-T during 1 hour at room temperature in motion. The membrane was washed again 3 times in PBS-T. To visualize the antibody hybridized to the protein of study, the membrane was incubated with a chemiluminescent solution, ECL TM Western blotting detection reagent (GE Healthcare, Life Science, UK) and exposed to an Amersham HyperfilmTM ECL (GE Healthcare, Life Science, UK) or using ChemiDoc System (Bio-Rad). Densitometric analysis of protein bands’ intensity was performed using ImageJ software (National Institutes of Health (NIH), Bethesda, MD, USA).







		Primary antibody

		Working conditions

		Catalogue nº



		Mouse Clathrin Heavy-Chain

		1:1000

		BD- 610500



		Mouse β-Actin (clone AC-15)

		1:5000 

		Sigma-Aldrich A5441



		Rabbit EGFR 

		1:1000 

		Cell signalling #2232



		Rabbit EGFR (V279)*

		1:500 

		Cell signalling #3265



		Rabbit p44/42 MAPK (Thr202/Tyr204)

		1:1000 

		Cell signalling #9101



		Rabbit pAkt (Ser473) (D9E) XP

		1:1000

		Cell signalling #9271



		Rabbit pEGFR (Tyr1068) (D7A5)

		1:1000 

		Cell signalling #3777



		Rabbit pSMAD2 (Ser465/467)

		1:1000

		Cell signalling #3101







Table XIII. Primary antibodies used for Western blot. *Rabbit EGFR (V279) permits detect the EGFR truncated form.



8.4. Measure of CXCL8 by Enzyme-linked immunosorbent assay (ELISA)

CXCL8 (or IL-8) concentration was analysed from the cell medium following Manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA) (Human IL-8/CXCL8 Quantikine ELISA Kit – Ref D8000C). This assay employs the quantitative sandwich enzyme immunoassay technique. A monoclonal antibody specific for human CXCL8 was pre-coated onto a microplate. Standards and samples (diluted 1:50) were pipetted into the wells and any CXCL8 present was bound by the immobilized antibody. After washing away any unbound substances, an enzyme-linked polyclonal antibody specific for human CXCL8 was added to the wells. Following a wash to remove any unbound antibody-enzyme reagent, a substrate solution was added to the wells and colour developed in proportion to the amount of CXCL8 bound in the initial step. The colour development was stopped with the Stop Solution and the intensity of the colour was measured. The absorbance was read at 450 nm within 30 minutes, and was set wavelength correction to 540 nm. 



9. Immunocytochemistry



9.1. Immunofluorescence in 2D cultured cells (immunocytochemistry)

Epifluorescence microscopy studies were performed on cells seeded on gelatin-coated glass coverslips. For Ki67 staining (anti-rabbit-Ki67-SP6 Abcam (ab16667)), cells were fixed with 4% paraformaldehyde in PBS for 20 minutes and washed 3 to 5 times with PBS and cells were permeabilized with 0.2% Triton-X-100 for 2 minutes. When cells were permeabilized, prior to the incubation with the primary antibody they were incubated with a blocking solution (BSA 1%; FBS 10%; in PBS) during 1 hour at room temperature, and primary antibody was diluted in PBS-BSA 1% and incubated during 1 hour at room temperature Then, after several washes with PBS, samples were incubated with fluorescent-conjugated secondary antibody (anti-rabbit Alexa Fluor® 488 from Molecular Probes (Eugene, OR, USA)), using 1:200 dilution in PBS-BSA 1% during 1 hour at room temperature. Finally, cells were washed 3 times for 5 minutes each with PBS, adding DAPI in the third last wash for nuclear DNA staining. At the end, samples were embedded using MOWIOL® 4-88 reagent (Calbiochem, La Jolla, CA, USA). Cells were visualized in a Nikon eclipse 80i microscope with the appropriate filters. Representative images were taken with a Nikon DS-Ri1 digital camera and using NIS-Elements BR 3.2 (64-bit) software.



10. Immunohistochemistry



10.1. Paraffin embedding

After fresh tissue was surgically recovered, it was rinsed with PBS and included into a cassette for paraffin embedding. Then, it was fixed with tamponed 4% paraformaldehyde for 12-16 hours. After fixing the samples, they were washed 3-4 times with PBS, and immersed in PBS-30% sacarose, PBS-20% sacarose and PBS-10% sacarose, consecutively. After fixing the samples, those were dehydrated by bathing them in subsequent alcohols as indicated on Table XIV. Then, dehydrated samples were finally embedded in paraffin at 65ºC and taken to 4ºC for solidification.



		Step

		Time



		Rinse with tap water

		30 minutes



		Ethanol 70%

		60 minutes



		Ethanol 96%

		60 minutes



		Ethanol 96% 

		60 minutes



		Ethanol 96% 

		Overnight



		Ethanol 100%

		60 minutes



		Ethanol 100% 

		90 minutes



		Ethanol 100% 

		90 minutes



		Xylene

		90 minutes



		Xylene-Paraffin (50%-65ºC)

		90 minutes



		Paraffin (65ºC)

		Overnight







Table XV. Dehydration steps for paraffin-embedding.

 10.2. Immunohistochemistry on paraffin-embedded tissues

Paraffin-embedded samples were cut into 4 μm-thick sections using a microtome. Then after, slices were placed in poly-lysinated slides (for poly-lysing, slides were incubated for 20 minutes with poly-L-Lysine at 4ºC and let air-drying at 37ºC). Next, paraffin was removed and samples rehydrated. For this, sample slides were placed at 50ºC for 30 minutes and then soaked in subsequent alcohols as indicated in Table XVI. Then after, sample slides were stained with Haematoxylin and Eosin (H&E) for tissue structure study or used for immunohistochemistry (IHC).

		Step

		Time



		Distilled water

		5 minutes



		Ethanol 70%

		5 minutes



		Ethanol 96%

		5 minutes



		Ethanol 96% 

		5 minutes



		Ethanol 96% 

		5 minutes



		Ethanol 100%

		5 minutes



		Ethanol 100% 

		5 minutes



		Ethanol 100% 

		5 minutes



		Xylene

		10 minutes



		Xylene 

		10 minutes



		Xylene 

		10 minutes







		Step

		Time



		Xylene

		10 minutes



		Xylene 

		10 minutes



		Xylene 

		10 minutes



		Ethanol 100%

		5 minutes



		Ethanol 100% 

		5 minutes



		Ethanol 100% 

		5 minutes



		Ethanol 96%

		5 minutes



		Ethanol 96% 

		5 minutes



		Ethanol 96% 

		5 minutes



		Ethanol 70%

		5 minutes 



		Distilled water

		5 minutes





 

Table XVI. Hydration steps for IHC.	Table XVII. Dehydration steps after H&E staining. 



For H&E staining, Haematoxylin solution-Harris modified (Ref. HHS32, Sigma-Aldrich, St. Louis, MO), was used. Samples were stained for 1 minute and washed abundantly with tap water. Next, samples were stained with Eosin solution (Ref. HT110232, Sigma-Aldrich, St. Louis, MO) for 6 minutes and washed again abundantly with tap water. Finally, samples were dehydrated soaking them in subsequent alcohols as indicated in Table XVII and slides were mounted in D.P.X. mountant (Ref. 360294H, BDH Prolabo, Germany) for preservation.



For IHC, after rehydration, samples were rinsed during 5 minutes with distilled water and then covered with a mixture of citric acid (0.38 mg/mL) and sodium citrate (2.45 mg/mL), taken to boiling temperature and left boiling for 2 minutes to break the methylene bridges and expose the antigenic sites in order to allow the antibodies to bind. Next, samples were left immersed in these mixtures for 20 minutes at room temperature (until the temperature is between 35-45ºC), and afterwards rinsed during 5 minutes with distilled water. At this point, we proceeded to inactivate the endogenous peroxidases of the samples, in order to minimize the background, by incubating the slides in 3% hydrogen peroxide for 10 minutes and then washing them, first during 5 minutes in distilled water, and then in PBS-T (0.1%) for 10 minutes. Afterwards, samples were covered during 2 hours in IHC-blocking solution: 2% BSA and 20% FBS in PBS-T (0.1%). Then, slides were incubated overnight with primary antibody (Table XVIII) diluted in IHC-blocking solution, at 4ºC in a wet chamber.



		Primary antibody

		Working conditions

		Catalogue nº



		Rabbit F4/80

		1:100

		Abcam ab74383



		Rabbit Ki67 (SP6)

		1:100

		Abcam ab16667



		Mouse Clathrin HC

		1:100

		BD - 610500



		Mouse α-Smooth Muscle Actin

		1:100

		Sigma- A5228



















Table XVIII. Primary antibodies used for Immunohistochemistry.



Next morning, slides were washed 3 times with PBS-T (0.1%) for 10 minutes and incubated for 1 hour with anti-mouse or anti-rabbit secondary peroxidase-conjugated antibodies (Ref. PK4001 for anti-rabbit and PK-4002 for anti-mouse, Vectastain ABC KIT, Vector laboratories Inc., Burlingame, CA, USA) following the manufacturer’s indications; then, samples were washed 3 times with PBS-T (0.1%) for 10 minutes and incubated in ABC (Vectastain ABC KIT, Vector laboratories Inc., Burlingame, CA, USA) solution for 30 minutes, following the manufacturer’s indications, until developing the peroxidase staining with diluted Diaminobenzidine (D.A.B) (Ref. K3468, DAKO, Inc., Carpinteria, CA, USA) for a maximum of 30 minutes and taking care not to obtain a saturated signal. Once we had acquired an optimum staining, the developing reaction was stopped by soaking the samples into tap water for 5 minutes. 



The final steps consisted in a counterstaining with Mayer’s Haematoxylin (Ref. MHS32, Sigma-Aldrich, St. Louis, MO, USA) following with dehydration steps as indicated in Table XIX, and mounting the slides in D.P.X. for preservation.



Tissues were visualized in a Nikon eclipse 80i microscope with the appropriate filters. Representative images were taken with a Nikon DS-Ri1 digital camera and using NIS-Elements BR 3.2 (64-bit) software. Representative images were edited in Adobe Photoshop software.

		Step

		Time



		Filtered Haematoxylin (Mayer’s)

		5 minutes



		Running tap water

		Until desired staining



		Ethanol 70%

		5 minutes



		Ethanol 96%

		5 minutes



		Ethanol 96% 

		5 minutes



		Ethanol 96% 

		5 minutes



		Ethanol 100%

		5 minutes



		Ethanol 100%

		5 minutes



		Ethanol 100%

		5 minutes



		Xylene

		10 minutes



		Xylene 

		10 minutes



		Xylene 

		10 minutes







Table XIX. Haematoxylin counterstaining after IHC following dehydration steps.



10.3. Masson's trichrome staining

Sample slides were placed at 50ºC for 30 minutes and then soaked in subsequent alcohols as indicated in Table XVI. Sample slides were incubated with Bouin’s Solution (prepared with saturated picric acid, formaldehyde and acetic acid and used as a mordant. Ref. HT10132, Sigma-Aldrich, St. Louis, MO) for 30 minutes at 50ºC. After several washes with water, sample slides were treated with Weigert’s iron haematoxylin solution (Ref. HT1079, Sigma-Aldrich), recommended for acidic stain procedures, for 10 minutes followed by 2 minutes of Biebrich scarlet-acid fuchsine solution (Ref. HT151, Sigma-Aldrich). Slides were submerged in 2.5% phosphotungstic acid solution (Ref. HT152, Sigma-Aldrich) for 15 minutes. Phosphotungstic acid binds to fibrin, collagen, and fibres of connective tissues, and replaces the anions of dyes from these materials, selectively decolouring them. After that, slides were stained with 1% Aniline Blue solution in 2% acetic acid for 10 minutes in order to stain collagen fibres. Slides were washed with acetic water (distillated water with 1% acetic acid). The final steps consisted following with dehydration steps as indicated in Table XVII, and mounting the slides in D.P.X. for preservation.



11. Statistical analyses

Statistical analyses were performed as an estimation of the associated probability to a Student’s t test (95% confidence interval) or One/Two-way ANOVA method, depending on the involved conditions. Experiments were carried out at least 2-3 independent times with 2-3 technical replicates. Data were represented as mean ± standard error of the mean (S.E.M.). Normal distribution was assumed. Differences between groups were compared using Student’s t test (to compare the mean differences between two groups with one independent variable); One-way ANOVA (to compare the mean differences between three or more groups with one independent variable) or Two-way ANOVA (to compare the mean differences between groups with two independent variables). It was used Bonferroni multiple comparison post-hoc test. For data from human samples, statistical significance was determined by Wilcoxon matched-pairs signed rank test and Pearson correlation analysis. In all cases, statistical calculation was developed using GraphPad Prism software (GraphPad for Science Inc., San Diego, CA, USA). Differences were considered statistically significant at p<0.05 (* or #), p<0.01 (** or ##) and p<0.001 (*** or ###). More information in the figure legends.
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Objective 2. Analysis of the intracellular trafficking of the EGF and TGF-β receptors in the crosstalk between their signalling pathways. Role of the Clathrin Heavy-Chain in liver cells. 



Recent results have emphasized the essential role of the receptor trafficking in the control of the activity and down-regulation of signalling events. TGF-β receptors can internalize via at least two distinct routes that predetermine either a signalling response or receptor degradation. TGF-β receptors enter into the cells via cholesterol-rich membrane microdomain lipid rafts/caveolae, but are also found in clathrin-coated vesicles (Roy and Wrana, 2005). Clathrin-mediated endocytosis does not play a significant role in the early signals induced by TGF-β (Meyer et al., 2011). Lipid rafts/caveolae are indicated to facilitate the degradation of TGF-β receptors and therefore turnoff signalling. Caveolin-1 (CAV1) expression is increased in cirrhosis and HCC and plays a role in cell motility and invasiveness (Cokakli et al., 2009; Zhang et al., 2009). In the case of hepatocytes, results are contradictory and nothing is known about whether alterations of these endocytic pathways occur in liver tumorigenesis (Mayoral et al., 2010; Meyer et al., 2011) . In our laboratory, we were very interested in the study of the role of CAV1 in these processes. We found that CAV1 favours TGF-β-induced anti-apoptotic response in liver cells playing a role in the EGFR transactivation. The mechanism of activation includes the establishment of a signalling platform that permits the activation of the metalloprotease TACE/ADAM17 (Moreno-Càceres et al., 2014). HCC cells express high CAV1 levels that may trigger a switch in TGF-β role: from anti- to pro-tumorigenic role and could be via EGFR transactivation (Moreno-Càceres, Caballero-Díaz et al., 2017). However, nothing is known about the role of clathrin in these processes in the liver. In this work, new experimental approaches were used to expand our knowledge about the role of the clathrin-dependent intracellular signalling on the response to TGF-β in liver cells, as well as their crosstalk with the EGFR pathway.



2.1. Analysis of clathrin expression in tumoural and non-tumoural tissues from HCC patients. 



First, we wanted to examine wheter clathrin expression is altered in HCC patients. We analysed clathrin heavy-chain (CLTC gene; CHC17 isoform) expression in tumoural and non-tumoural tissues from a cohort of 60 patients. Tumoural tissue showed higher mRNA expression levels of CLTC compared to surrounding non-tumoural tissue (Figure 33A-B). Moreover, inmmunohistochemical analyses revealed that HCC tissues presented more positive areas for CLTC staining in comparison with healthy tissue samples (Figure 33C). Clathrin seemed to be localized in tumoural areas, with more powerful staining in tumoural borders. 



		



		Figure 33. HCC patients show higher clathrin (CLTC) expression levels in tumoural areas. (A) qRT-PCR analysis of mRNA levels of CLTC in non-tumoural and tumoural tissue. Each dot represents relative expression of each HCC tumour tissue and its respective surrounding tissue. Statistical comparison was done using Wilcoxon matched-pairs signed rank test: *** p<0.001. (B) Detail of the relative expression of each one of the HCC tumour tissues analysed versus its respective surrounding tissue (N=60). Black line represents cut-off (relative expression ratio = 1). Relative expression to SRF4 gene (C) Immunohistochemical analysis of CLTC of serial sections in three HCC patients (2, 5 and 9), compared with healthy patients (1 and 3). Representative images are shown. 







To extent the analysis to a higher number of patients, we used the Chen Liver database (N=196) from Oncomine (https://www.oncomine.org/). HCC tissue showed higher levels of CLTC mRNA compared with normal tissue (Figure 34A), in accordance with our data. Also, we used TCGA database (N=212), from Oncomine. As occur with expression levels, HCC tissue showed higher number of CLTC DNA copy number (Figure 34B). 

		



		Figure 34. Clathrin expression (CLTC) in Chen Liver and TCGA Liver databases. (A) CLTC mRNA expression in the Chen Liver database from Oncomine (N=196). No value (N=10); Normal Liver (N=75); Focal Nodular Hyperplasia of the Liver (N=4); Hepatocellular Adenoma (N=3); Hepatocellular Carcinoma (N=104). (B) CLTC copy number in the TCGA database from Oncomine (N=212). Blood (N=56); Normal Liver (N=59); Hepatocellular Carcinoma (N=97). 







Furthermore, we analysed clathrin expression in the DEN-induced hepatocarcinogenesis model in mice. At 9 months after treatment, clathrin (Cltc) mRNA levels were higher in tumoral areal in comparison to non-tumoral areas (Figure 35).



		



		Figure 35. Clathrin expression in DEN-induced hepatocarcinogenesis in WT mice. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment in C57BL/6 mice. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: # p<0.05 compared to non-tumoural area at the same time.







These data suggest that clathrin-heavy chain could be playing a role during the hepatocarcinogenesis process.

2.2. Role of clathrin in EGFR and TGF-β signalling pathways in non-transformed hepatocytes and in liver tumour cells. 



To analyse the specific relevance of clathrin in response to EGFR ligands and TGF-β, we have induced the knock-down of clathrin heavy-chain through small interfering RNA (siRNA) technology in mouse hepatocytes (Figure 36A) and in the liver cancer PLC/PRF/5 cell line (Figure 36B).

		



		

Figure 36. Targeting knock-down of clathrin heavy-chain in liver cells. Mouse hepatocytes (Hep) (A) and HCC (PLC/PRF/5) cells (B) were transfected with a siRNA control, C, and two different sequences of siRNA against clathrin heavy-chain (Cltc/CLTC-KD #1 and #2). Upper: Western blot of protein extracts and densitometric analysis; β-actin as loading control. A representative experiment of 2 is shown. Bottom: Analysis of clathrin heavy-chain (Cltc and CLTC, respectively) mRNA levels by qRT-PCR. Expression relatives to mL32 (mouse) or hL32 (human) genes. Data are mean ± S.E.M. of 3 experiments. One-Way ANOVA with Bonferroni post-hoc test for western blot: *p<0.05 compared to siControl cells. Student t test was used for qRT-PCR analysis: *p<0.05, **p<0.01 compared to siControl cells. 











2.2.1. Response to EGFR ligands in clathrin knock-down cells.



 Next, we analysed whether clathrin may be required for cell responses to extracellular EGFR ligands. In response to HB-EGF, clathrin down-regulation attenuated EGFR, Akt and ERKs activation in terms of phosphorylation in both mouse hepatocytes and PLC/PRF/5 cells (Figure 37).

		



		Figure 37. Activation of the EGFR signalling pathway by HB-EGF is attenuated in clathrin knock-down liver cells. After serum starvation (16h) siControl cells (Ctrl) and clathrin heavy-chain knock-down cells (Cltc-KD or CLTC-KD) were treated with HB-EGF (20 ng/mL) at different times (N=3). (A, C) Response to HB-EGF in mouse hepatocytes (Hep) and (B, D) in PLC/PRF/5 cells. Western blot of protein extracts (A, B) and densitometric analysis (C, D); β-actin as loading control. A representative experiment is shown. Results expressed as fold induction versus each corresponding control (untreated cells). Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. * p<0.05, ** p<0.01, *** p<0.001 compared to siControl cells.  





Furthermore, in a proliferation functional assay, clathrin knock-down mouse hepatocytes showed a lower proliferation rate in response to HB-EGF or FBS (Figure 38). These results suggest that clathrin could be important in the proliferative and survival signals induced by EGFR.





		



		



Figure 38. HB-EGF- and FBS-induced proliferation are attenuated in clathrin knock-down hepatocytes. After serum starvation (16h) siControl (Ctrl) and clathrin heavy-chain knock-down (Cltc-KD) mouse hepatocytes (Hep) were treated with HB-EGF (20 ng/mL) or FBS (10%) at 24h (N=2). Left: proliferation expressed as percentage of Ki67-positive nuclei in at least 10 different fields for experiment. Right: representative images of Ki67 immunocytochemistry. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. * p<0.05 compared to siControl cells. 

















2.2.2. Response to TGF-β in clathrin knock-down cells.



In foetal hepatocytes and liver cancer cells, TGF-β simultaneously induces both pro- and anti-apoptotic signals whose final balance determinates cell fate (Valdés et al., 2004; Padua and Massagué, 2009). TGF-β, binding to specific TGF-β receptors, induces phosphorylation of SMAD2/3. Indeed, at short time (30 minutes) after TGF-β treatment, phosphorylation of SMAD2 appeared to be slightly increased in clathrin knock-down mouse hepatocytes as compared to siControl cells (Figure 39). However, no differences were found in PLC/PRF/5 cells (Figure 40). TGF-β induces anti-apoptotic signals including the PI3K/Akt and MAPK/ERKs pathways, which require EGFR transactivation (Valdés et al., 2004). Thus, we wondered if in clathrin knock-down cells, survival signals triggered by TGF-β would be impaired. Western blot analysis showed a decrease in EGFR and Akt phosphorylation, but not in ERKs, in both TGF-β-treated mouse hepatocytes (Figure 39) and PLC/PRF/5 cells (Figure 40).



		



		

Figure 39. Clathrin knock-down attenuates TGF-β-mediated anti-apoptotic signals in mouse hepatocytes. After serum starvation (16h) siControl cells (Ctrl) and clathrin knock-down cells (Cltc-KD) were treated with TGF-β (2 ng/mL) at different times (N=3). Response to TGF-β in mouse hepatocytes (Hep). Western blot of protein extracts and densitometric analysis; β-actin as loading control. A representative experiment is shown. Results expressed as fold induction versus each corresponding control (untreated cells). Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. * p<0.05, ** p<0.01 compared to siControl cells. 













		



		Figure 40. Clathrin knock-down attenuates TGF-β-mediated anti-apoptotic signals in PLC/PRF/5 cells. After serum starvation (16h) siControl cells (Ctrl) and clathrin knock-down cells (CLTC-KD) were treated with TGF-β (2 ng/mL) at different times (N=3). Response to TGF-β in PLC/PRF/5 cells. Western blot of protein extracts and densitometric analysis; β-actin as loading control. A representative experiment is shown. Results expressed as fold induction versus each corresponding control (untreated cells). Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. * p<0.05 compared to siControl cells.









Since anti-apoptotic TGF-β signals were diminished in clathrin knock-down cells, next we wanted to know if these cells were more sensitive to the pro-apoptotic TGF-β effects.  Clathrin knock-down liver cells showed an increased sensitivity to TGF-β in terms of cell death. Under microscope, the differences were significant visible (Figure 41). Clathrin knock-down cells, after TGF-β treatment, showed increased cell death and exhibited a higher percentage of non-viable cells compared to control cells after 72 hours of treatment, measured by flow cytometric analysis of propidium iodide incorporation (Figure 42). These results suggest that clathrin levels, through favouring the response to EGFR ligands, determine the balance between pro- and anti-apoptotic signals induced by TGF-β.









		



		Figure 41. Clathrin knock-down in liver cells induces higher cell death after TGF-β treatment. Representative images of control and clathrin knock-down mouse hepatocytes (Hep Cltc-KD) and PLC/PRF/5 (PLC/PRF/5 CLTC-KD) at 72 hours after TGF-β treatment (N=3). 







		



		Figure 42. Clathrin knock-down liver cells are more sensitive to TGF-β in terms of apoptosis. After serum starvation (16h) siControl cells (Ctrl) and clathrin knock-down cells (Cltc/CLTC-KD) were treated with TGF-β (2 ng/mL) for 72 hours (N=3). Cell viability in mouse hepatocytes (A) and PLC/PRF/5 cells (B) was measured by flow cytometric analysis of propidium iodide (PI) incorporation and expressed as percentage of PI-positive cells. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. * p<0.05 compared to siControl cells. # p<0.05, ## p<0.01 compared to untreated condition. 







Previous experiments and western blots caught our attention, in the sense that they arose a possible correlation between clathrin levels and TGF-β treatment. By western blot, both mouse hepatocytes and PLC/PRF/5 cells showed higher levels of clathrin after TGF-β treatment (Figure 43). We could not find transcriptional regulation at those times in mouse hepatocytes, while PLC/PRF/5 expressed higher mRNA levels of CLTC at 72 hours after TGF-β treatment. 



		



		Figure 43. Clathrin levels are up-regulated after TGF-β treatment in liver cells. After serum starvation (16h) siControl cells (Ctrl) and clathrin knock-down cells (Cltc-KD or CLTC-KD) were treated with TGF-β (2 ng/mL) at different times (N=3). Western blot of protein extracts of mouse hepatocytes (Hep) (A) and PLC/PRF/5 cells (B) with the corresponding densitometric analysis (bottom); β-actin as loading control. A representative experiment is shown. Results expressed as fold induction versus each corresponding control (untreated cells). (C, D) qRT-PCR analysis of clathrin mRNA levels. Relative expression to mL32 (mouse) or hL32 (human) genes. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. # p<0.05, ## p<0.01 and ### p<0.001 compared to untreated cells.

To analyse the translational relevance of these results, we checked CLTC, TGFB1 and EGFR genes in HCC patient samples. Worthy to note that in patients there is a positive correlation between TGFB1 and CLTC expression and EGFR and CLTC expression (Figure 44). 





		



		Figure 44. CLTC, TGFB1 and EGFR expression in HCC patients. Pearson correlation analysis among TGB1 vs CLTC, and EGFR vs CLTC expression analysed by qRT-PCR in the cohort of 60 samples from HCC patients. Each dot represents relative expression of each HCC tumour tissue versus its respective surrounding tissue. Relative expression to SRF4 gene.







Previously it was described that TGF-β requires ROS production mediated by the expression of the NADPH oxidase NOX4 for its pro-apoptotic effects in liver cells (Sánchez et al., 1999; Carmona-Cuenca et al., 2008) and this effect is counteracted by the EGFR pathway (Carmona-Cuenca et al., 2006). Thus, we analysed ROS production and NOX4 expression levels in tumoural PLC/PRF/5 cells. Under these conditions, TGF-β-treated CLTC-KD cells showed higher ROS production that is correlated with up-regulation of NOX4 mRNA levels (Figure 45).

		



		

Figure 45. Clathrin knock-down in PLC/PRF/5 cells produces an increased response to TGF-β in terms of ROS production and up-regulate NOX4 mRNA levels. After serum starvation (16h) control cells (Ctrl) and clathrin knock-down HCC cells (CLTC-KD) were treated with TGF-β (2 ng/mL) during 72h. (A) Extracellular ROS production expressed as relative percentage versus untreated siControl cells (N=3). (B) mRNA levels analysed by qRT-PCR (N=3). Relative expression to hL32 gene. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. *p<0.05 compared to siControl cells. # p<0.05 compared to untreated cells.





2.3. Clathrin knock-down sensitizes liver tumour mesenchymal cells to the pro-apoptotic effects of TGF-β.



Considering the relevance of the TGF-β pathway in cancer and the possible correlation between clathrin and TGF-β, we analysed their expression in different liver cancer cell lines. We found a positive correlation between CLTC and TGFB1 mRNA levels in the analysed liver cell lines (Figure 46A). Even more, this correlation seemed to be related with the cell phenotype. Indeed, epithelial cells showed lower expression of both genes, while mesenchymal cells expressed higher levels. Likewise, the same result was observed for clathrin by western blot (Figure 46B). 



		



		Figure 46. Clathrin and TGFB1 expression in HCC cell lines. (A) qRT-PCR analysis of mRNA levels of clathrin heavy-chain (CLTC) and TGF-β (TGFB1) in different HCC cell lines (N=3). Relative expression to hL32 gene. (B) Western blot of clathrin heavy-chain in HCC cell lines (N=2); β-actin as loading control. Densitometric analysis is shown. Data are mean ± S.E.M. One-Way ANOVA with Bonferroni post-hoc test: * p<0.05 for TGFB1 expression and # p<0.05 for CLCT expression compared to in SNU449 cells. 







HCC cell lines used in this work (Material and Methods section 2.2.) were described to respond with different gene expression profiles to TGF-β treatment: early and late TGF-β signature (Coulouarn et al., 2008). Interestingly, the three epithelial PLC/PRF/5, Huh7 and Hep3B cell lines belong to a group called “early”, suppressive responders to TGF-β, while mesenchymal HLF and SNU449 cell lines belong to a group where this cytokine provoke a “late”, pro-tumorigenic response, inducing a more migratory and invasive phenotype. Upon TGF-β treatment, cells showing epithelial characteristics responded to the cytokine as a cytostatic factor, whereas cells with a mesenchymal-like phenotype did not arrest proliferation in the presence of TGF-β (Bertran et al., 2013)



Thus, we wondered whether the high expression of CLTC could be responsible for the lack of pro-apoptotic response to TGF-β in the mesenchymal cell lines. We chose SNU449 cell line due to its mesenchymal phenotype and its higher expression levels of both clathrin and TGF-β, in comparison with PLC/PRF/5 which expressed lower levels of both proteins and had an epithelial phenotype. Clathrin knock-down in SNU449 cells sensitizes them to the pro-apoptotic effects of TGF-β, analysed by propidium iodide incorporation (Figure 47), and is concomitant with higher ROS production and the up-regulation of NOX4 mRNA levels (Figure 48). These results strengthen the idea of the key role of clathrin in the anti-apoptotic effects of TGF-β.



		



		

Figure 47. Clathrin knock-down sensitizes SNU499 HCC cells to TGF-β in terms of apoptosis. SNU449 cells were transfected with a siRNA control, C, and two different sequences of siRNA against clathrin heavy-chain (CLTC-KD #1 and #2). (A) Left: Western blot of protein extracts and densitometric analysis; β-actin as loading control. A representative experiment of 2 is shown. Right: Analysis of clathrin heavy-chain mRNA levels by qRT-PCR (N=3). Relative expression to hL32 gene. (B) Representative images after TGF-β treatment (72h) (N=3) (C) After serum starvation (2% FBS) (16h) cells were treated TGF-β (2 ng/mL) for 72 hours. Cell viability was measured by flow cytometric analysis of propidium iodide (PI) incorporation, expressed as percentage of PI-positive cells. Data are mean ± S.E.M. Student t test was used in A: * p<0.05. Two-Way ANOVA with Bonferroni post-hoc test in C. * p<0.05 and ** p<0.01 compared to siControl cells. ## p<0.01 compared to untreated cells 









		



		

Figure 48. Clathrin knock-down in SNU449 cells produces an increased response to TGF-β in terms of ROS production and up-regulate  nNOX4 mRNA levels. After serum starvation (2% FBS) (16h) control cells (Ctrl) and clathrin knock-down cells (CLTC-KD) were treated with TGF-β (2 ng/mL) during 72h. (A) Extracellular ROS production expressed as relative percentage versus untreated siControl cells (N=3). (B) mRNA levels analysed by qRT-PCR (N=3). Relative expression to hL32 gene. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test. *p<0.05 and **p<0.01 compared to siControl cells. #p<0.05 compared to untreated cells.









Overall, these results suggest that clathrin would be essential for the anti-apoptotic role of TGF-β, through the EGFR transactivation, giving advantages to the tumour cells and, consequently, would favour tumour progression. Without clathrin, the EGFR signalling pathway would be impaired, and TGF-β signal would switch from its anti-apoptotic to its pro-apoptotic role. In this pro-apoptotic role, ROS production and NOX4 could be playing a relevant role. 
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O B S E R V A C I Ó N



En las páginas siguientes es posible que los lectores adviertan ciertas erratas que sin duda salvarán con su cultura. Disculpen las molestias y muchas gracias.






Oh,

tú eres tan 

tan 

tan 

salvaje . . .

has entrado, has penetrado 

y ahora estás en las capas más profundas de mi piel, en mi propia sangre.

Vas directo a instalarte en mi corazón,

donde devoras,

donde aceleras cada latido,

donde provocas infartos a cada segundo,

donde agonizo a tu antojo,

donde ya no soy yo.

Eres tú.

Quien dirige, quien controla y acecha.

Y has invadido los órganos internos.

Te has adueñado de cada pensamiento.

Y está bien, lo asumo, lo entiendo. 

Tú mandas.

Decidirás en qué momento respirar y cuando dejar de hacerlo,

pero, perdona que ya no diga nada...

Mis palabras se pierden, se disipan, desaparecen.

Me dejas sin aire, te estás llevando cada partícula de oxígeno de este cuerpo.

Que es para ti, lo sé, te digo que ya lo he entendido.

Es tuyo. 

OK. 

Tuyo.

Haz con él lo que quieras,

pero por favor,

por favor,

por favor,

mátame ahora porque no puedo soportarlo.



Zahara – Oh, Salvaje
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Lea detenidamente todo el prospecto antes de iniciar la terapia. 
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En caso de duda consulte a su bioquímico favorito. En ningún caso marque el 7777.

En caso de molestia consultar “Terapia de Escaleras”.
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Edgar y Laura. Equipo PotaBlava Thunders en acción. Festivalero, teatrero, DJs. Grande no solo en altura, sino en persona y en corazón. Compañero de CrossBeach, BodyPump, BodyCombat…te confesaré que yo iba por ti, no por Ferran eeeh. (Laura, ¿has visto esos músculos?). Muchas gracias a los dos. Muchas gracias por todo en estos años. Por vuestra alegría, vuestros consejos, vuestra electrizante energía. Porque siempre es un placer hacer planes con vosotros. Saludos a flamingo.



Eva. Vas ser la primera que vaig veure quan jo vaig arribar al laboratori el primer dia. I va ser una tranquil·litat, perquè hi havia una cara coneguda i perquè no m'havia perdut pels passadissos de l'Hospital. Moltes gràcies per tot. Per la teva alegria, els teus consells, per tota l'ajuda, per ajudar-me en els moments en què no veia res. Ai si tingues tota una vida per investigar.



Andrea. Quindi, italiano, elegante, sexy, compañero de fiestas, amigo. Cerremos esta noche algún bar por Barcelona y desatemos nuestro potencial EMT. Muchas gracias por todos tus consejos, tu ayuda, por aguantarme en momentos en los que se me piraba, por tus teorías sobre el amor. Esta vez no vale hacer EMT-parcial. Esta vez el TGF-β nos hará triunfar entre los fibroblastos y alcanzaremos nuestro destino. Sobre todo, Gracias por Venir.



Irene. ¡Yisuscraist! ¡Cómo a cresido mi pekeña 100tífica! 

Ets bogeria i bon rotllo a part iguals. Estic molt orgullós de com estàs creixent. M'encanta el teu estil i el teu flow. ¿Saps? "Podria ser pitjor" s'ha convertit en el nostre mantra favorit, però ... i si li donem la volta? A partir d'ara, lluitarem per una cosa que podria ser millor. Confia en tu, en totes les teves qualitats i, sobretot ... relaaaaaxa't i no et ratllis. Deixa que tot vagi fluint. Que 100pre tindràs aquesta meravellosa flor al cul que et salva de tot.



Macarena. ¡¿Se puede ser más adorable?! Me encanta cuando llegas al lab, con energía y alegría, con tu “Hola bellos”, con tus modelitos. Me encanta cuando bajamos a ver los ratoncitos y les ponemos niditos de amor. Cuando nos alegramos de que por fin hemos sido papas. Me encanta cuando te arrancas a cantar cualquier cosa que te pase por la cabeza, y que me ayudes con mis terapias de suelo. Una científica y una incorporación muy top. Regenerarás el buen rollismo del lab. Muchas gracias Mac :D.



Jitka. Muchas gracias por nuestras aventuras, por enseñarme lo que es el yoga, por darle ese punto de seriedad al labo. Aunque nos hemos conocido poco, he disfrutado mucho a tu lado. Me encantan esas bromas improvisadas que de vez en cuando te salen, camuflada con la máxima elegancia y seriedad. Eres lo más! Me tienes que enseñar muchos trucos.

Joan y Raquel. Muchas gracias a los dos por la buena acogida y los buenos ratos juntos. Soy lo peor y os debo una visita desde hace mucho, sobre todo que me hace mucha ilusión conocer al ratoncillo de la casa ^^



TERAPIA DE SUELO puede contener otro tipo de vitaminas y aminoácidos esenciales: 



Muchos más han pasado por el laboratorio aportando momentos únicos y especiales. Cada uno a su manera y que han dado alegría y buenos ratos. Mis pequeñas pupilas, Raquel, Lidia, Patricia y Dominika. También a los pequeñines estudiantes que han pasado: María, Laia, Joana, Sabrina (quizás ya no tan pequeñita, pero sos reespecial), Francesca, Bhavna (my sweetheart), Uxue, Sandra, Gerard, Paula. Pedro. Muchas gracias a todos.



En el surrounding del COM4, también he podido conocer científicos y personas excepcionales, que me han ayudado en todo y han conseguido que les sienta como una familia. Muchas gracias Roser, con tus despistes y tu alegría; Antonia, por ensañarme tantas cosas y tu genialidad; David, latín lover del lab, tengo mucho que aprender de ti. Aunque todavía me quedan pendientes un par de cosas que enseñarte yo a ti…Grrrrr...; Santi, el multitasking man que cada día me fascina más que el día anterior. Me encantan tus historias y tus conocimientos a tantos niveles. Silvia, Soy fan de ti. Muy fan. Soy muy feliz por haber conocido a la científica más cuqui de todo el universo. No hay nada mejor que tus abrazos, tu sonrisa, y las sesiones de canto contigo. Porque nos quedan muchas salas y karaokes por descubrir. Olga. Olvidemos la ciencia y fuguémonos juntos al son de Flying Free o de los grandes temazos de la época. Muchas gracias por tu alegría, la ayuda, por los consejos (tanto científicos como los que no), por ser mi hermana de novatadas. Edu. Creo que hay que volver con la rutina de la playa. El lunes que viene, vamos. Avisa a las Judits. Volverán los lunes al sol. Eres simpatía y buen rollo y el mejor socio para montar fiestas y juegos. Estoy seguro de que el año 2018 será tu año. Tienes la actitud y la energía para conseguirlo. A por ello. Juan, muchas gracias por todo desde el principio. Por integrarme con tus fiestas, por los idas y venidas que hemos tenido. ¡Eres un tipo genial! E ir a cultivos a tu lado sí que era pura fiesta. Dani y Sara. Unos vecinos de poyata excepcionales. Gracias por la buena compañía, vuestro buen rollo, las risas y por nuestras sesiones de comidas a escondidas trapicheando con bombones, chocolates y demás delicias que traemos al rincón del ordenador. Gracias por vuestros consejos y vuestra predisposición para ayudarme con lo que fuera. Laura. ¡Tron! Que la Fernanda nos coja confesados a la puerta del Karma. Gracias por tus ideas, por compartir tu forma de pensar, por ser tan matemáticamente molona. Te debo una sesión de filosofía de las tuyas. Y habrá que ir pensando detenidamente en nuestro proyecto de vida comunal. Ahora que ya he dado a luz esta tesis, mi instinto paterno está creciendo y libre al 100%. Ahí lo dejo. Muchísimas gracias por todo. Por tu compañía, tus abrazos, las fiestas y todos los momentos. Me encantas Laura.

Muchas gracias a también a Ana Fonseca, Ana Angulo, Erika, Raffa, Simone, Clara, Iñigo, Helena, Piotr, Franzie, Alba, Óscar, Àngels, Mariona, Cristina Muñoz, Cristina Costa, Aitor, Estanis, Miriam y José. Perdón se mi olvido de alguno. Mi memoria nunca ha sido mi mejor cualidad. 



Integración Lingüística



Si algo he mejorado en Barcelona, ha sido sin duda mi capacidad lingüística: 



	-Castellano: ya no soy tan laista y leista. Bueno, si… lo siento JQ. No lo he conseguido.

	-Italiano: ya se decir más que: “Voglio due gelati de due gusti”. Muchas son palabrotas. Pero creo que podré sobrevivir en el sur de Italia. Vamos a Puglia. Gracias Giulia, Analisa y Andrea. 

	-Catalán: prometo arrancarme a hablar. Pero tiene que ser con vosotros: Patricia. Ye y Chen. Vosotros hicisteis que mis primeros días en Barcelona fueran mucho mejor. Hasta que no os conocí, me costó muchísimo. Pero aparecisteis vosotros, y se hizo la luz. Ir a clase de catalán, me daba la vida cada día. Aunque ahora ya a penas nos vemos, tengo muy buenos recuerdos. Patricia tan adorable, tan atenta, tan loca. Chen, todo un distinguido caballero y un científico espectacular. Y Ye… ¡Ye presidenta del mundo mundial! Se que acabarás conquistando de amor al mundo entero.



-Inglés, escoces…o un mezcla parecido. Y fue gracias al único e inigualable Chris Wright. You are Hot Baby and my best scottish friend. Aiiii Pirata! Si las calles de Barcelona hablaran… las que hemos llegado a liar tú y yo eh? Estàs molt boig Christopher, pero tus macarroni cheese son awesome. Enamoradizo, adicted a los GinTonics, adicto a los HotBoys (pero yo soy molt millor que lo sepas), a los chocolates con churros, a la buena comida. ¡Eres único! Vales tanto para un coffee, como para el fiestón del siglo. You just need to trust yourself a little more and discover how great you can become. Operación ardilla. You are like a little brother for me. Aquesta nit ballarem entre els nois dolents i els deixarem a tots hipnotitzats. Bueno, y si no, nos da un poco igual. ¿Un spinning? Luego me invitas a pan de sveltia. Thank you, a lot, 4 everything. I do not have enough words. 



Dentro de esta vorágine de idiomas, podemos integrar a tres estupendas viajeras poliglotas que de forma espontánea han alegrado momentos durante mi etapa doctoral y que se merecen un enorme agradecimiento y mi admiración. Muchas gracias Blanca, Ana y Mari Trini. Me encantan vuestras visitas y apariciones ^^ 







Salseo, Ruedas y Cangrejitos



Alba. Jepatocita! Habibi a tu! Mi mini ex-pelirroja favorita. Cuanta locura y alegría tan concentrada. Ya dicen que al pot petit i a la bona confitura. Y sin duda aquí eso es clave. Muchas gracias por todas nuestras sesiones de parafinar higaditos, o caritas alegres. Esos momentos de confesionario, a la mano del micrótomo, oliendo parafina, y chutándonos xilol como locos. Muy contento de que sigamos juntos. Por nuestros bailecitos, nuestro salseo, nuestros cotilleos. Gracias por ser tan especial y única. Que eres un sol en estado puro brillando con luz propia.



Silvia. La pareja de baile perfecta. Sabemos seguirnos los pasos a la perfección el uno al otro, y cuando me despisto siempre sabes chivarme las respuestas. Nuestros cangrejitos pasilleros son lo mejor del ICO-IDIBELL. Que se mueran de envidia los grandes profesionales. Muchas gracias por todos los bailes que hemos tenido juntos y por todos los que quedan por echarnos. Muchas gracias por todos los buenos momentos y por las rutas alegres desde L’Hospitalet hasta Barcelona.



Ana. Me encanto que coincidiéramos en las clases de baile. De esta manera pude conocer a una chica tan fantástica. Confío en ti en poder sacar adelante la empresa y que te acabes convirtiendo en la jefaza, y nos des un puestecillo a los demás. Aunque sea de becarios que te llevan el café. O que te llevan pinchos del Lizarran a la oficina. Piensalo. Yo me pido ser tu primer secretario. Muchas gracias por todos esos buenos bailoteos, las risas y los pinchos alrededor de una fanta :) 



Porque soy la Reina del Invierno



Aquel verano hacía mucho calor. Recuerdo estar tirado en la toalla, encima del cespecito fresco en una piscina de L’Hospital. El ritmo y la buena música invadía el ambiente. Los chulazos se mojaban y salpicaban en el agua. El Sol de agosto acariciaba todos los cuerpos semidesnudos del lugar. Y allí, entre toda esa multitud, brillabais vosotros. Los Entrecots. Tan plurales y coloridos como un arcoíris. A vuestra manera, tan señoras bien, tan especiales. Con vosotros he aprendido la Historia de este Arte, y habéis conseguido que se derrita un poquito este corazón helado y empezase a latir como si jugaran al baloncesto dentro de mi pecho. Gracias por tan buenos momentos. 



Airam. El vecino, cazador de pokemons y diseñador gráfico más sexy (siempre te recuerdo como el vecino del piso de arriba). Gracias por todos los ratos que hemos pasado juntos, por haberme enseñado tantas cosas interesantes que desconocía, por abrirme nuevos mundos, por los juegos, los chocolates con churros, las risas. Aunque tengamos nuestros momentos, y cada uno sus taras y traumas personales, me ha encantado conocerte. Todavía nos quedan muchas más aventuras, no? Gracias guapetón.



 Javi. ¡Qué adorable eres pequeño Grumpy Cat! Fresco, divertido, alocado. Ha sido un placer enorme conocerte. Todavía nos quedan muchos más cotilleos de esos que nos gustan a nosotros. Y muchas más fiestas, salidas, y excursiones. Me debes un ceviche, amigo!! Y, por supuesto, que se venga Pia. Que aún nos quedan muchas pistas de baile y este verano, será el verano del amor. Empieza nuestra revolución sexual.



Sergio. Conexión directa desde el primer momento pisicinero. Claro, un chico así, con tanto estilo, es normal. Fiestero, divertido, elegante y además con un plátano gigante en la terraza. Parece que te estoy creando un perfil para venderte, pero en realidad no, que tú no lo necesitas. Muchas gracias por todos los buenos ratos vividos.



Kristopher. ¿Estás seguro de dónde te estás metiendo? Aún puedes abandonar. Pero se que no lo harás. El doctorado será pan comido para ti, pequeño maligno. Cualquiera que se acerque con malas intenciones, que se preparé para sufrir. Mientras disfrutaremos de un maravillo GinTonic. Gracias por tu compañía, tu elegancia y las buenas charlas contigo. Un placer haber coincidido contigo en Barcelona :)



La Magia de Los Western Blots



Más allá de los muros gastados de la Facultad de Farmacia de la Universidad Complutense de Madrid, bajo su fachada antigua y su interior a un más antiguo, se encuentra un lugar muy especial: El Departamento de Bioquímica y Biología Molecular II. 



Arancha y Almudena. Aún recuerdo el primer día que fui a hablar con vosotras. Iba super nervioso. Iba con una camiseta corta amarilla. Muy amarilla. Y no sé por qué, pensaba que no eran las mejores pintas para ir a una entrevista del TFM. Recuerdo que fuimos a la salita pequeña y me hicisteis unas cuantas preguntas. Sobre electroforesis, creo… Creo que os dije que se me daban bien. Que me gustaban. Y recuerdo que os gustó mucho que me salieran bien los westerns. Menos mal, que después me salían los westerns bonitos y me gané el título de Western Blotter oficial.  Muchas gracias por confiar en mi desde el primer día. Me acuerdo mucho de vosotras dos, y me alegra mucho saber que de alguna manera seguimos unidos. Esta tesis no podría haber sido igual sin vosotras dos. No sin que vosotras me hubierais ofrecido aquella primera oportunidad. Siempre seréis mis primeras “directoras” oficiales, aunque al menos del máster y de los meses postmaster. Gracias por enseñarme tanto durante ese tiempo. Os recuerdo con mucho cariño. Y también a Blanca, a César y a Marga. Y a la botella de moscatel del despacho. Muchas gracias a todos. Sois, y fuisteis geniales conmigo. Os debo a todos una visita y una de mis tartas para celebrar la tesis.

Carlos, Ana, Gemma, Silvia, María Areche, Ana, muchas gracias a todos por hacerme sentir como en casa en el lab. Por los ratos cuando bajamos a desayunar, los cotilleos y todos los buenos momentos vividos. Espero poder pasar pronto a visitaros como Doctor y celebrarlo con vosotros. Que hace mucho que no paso a visitaros, y eso está ¡¡fatal!!



Mis chicas favoritas del labo 15 e hígado. Neibla, Celia, Silvia (Stronzina), Analisa y Laura. Compañeras de poyata, de pipetas y geniales momentos de nuestras vidas. Cómo poder olvidarme de los momentos de Disco Cultivos con Neibla y de cómo competíamos por poner el mejor temazo mientras pasábamos las horas con las células. ¡Grande Neibla! Las células se pasaban de Rave medio día. No podía haber mejor compañía. Fan de la dulce locura de Celia, de la elegancia italiana de Analisa, de la energía y el espíritu aventuro de la stroncina Silvia, de la simpatía y el amor de Laura. Espero que sigamos coincidiendo en los rincones más insospechados del mundo, gracias a esto que es la ciencia, la que os ha unido. Nos vemos en el siguiente congreso. ¡Sois las mejores chicas!

María García y Diego de la Morena del laboratorio de hígado. Me acuerdo del primer día que fui a visitar el laboratorio. Y allí estabais los dos, bajo un sol cegador que entraba por las ventanas. Estabais muy atareados y nerviosos, porque teníais que hacer un paquete super-importante para Isabel. Estabais enviando miles de hígados. Recuerdo que nos reíamos (sin malicia) del pobre becario pringado al que le tocara analizar todo eso. Vaya sorpresa la mía, y bendito sea el Karma, que aquel pringado resulto ser yo. Gracias por todos los buenos momentos, las risas y la acogida en el laboratorio. Se os echa de menos. 



Luces, Cámara y…mucho Teatro.



Cuando iba a entrar en Panique y mi vida ondeaba con rumbo poco estable y muy aburrido, me recomendaron aquel hotel tan fantástico. Me dijeron que eligiera la habitación que tenía vistas al sur, que eran las mejores. También me dijeron que las camareras eran una delicia, y la comida, exquisitos manjares. Pero lo que no me dijeron eran que los compañeros que allí me encontraría serían tan fantásticos y maravillosos como vosotros. Soy muy feliz de haberos conocido a todos. María, Vanesa, Patri, Josep María, Paula, Gabis, Andy, Mar, Eva, Emma, Brady, Montse, Roger, Mónica, Natalia. 



Prometedme que no os pondréis celosones el resto, pero tengo que confesar que a Elsa, Sergi, Meri, Laura, Joan y Gonzalo les he cogido un cariño muy especial. Incluido por supuesto Guillem. Sois fantásticos. Me encantan nuestras cenas, nuestras salidas (menos de las que me gustaría), nuestras fiestas, me encanta aprender tanto de vosotros, los cotilleos, ver crecer a María, la adorabilidad de Laura, el sentido del humor y la sabiduría de Sergi, la personalidad magnética de Elsa, y la energía y entusiasmo de Joan. 

Gonzalo, un trocito muy especial de esta tesis es tuyo. Gracias por todo.

Amor entre Probetas



Amor entre probetas es una historia llena de dramas y emociones inspirada en la historia de tres estudiantes predoctorales que recurren al doctorado como única manera de seguir adelante. Allí, tras desafiar a los malvados directores de la Academia, se ven sumergidos en una serie de tramas e historias en las que descubrirán que no están solos. Representados por la señorita Iratxe Amelia Quezada de Linares, Doña Inés Dangond de Rosaura Miranda y Don Daniel Hernando Osorio. Estos tres personajes encontrarán un sin número de obstáculos, personales y profesionales, que podrán a prueba su capacidad de salir adelante en medio de compromisos familiares, laborales y obligaciones económicas que deberán superar si quieren convertirse en futuros científicos. Se darán cuenta que todo no es tan sencillo, y mucho menos cuando se tratan temas del corazón. La única solución: Flamamandra.

Próximamente en Netflix

Ahora sí, muchísimas gracias chicas.



















































...Hoy empieza la revolución...














ABBREVIATIONS

CAST





		ADAM

		A Disintegrin And Metalloproteinases 



		ALK

		Activin receptor-Like Kinase



		ALP

		Alkaline Phosphatase



		ALT

		Alanine-Aminotransferase



		AMH

		Anti-Mullerian Hormone



		AP2

		Adaptor Protein-2 



		AR

		Amphiregulin



		AST

		Aspartate Aminotransferase



		ATCC

		American Tissue Culture Collection



		ATI

		Amylase Trypsin Inhibitors



		BAC

		Bacterial Artificial Chromosome



		BAR

		Bin/Amphiphysin/Rvs



		BMP

		Bone Morphogenic Proteins



		BSA

		Bovine Serum Albumin



		BTC

		Betacellulin



		CAF

		Cancer-Associated Fibroblasts



		CCl4

		Carbon Tetrachloride



		CCV

		Clathrin-Coated Vesicle



		CDK

		Cyclin-Dependent Kinase



		CHC

		Clathrin Heavy Chain
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		CLD

		Chronic Liver Diseases 



		CLTC

		Clathrin gene



		Co-SMADs

		Cooperating SMADs



		CSC

		Cancer Steam Cell



		CTGF

		Connective Tissue Growth Factor



		CYP

		Cytochrome



		DAG

		1,2-Diacylglycerol



		DAMP

		Damage Associated Molecular Patterns



		DAPI

		4′,6-DiAmidino-2-PhenylIndole



		DEN

		Diethylnitrosamine



		DMEM

		Dulbecco's Modified Eagle Medium



		DMN

		Dimethylnitrosamine



		DNA

		DeoxyriboNucleic Acid



		DTT

		Dithiothreitol



		ECACC

		European Collection of Authenticated Cell Cultures



		ECM

		ExtraCellular Matrix



		EDTA

		EthyleneDiamineTetraacetic Acid



		EGF

		Epidermal Growth Factor



		EGFR

		Epidermal Growth Factor Receptor



		ELISA

		Enzyme-Linked Immunosorbent Assay



		EMT

		Epithelial-Mesenchymal Transition



		EPG

		Epigen



		EPR

		Epiregulin



		EPS15

		EGFR Pathway Substrate 15



		ERK

		Extracellular Signal–Regulated Kinases



		ESCRT-I

		Endosomal Sorting Complex Required For Transport I



		FAK

		Focal Adhesion Kinase 



		FBS

		Foetal Bovine Serum



		FCHO

		FCH Domain Only



		FGF

		Fibroblast Growth Factor



		GDF

		Growth and Differentiation Factors



		GRB2

		Growth Factor Receptor Bound protein 2



		GTP

		Guanosine Triphosphate



		H&E

		Haematoxylin and Eosin



		HB-EGF

		Heparin Binding EGF-like Growth Factor



		HBV

		Hepatitis B Virus



		HCC

		HepatoCellular Carcinoma



		HCV

		Hepatitis C Virus



		HGF

		Hepatocyte Growth Factor



		HRP

		HorseRadish Peroxidase



		HSC

		Hepatic Stellate Cells



		HSC70

		heat shock cognate 70



		i.e.

		In example



		IGF

		Insuline Growth Factor



		IGFR

		IGF Receptor



		IHC

		Immunohistochemistry



		IL

		Interleukin



		IP3

		Inositol-1,3,5-Triphosphate



		I-SMADs

		Inhibitory SMADs



		JCRB

		Japanese Collection of Research Bioresources



		LAP

		Latency-Associated Peptide 



		MAPK

		Mitogen-Activated Protein Kinase



		MFB

		Myofibroblast



		MMP

		Matrix Metalloproteinase 



		MO

		Mineral Oil



		mTOR

		mammalian Target of Rapamycin



		NADPH

		Nicotinamide Adenine Dinucleotide Phosphate



		NAFLD

		Non-Alcoholic Fatty Liver Disease 



		NASH

		Non-Alcoholic Steatohepatitis 



		NOX

		NADPH oxidases



		NRG

		Neuregulins



		PBS

		Phosphate Buffered Saline



		PBS-T

		PBS-Tween 20



		PCR

		Polymerase Chain Reaction



		PDGF

		Platelet-Derived Growth Factor



		PDK

		Phosphoinositide-Dependent Kinase



		PI

		Propidium Iodide



		PI(4,5)P2

		Phosphatidylinositol 4,5-Biphosphate



		PI3K

		Phosphatidylinositol 3-Kinase



		PI3P

		Phosphatidylinositol 3-Phosphate



		PIP2

		Phosphatidylinositol-4,5-Diphosphate



		PKC

		Protein Kinase C



		PLC

		Phospholipase C



		PMSF

		PhenylMethylSulfonyl Fluoride



		PTB

		Phospho-Tyrosine Binding Domain



		PTEN

		Phosphatase and Tensin Homologue



		qRT-PCR

		quantitative Real-Time Polymerase Chain Reaction



		RNA

		RiboNucleic Acid



		ROS

		Reactive Oxygen Species



		R-SMADs

		Receptor-associated SMADs



		RT

		Reverse transcription



		RTK

		Receptor Tyrosine Kinases 



		SARA

		SMAD Anchor for Receptor Activation



		SDS

		Sodium Dodecyl Sulphate



		SDS-PAGE

		Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis



		SEM

		Standard Error Of The Mean



		SH2

		Src Homology 2



		SH3

		SRC Homology 3



		SHC

		Src Homology 2 domain Containing transforming protein



		shRNA

		short hairpin RNA



		siRNA

		small interference RNA



		SOCS

		Suppressor of Cytokine Signaling



		SOS

		Son of Sevenless



		STAT

		Signal Transducers and Activators of Transcription 



		T BIL

		Total Bilirubin



		TACE

		TNFα converting enzyme or TACE



		TERT

		Telomerase Reverse-Transcriptase



		TGF-α

		Transforming Growth Factor alfa 



		TGF-β

		Transforming Growth Factor beta



		TIMPs

		Tissue Inhibitors of Metalloproteinases



		TKD

		Tyrosine Kinase Domain



		TKI

		Tyrosine Kinase Inhibitor



		TLR

		Toll-Like Receptor 



		TNFα

		Tumor Necrosis Factor alfa



		TβR

		TGF-β Receptor



		VEGF

		Vascular Endothelial Growth Factor 



		WT

		Wild Type



		αSMA

		alfa Smooth Muscle Actin
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1. Liver disorders



The liver is unique in its response to injury. It demonstrates an extraordinary capacity of compensatory growth in response to conditions that induce cell loss by physical, infectious, or toxic injury, simultaneously undergoing regeneration and fibrosis, two divergent responses that lead to carcinogenesis (Rozga, 2002; Zhang and Friedman, 2012).



 Liver injuries can be divided into two different groups, accordingly to the duration or persistence of liver injury: acute and chronic liver diseases. The elimination of the damaging agent can rapidly revert acute liver injuries and usually there is a complete restoration of normal liver architecture and function, without evidence of the preceding insult. However, when liver injury persists for a long time, it drives to a chronic liver disease. Chronic liver diseases are characterized by a protracted wound healing response, which often progress to advanced fibrosis and cirrhosis, which is accompanied by severe distortion of the liver vascular architectural. Progressive fibrosis is the hallmark of chronic liver injury and it can eventually result in cirrhosis, liver failure or hepatocellular carcinoma (HCC) (Figure I). Briefly, the main liver disorders that affect population are: acute liver injuries (mainly due to toxic insults), cholestatic liver injuries, chronic viral hepatitis, alcoholic and non-alcoholic steatohepatitis, fibrosis and liver cancer (Malhi and Gores, 2008).

		



		Figure I. Natural history of liver disease. Figure adapted from Pellicoro et al., 2014.





  

1.1. Liver fibrosis



In all organ systems, the normal mammalian response to injury occurs in three overlapping but distinct stages: inflammation, new tissue formation, and tissue remodelling. A critical step is when repair and regeneration take place, because excessive deposition of extracellular matrix (ECM) leads to hypertrophic scars, which results in tissue dysfunction (Xue et al., 2013).



1.1.1. Epidemiology, aetiology and mechanisms



Reports from the Global Health Organization indicate that cirrhosis is an increasing cause of morbidity and mortality in more developed countries. It is the 11th most common cause of death in adults worldwide and the 17th in Europe and Central Asia. It accounts for more than one million deaths worldwide per year, which is 2.1% of all deaths (Data from: Global Health Estimates 2015: 20 leading causes of death by region, 2000 and 2015). Predominant causes of liver fibrosis and cirrhosis in developed countries are infection with hepatitis C virus, alcohol misuse, and increasingly, non-alcoholic liver disease. Infection with hepatitis B virus is the main cause in sub-Saharan Africa and most parts of Asia. Cirrhosis prevalence is probably higher than reported, due to the initial stages are asymptomatic so the disorder is undiagnosed (Tsochatzis et al., 2014). 



Liver fibrosis is a common pathological consequence of chronic liver diseases and results from the progressive accumulation of a qualitatively altered ECM, that is highly enriched in fibrillar collagens. Scar deposition results from an altered wound healing response to prolonged parenchymal cell injury and/or inflammation. It is characterized by increased production of matrix proteins and decreased matrix remodelling. In advanced stages, fibrosis leads to cirrhosis, a condition defined by an abnormal liver architecture, with fibrotic septa surrounding regenerating nodules and altered vascularization. Clinical consequences of cirrhosis are liver synthetic failure, portal hypertension, high susceptibility to infection and high risk to develop HCC (Mallat and Lotersztajn, 2013; Schuppan, 2015) Mechanisms that underlie liver fibrogenesis show striking similarities with fibrotic processes that occur with chronic injury in other tissues, including skin, lung and kidney. Several clinical reports have documented that regression of liver fibrosis occurs in a substantial proportion of patients after liver insult eradication (Mallat and Lotersztajn, 2013; Zeisberg and Kalluri, 2013).



The principal source of ECM accumulation and prominent mediators of fibrogenesis are “activated fibroblasts” or myofibroblasts (MFB). There are different origins of activated fibroblasts: resident fibroblasts, bone marrow-derived fibrocytes, epithelial cells that undergo epithelial-to-mesenchymal transition (EMT), vascular smooth muscle cells and pericytes. Recent knowledge indicates that most fibrogenic MFB are endogenous to the liver, and activated Hepatic Stellate Cells (HSC) and portal fibroblasts are the major endogenous fibrogenic cells. In liver fibrosis, HSC are the major source of fibrogenic cells, while portal fibroblasts play an important role in the fibrogenic process during cholestatic liver diseases (Iwaisako et al., 2014). In the normal liver, HSC are in the space of Disse and display a quiescent phenotype characterized by the store of lipids droplets and the expression of a large number of adipogenic genes and neural markers. Upon acute or chronic liver injury, a complex network of autocrine/paracrine fibrogenic signals promotes the activation -transdifferentiation- of quiescent HSC to a myofibroblastic phenotype. These fibrogenic inputs include cytokines, chemokines, growth factors, lipid mediators and reactive oxygen species (ROS) that are produced by epithelial cells (hepatocytes and cholangiocytes), endothelial cells and cells of the immune system (macrophages, dendritic cells, and B and T lymphocytes). Moreover, apoptotic bodies derived from damaged hepatocytes can also transdifferentiate HSC to MFB favouring the fibrogenic process  (Mallat and Lotersztajn, 2013; Czaja, 2014).

 

A number of growth factors are associated with MFB differentiation, including Platelet-Derived Growth Factor (PDGF), angiotensin II, Connective Tissue Growth Factor (CTGF), and Transforming Growth Factor beta (TGF-β). TGF-β has a pivotal role in fibrogenesis, and some of the other growth factors involved exert their effects by directly stimulating TGF-β production (Barnes and Gorin, 2011). MFB are characterized by the expression of alfa-Smooth Muscle Actin (αSMA), a parallel loss of retinoids an lipid droplets and de novo expression of receptors for fibrogenic, chemotactic and mitogenic factors, that leads to increased proliferation and survival, secretion of proinflammatory cytokines and chemokines, enhanced synthesis of matrix proteins (predominantly fibrillar collagens), and inhibitors of matrix degradation (Tissue Inhibitors Of Metalloproteinases; TIMPs); thus provoking the progressive scar formation (Mallat and Lotersztajn, 2013; Zeisberg and Kalluri, 2013) (Figure II). Inflammation plays an essential role in the development of liver fibrosis. When a chronic injury takes place, a large infiltration of mononuclear cells, which include macrophages, lymphocytes, eosinophils, and plasma cells, occur. Mobilization of lymphocytes produces lymphokines that activate macrophages, which, in turn, stimulate lymphocytes, fibroblasts, and other inflammatory cells, thus setting the stage for persistence of an inflammatory response (Wynn and Barron, 2010). Furthermore, macrophages produce pro-fibrotic mediators, including TGF-β and PDGF, and control extracellular matrix turnover by regulating the balance of various matrix metalloproteases and TIMPs. Examples of knock-out mice that are resistant to fibrosis because they have less inflammation include those with gene deletions of TNF-α or Toll-like receptor 4 (TLR4), among others (Seki et al., 2007).

 

		



		

Figure II. Common cellular mechanisms of liver fibrogenesis. Activated hepatic stellate cells (HSC) and (portal) myofibroblasts (MFB) are prime effectors of liver fibrogenesis. Apart from an upregulation of the synthesis and deposition of various Extracellular Matrix (ECM) components, fibrolysis is further compromised via an increased synthesis of Tissue Inhibitor of MetalloProteinases (TIMPs) and a decreased production of fibrolytic Matrix Metalloproteinase (MMPs), both by HSC/MFB and by Kupffer cells/macrophages. Once damage disappear and with the help of antifibrotic agents, fibrosis can regress, mainly via proteolytic removal of excess ECM, often by the same cells that play a central role in fibrogenesis, such as activated HSC/MFB and macrophages/Kupffer cells. Abbreviations: ATIs: Amylase Trypsin Inhibitors (nutritional TLR4 activators); TLR4: toll-like receptor 4; T: T Cell; MO: Macrophage. Figure adapted from Schuppan, 2015. 







ROS are critical intermediates in both normal physiology and pathological conditions of liver cells. Indeed, chronic oxidative stress plays a role during both initial inflammatory phase and its progression to fibrosis. Oxidative stress markers have been detected in the serum and biopsy samples from liver cirrhosis patients and in experimental liver fibrosis/cirrhosis animals. Moreover, in liver biopsies, areas of fibrosis were localized to areas with increased 4-hydroxi-2’-nonenal, a marker of lipid peroxidation. ROS may be generated in the liver by multiple sources, including the mitochondrial respiratory chain, cytochrome p450 family members, peroxisomes, xanthine oxidase, and nicotinamide adenine dinucleotide phosphate (NADPH) oxidases. Accumulating evidence indicates that NADPH oxidases (NOX)-mediated ROS have a critical role in HSC activation and hepatic fibrogenesis (Crosas-Molist and Fabregat, 2015) (Figure III). Interestingly, NOXes mediate TGF-β activation of HSC to MFB process (Sancho et al., 2012; Crosas-Molist et al., 2015).



		



		Figure III. Role of TGF-β and NOXs on HSC activation. Figure adapted from Crosas-Molist and Fabregat, 2015.







1.1.2. Animal models

	

	During the last years, mouse models have been used to study the pathogenesis and molecular mechanisms associated with fibrosis. Several chemicals are known to induce liver fibrosis. In most cases, intraperitoneal injection of these chemicals triggers liver fibrosis on a relatively short-term basis. However, fibrosis is limited and takes more time to develop after oral or inhaled administration. These chemical-based animal models are popular due to their high reproducibility, ease of use and appropriate reflection of the mechanisms involved in human liver fibrosis (Yanguas et al., 2016). Among these chemicals the most typical are:

	

· Ethanol: In the liver, ethanol is mainly metabolized by alcohol dehydrogenases and CYP450 enzymes. This process is associated with several deleterious events, such as the production of ROS, glutathione depletion, lipid peroxidation and increased collagen synthesis. Collectively, these mechanisms induce hepatocyte apoptosis, inflammation and the activation of HSCs (Yanguas et al., 2016). 	

· Carbon tetrachloride: Carbon tetrachloride (CCl4) is the most widely used hepatotoxin in the study of liver fibrosis and cirrhosis in rodents. In many aspects, it mimics human chronic disease associated with toxic damage. Hepatic biotransformation of CCl4 relies on CYP2E1 and yields the trichloromethyl radical, which is involved in several free radical reactions and lipid peroxidation processes that contribute to an acute-phase reaction characterized by necrosis of centrilobular hepatocytes, the activation of Kupffer cells and the induction of an inflammatory response (Weber et al., 2003). This sequence is associated with the production of several cytokines, which promote activation of HSCs and hence liver fibrosis.

· Dimethylnitrosamine and Diethylnitrosamine: Dimethylnitrosamine (DMN) and Diethylnitrosamine (DEN) are carcinogenic compounds that are frequently used in combination with CCl4 to experimentally induce liver fibrosis and HCC in animals. As a consequence of their biotransformation, ROS are abundantly produced, all of which react with nucleic acids, proteins and lipids. More information about DEN in HCC animal model section 1.2.2.



A number of specific diets, such as the methionine- and choline-deficient diet, high-fat diet, and choline-deficient L-amino acid-defined diet, can be used to induce progression of Non-alcoholic fatty liver disease (NAFLD) to hepatic fibrosis in experimental animals. Moreover, common bile duct ligation can also lead to cholestatic injury and periportal biliary fibrosis. In the last years, another powerful experimental approach is the use of Genetically Modified animals. They allow to gain insight into the involvement of specific proteins and signalling pathways in the generation of liver fibrosis and thus facilitate the identification of potentially new drug targets. For example, multidrug resistance-associated protein 2-deficient (Mdr2-/-) mice  (Fickert et al., 2004) have been used to study the functional relevance of specific signalling pathways in the formation of liver fibrosis and identify novel drug targets. Infections with hepatitis B virus and are also popular models of liver fibrosis (Yanguas et al., 2016; Zhang et al., 2016). 



1.1.3. Therapeutics approaches



Regression of fibrosis can be achieved by the successful control of chronic liver injury, owing to termination of the fibrogenic reaction following clearance of hepatic MFB and restoration of fibrolytic pathways. MFB can be eliminated by apoptosis, senescence or reversion to a quiescent HSC phenotype. However, inactivated HSC remain primed for re-transdifferentiation, and may be more responsive to recurrent fibrogenic stimuli than its original quiescent state. In advanced stages of fibrosis and cirrhosis the potential for reversibility declines (Mallat and Lotersztajn, 2013; Czaja, 2014).

The first line treatment is, when possible, to counteract the underlying liver disease to stop fibrosis progression. For instance, patients with viral hepatitis should be treated with antiviral therapies, while corticosteroids are useful for autoimmune hepatitis. Recent clinical trials with efficient causal therapy have demonstrated reversibility of advanced liver fibrosis. Treatments focused on the elimination of the etiological agent or putative immune-mediated mechanism may be supplemented with antifibrotic agents. Despite experimental characterization of an array of antifibrotic pharmacological targets, there is still no clinical translation. This might be due to multiple causes: 1) liver fibrosis usually progress slowly in humans, therefore requiring long clinical trials; 2) non-invasive specific and sensitive markers of fibrosis progression/regression are not available; and 3) fibrogenic and fibrolytic pathways are complex, therefore targeting a single pathway may be of limited efficacy. MFB and their products are primary targets for antifibrotic therapies, which in principle would address all types of fibrosis, including advanced fibrosis. Nevertheless, additional cellular elements that are either upstream of MFB or tightly linked to fibrogenic activation may provide a basis for complementary and more disease-specific antifibrotic approaches. A combination therapy approach may be more effective, given that crosstalk between different cell types that generally underlies fibrogenic activation (Mallat and Lotersztajn, 2013; Schuppan, 2015; Zhang et al., 2016).



1.2. Hepatocellular carcinoma 



1.2.1. Epidemiology, risk factors and prevention



The liver displays an incredible wound healing and regenerative capacity. However, when liver injury is chronic, these regenerative mechanisms become dysregulated, facilitating the accumulation of genetic alterations leading to uncontrolled cell proliferation and the development of HCC (Figure IV). 



HCC is a major public health problem worldwide with almost 800,000 new cases each year and its incidence is increasing in Europe and worldwide. In 2015 reports from World Health Organization, liver cancer is the second leading cause of cancer-related deaths, following lung cancer. HCC is the most common primary liver malignancy in adults. Intriguingly, there are significant differences on the incidence when considering the gender, being the male to female ratio estimated to be 2.4. This difference is mainly attributed to the different exposition to risk factors, as well as the influence of androgens and oestrogens on HCC progression. Exposition to risk factors also determines the incidence of liver cancer regarding age or ethnicity. In fact, the highest incidence of HCC is found in Asia and sub-Saharian Africa (Bruix et al., 2014; European Association For The Study Of The Liver and European Organisation For Research And Treatment Of Cancer, 2012; Tabrizian et al., 2014).



		



		Figure IV. Diagrammatic representation of various pathological changes that lead to the appearance of HCC. Figure adapted from Ramakrishna et al., 2013.





In most cases, HCC develops within an established background of chronic liver disease. The main risk factors for development of HCC include infection with hepatitis B virus, the dominant risk factor in eastern Asia and sub-Saharan Africa together with exposure to aflatoxin B1, or hepatitis C virus, which together with excessive alcohol consumption are the main risk factors in North America, Europe and Japan. Other risk factors include NAFLD, NASH, autoimmune hepatitis, and the presence of various metabolic diseases (such as insulin resistance, type II diabetes or obesity). Avoiding the exposure to risk factors for these chronic liver diseases is the best option to prevent HCC. For example, vaccination and antiviral treatment have a positive impact. However, if antiviral intervention is delayed until the establishment of cirrhosis, preventive efficacy is diminished. Progressive hepatic fibrosis, evolves to cirrhosis, which is the largest risk factor for developing liver cancer. Up to 90% of cases of HCC arise in the setting of advanced fibrosis or cirrhosis regardless of aetiology (Forner et al., 2012; Bruix et al., 2014, 2016; Wallace and Friedman, 2014).



1.2.2. Molecular mechanisms of HCC 



Hepatocarcinogenesis is a complex multistep process in which many signalling cascades are altered, leading to a heterogeneous molecular profile. Tumour heterogeneity in HCC is impressive: it can be observed between patients, between nodules in the same patient (i.e. second primary tumours after curative treatment or synchronous multifocal tumours of different clonality) and even within a single tumour nodule. However, some molecular pathways are known to be clearly involved in HCC (Figure V). HCC is a highly angiogenic solid tumour characterized molecularly by cell cycle dysregulation, aberrant angiogenesis, and evasion of apoptosis. The molecular pathogenesis of HCC is very complex, comprising of multiple genetic and epigenetic alterations, chromosomal aberrations, gene mutations, and altered molecular pathways. Angiogenesis plays a vital role in the growth, invasiveness and metastatic potential of HCC (Lu et al., 2016; Ramakrishna et al., 2013; Schlachterman et al., 2015).



Next-generation sequencing, such as whole-genome/exome/transcriptome sequencing, is becoming a key tool for elucidating the mutational landscape of HCC. The major pathways commonly altered by somatic mutations or homozygous deletions include Wnt/β-catenin, p53 and Phosphatidylinositol 3-Kinase (PI3K)/Ras signalling pathways, oxidative and endoplasmic reticulum stress modulators, and processes responsible to chromatin remodelling (Bruix et al., 2014; Liu et al., 2014). The most common somatic mutation involves telomerase reverse-transcriptase (TERT) gene aberrant activation, observed in almost 70% of HCC cases. Following TERT mutations, the main ones include the tumour suppressor gene TP53 (in about 30% of HCC cancers), and CTNNB1, the gene encoding for β-catenin (also in about 30% of HCCs, predominantly in Hepatatis C virus related cases). In addition to CTNNB1, inactivating mutations of other members of the Wnt pathway, such as AXIN1 (11%), are also recurrently described in HCC samples (Bruix et al., 2016; Lee, 2015; Schulze et al., 2016). Also, chromosomal amplifications (i.e. a11q13, which contains the genes coding for Cyclin D1 and FGF19, and 7q31.2, which contains the gene encoding for MET), and deletions (i.e. 9p21.3, which contains tumour suppressor genes, like CDKN2A, CDKN2B or PTEN) are common (Wang et al., 2013). Silencing of tumour suppressors and reactivation of oncogenes by epigenetic alterations have been also described. Finally, transcription of key oncogenes can be also modulated by miRNAs (Toffanin et al., 2011). As a result of all these alterations, several signalling cascades related to cell survival and proliferation, angiogenesis, invasion and metastasis are dysregulated.



		



		Figure V. Multiple cancer hallmarks and the underlying molecular alterations in the progression of HCC. Figure adapted from Liu et al., 2014.







Altered proliferation pathways have been correlated with liver cancer, as it happens in most of the cancers. Among these alterations, the most frequently reported pathways involve growth factors such as Epidermal Growth Factor (EGF), Hepatocyte Growth Factor (HGF) and  Insuline Growth Factor (IGF) (Sia and Villanueva, 2011). 

· EGF Receptor (EGFR) pathway is overactivated in many patients with HCC. Diverse sources of evidence suggest activation of EGFR in a subset of HCCs, both at the transcriptomic and proteomic levels, reduced turnover of the receptor, DNA copy number gains in chromosome 7 (EGFR locus), and modifications in EGFR ligands levels. EGFR pathway will be further discussed in section 2. 

· HGF/Met axis is known to be involved in cell proliferation and tumour invasion or metastasis in several malignancies. c-Met regulates cell proliferation, migration, survival, branching morphogenesis, angiogenesis and plays a key role in liver regeneration. c-Met activation has been found in 20-40% of HCC, mainly through overexpression of both the receptor and its ligand. c-Met-regulated expression signature defines a subset of HCC in humans, as these patients have a poor prognosis and an aggressive phenotype (Whittaker et al., 2010).

· IGF signalling, through IGF-1 Receptor (IGFR), is important for the regulation of growth and development, but also in proliferation, motility and inhibition of apoptosis. It has been shown to be involved in the pathogenesis of several malignancies. Overexpression of IGF-1 and IGF-2 receptors downregulation (which is able to inhibit growth by inducing IGF-2R internalization and degradation) contribute to proliferation of cancer cells, anti-apoptosis, and invasive behaviour. Thus, IGF-2 is overexpressed in 16-40% of human HCCs. It is upregulated by epigenetic mechanisms after an inflammatory response to liver damage or viral transactivation, or by an altered methylation of the gene (Schlachterman et al., 2015) 



Upon EGFR, Met and IGFR activation, extracellular signals can be transduced through different cytoplasmic intermediates, such as PI3K/Akt/mTOR or RAS/MAPK pathways. The RAS/Raf/MAPK pathway is typically activated in HCC as a result of increased signalling from upstream growth factors, and not due to RAS mutations, as it usually happens in other solid tumours. The PI3K/Akt/mTOR signalling, which controls proliferation, cell cycle and apoptosis, is overactivated in HCC. Akt can be activated through stimulation of Receptor Tyrosine Kinases (RTK), particularly IGFR and EGFR, or through constitutive activation of PI3K or loss of function of the tumour suppressor gene PTEN by epigenetic silencing or somatic mutations (Llovet and Bruix, 2008; Whittaker et al., 2010)



Aberrant activation of pathways involved in cell differentiation and development, such as Wnt signalling, are altered in HCC. As mentioned before, β-catenin, a key component of Wnt signalling, is mutated in HCCs patients and approximately 50-70% of HCC tumours have increased levels of it in cytoplasm and nucleus (Whittaker et al., 2010). In addition, Wnt pathway overactivation might be as a consequence of overexpression of Frizzled receptors, or inactivation of E-cadherin or members of the degradation complex (GSK3β, AXIN and adenomatosis polyposis coli). Other pathways related to cell differentiation such as Hedgehog and Notch are also described to be overactivated in HCC (Sia and Villanueva, 2011).



The role of the microenvironment in tumour initiation and progression in HCC is critical. Together with other concurrent tissue responses such as angiogenesis, chronic inflammation and oxidative stress, defines the tumour biology. Important proliferative, angiogenic, and regenerative cytokines secreted by HSC contribute to the carcinogenic process. These include transforming growth factors (TGF-α and TGF-β), platelet-derived growth factors (PDGF-B and PDGF-C), HGF, vascular endothelial growth factor (VEGF) and interleukin (IL)-6 (Hernandez-Gea et al., 2013; Rani et al., 2014) 



HCC is a highly vascularised cancer and angiogenesis plays an important role in hepatocarcinogenesis from its early stages. Indeed, experimental studies suggest that targeting angiogenesis is of major relevance in HCC. Normal angiogenesis is maintained by the balance between pro-angiogenic and anti-angiogenic factors and this balance is disturbed in HCC. The response due to chronic liver injury leading to fibrogenesis concurs with the secretion of several pro-angiogenic factors by the stromal cells, especially matrix metalloproteinases (MMPs), VEGF-A, angiopoietin-2, PDGF, Fibroblast Growth Factor (FGF) and TGF-β, and most of them have been shown to be upregulated in HCC (Whittaker et al., 2010; Forner et al., 2012; Hernandez-Gea et al., 2013). Furthermore, HCC arises in a diseased liver with a dynamic and chronic inflammatory environment that predisposes to the initiation of cancer. However, there still exist big gaps in the understanding of the molecular link between inflammation and HCC. 



Additionally, several alterations in the ECM occurring during progressive fibrosis/cirrhosis predispose to the development of HCC, as it was described in fibrosis section (section 1.1.1.) (Wallace and Friedman, 2014). Many cell-to-matrix interactions are transmitted via transmembrane adhesion molecules, in particular integrins, that bind growth factors and components of the ECM. Integrin expression patterns are altered in human HCC, linked to cell proliferation, adhesion, invasion, migration and apoptosis, favouring the progression of HCC and metastasis (Wu et al., 2011).



Finally, during last years it has become evident that oxidative stress is playing a relevant role in liver carcinogenesis. For example, overproduction of ROS provokes nitrosative and oxidative stress through interaction with DNA, RNA, lipid and proteins, leading to an increase in mutations, genomic instability, epigenetic changes and protein dysfunction. However, recently in our group, it has been described a relevant liver tumour suppressor role for the NADPH oxidase NOX4, negatively modulating hepatocyte proliferation an invasion (Crosas-Molist et al., 2014, 2015). The activity of NOX4 has generally been thought to be constitutive and thus mRNA formation determines ROS production (Serrander et al., 2007). It is generally believed that the predominant controller of NOX4-dependent ROS formation is the expression level of the enzyme. Indeed, expression control is of importance in TGF-β signalling since it has been identified as the strongest inducer of NOX4 expression (Sturrock et al., 2007). NOX4 is expressed in the kidney,  smooth muscle cells, endothelial cells, fibroblasts, keratinocytes, osteoclasts, neurons, and hepatocytes (Brown and Griendling, 2009).  It has been described an important role for NOX4 mediating TGF-β effects in hepatocytes (Carmona-Cuenca et al., 2006), among other cell types. TGF-β induces NOX4 expression, in a SMAD3 dependent manner (Hecker et al., 2009). NOX4 expression in response to TGF-β plays different roles depending on cell type.  NOX4 mediates TGF-β- induced phosphorylation of retinoblastoma protein (pRb) and the eukaryotic translation initiation factor 4E (elF4E) binding protein-1, which regulate cell cycle progression and hypertrophy, respectively, in airway smooth muscle cells (Sturrock et al., 2007).  Furthermore, TGF-β-induced NOX4 expression is required for TGF-β-induced cell death in hepatocytes, HCC cells and mouse hepatic oval cells (Carmona-Cuenca et al., 2008; Caja et al., 2009; Martínez-Palacián et al., 2013). In the liver, NOX4 mediates TGF β-induced apoptosis through the liver-specific tumour suppressor STAT5 and the modulation of the expression of key pro-apoptotic genes, such as PUMA, BIM and BMF (Caja et al., 2009; Yu et al., 2012)



1.2.3. Animal models



Understanding the cellular and molecular mechanisms leading to HCC has become an urgent and imperative issue. Establishing animal models for HCC is essential for both basic and translational studies. Several rodent models have been used over the years to study HCC pathogenesis. One of the best experimental systems is the laboratory mouse (Mus musculus), owing to the physiologic, molecular and genetic similarities to humans, its breeding capacity, short lifespan and the unlimited options offered by genetic engineering. For HCC exists a broad range of 1) chemically induced models, 2) xenografts models and 3) genetically modified models (Bakiri and Wagner, 2013; Heindryckx et al., 2009). 



Chemically induced models are the favourite ones for HCC research due to, in these conditions, HCC develops in a natural background of liver damage. However, mice age, administration dose and date extrapolation should be considered with caution. 

· Diethylnitrosamine. DEN is often used as a carcinogenic reagent. DEN is suitable due to its capability of alkylating DNA structures. In the first step, DEN is hydroxylated to α-hydroxy-DEN. This bioactivation step is oxygen- and NADPH-dependent and is mediated by CYP450. In this process, CYP450 can generate ROS, which damage DNA, lipids and proteins leading hepatocytes death. After aldoxime rearrangement, an electrophilic ethyldiazonium ion is formed. This ethyldiazonium ion causes DNA damage by reacting with nucleophiles such as DNA-bases (Figure VI). Similar to what occurs in patients, HCC development in this model usually follows a slow multistep sequence, where cycles of necrosis and regeneration promote neoplastic transformation. The progression from early dysplastic lesions to fully malignant tumours is associated with an increased occurrence of genomic alterations. DEN-model proves to be a good model for HCC representation associated with poor prognosis (Lee et al., 2004). The sex, age and strain of mice depend in its effects. The younger the mice, the faster HCC will occur due to the high proliferate hepatocyte rates of juvenile animals (Vesselinovitch and Mihailovich, 1983).



		



		Figure VI. Diethylnitrosamine metabolism.







· Aflotoxin B1. The hepatotoxin aflatoxin B1, produced by Asparagillus genus, is a hepatic carcinogen. It is metabolized by CYP450 and causes DNA mutations, chromosomal aberrations, chromosomal strand breaks…

· Carbon Tetrachloride. As it was described in fibrosis section (section 1.1.2.), repeated cycles of liver injury with CCl4 evolve in an inflammatory environment that leads to fibrosis and eventually to HCC. 



In xenograft models, tumours are generated by injecting human cancer cells from a lab culture into immune deficient mice. The tumour xenograft can be established either by direct implantation of biopsy material or by inoculation of human tumour cell lines. Two main modalities can be distinguished: subcutaneous injection in the flank of the mice (ectopic model) or directly injected to the liver (orthotopic model). Subcutaneous model enables to follow the appearance and increase of the tumour mass easily, while implantation in the liver better replicates the tumour environment and it is more suitable for extrapolation to humans, giving information about the metastatic spread of the tumour (Heindryckx et al., 2009; Hernandez-Gea et al., 2013).



Finally, genetically modified models are engineered to mimic pathophysiological and molecular features of HCC. The most common ones can be divided in two groups: transgenic mice (knock-in), which carry the overexpression of a specific gene, and knock-out mice, in which a gene is deleted. There are many models, such as overexpressing TGF-β, c-Myc, β-catenin and HRAS, or PTEN knock-out mice, among others (Heindryckx et al., 2009; Bakiri and Wagner, 2013).



When selecting a model for HCC research, one must first understand the limitations and advantages that the specific model possesses. HCC rarely occurs spontaneously in humans. Chemically induced models are favourable for research that requires HCC to develop in a natural background of liver damage. Different hepatocarcinogenic agents are metabolized through diverse metabolic pathways and extrapolation should be considered with caution. Xenograft models offer a fast solution for drug screening and are an easy way for proof-of-principle experiments. Genetically modified mouse models are favourable to identify a range of discrete molecular and histological stages during the multistep process of hepatocarcinogenesis. Nevertheless, a mutation in a gene does not always result in the expected phenotype and the phenotypic outcome can be influenced by many environmental and genetic factors. Natural tumours consist of a heterogenic group of cells in which multiple mutations have occurred. The interpretation of results from studies using these models is not always simple, especially for extrapolation to humans (Bakiri and Wagner, 2013).



1.2.4. Diagnosis and management of HCC



Very advanced HCC is untreatable, and most patients die within 3 to 6 months. In many patients, HCC is asymptomatic and when symptoms occur are usually related to chronic liver disease. Over the past decades, more asymptomatic patients are being diagnosed as a result of the active surveillance and the increased awareness of HCC in high risk patients, especially in those with cirrhosis. In fact, HCC is the main cause of death in patients with cirrhosis, and long-term disease-free survival will rely on its early detection and treatment. Patients with high risk of HCC development undergo surveillance through periodic hepatic ultrasonography and α-Fetoprotein blood test (Flores and Marrero, 2014; Janevska et al., 2015; Bruix et al., 2016).

 

Patients can be diagnosed with HCC based on imaging or biopsy analyses. Imaging has a central role in the diagnosis of HCC, based on a dynamic pattern of the arterial a venous blood in the HCC. In the absence of this typical appearance, a biopsy is required to detect HCC. Some biomarkers are currently used for tissue samples staining when diagnose of HCC is not clear. They include CD34, CK-7, glypican 3, HSP-70 and glutamine synthetase. CK-19 and EpCAM are recommended stainings for detection of progenitor cell features (Flores and Marrero, 2014; Bruix et al., 2016).



As in many cancers, assessment of prognosis is a crucial step in management of patients with HCC. Prognosis should be assessed accordingly to tumour stage, degree of liver dysfunction and presence of cancer-related symptoms. Among the many HCC staging systems that have been developed around the world, the Barcelona Clinic Liver Cancer (BCLC) system has been widely validated and is the most commonly used staging system for HCC (Figure VII). It determines cancer stage and patient prognosis, stratifying HCC patients according to outcome. It establishes treatment recommendations for all stages of HCC, depending on overall size of the tumour, number and size of the nodules, liver physical and functional status and cancer-related symptoms. Thus, BCLC identifies patients with “very early or early-stage” HCC (BCLC 0 or BCLC A), with solitary lesion or up to 3 nodules < 3 cm (without macrovascular invasion or extrahepatic spread) and preserved liver function, which are potentially curable (by resection, liver transplantation or ablation). Patients with “intermediate stage” HCC (BCLC B) do not have symptoms, but they have large, multifocal tumours without vascular invasion or spread beyond the liver, and they can be candidates for transarterial chemoembolization. Those patients with “advanced stage” HCC (BCLC C) have tumours that have spread beyond the liver and/or vascular invasion and/or mild cancer-related symptoms. For patients with intermediate or advanced disease stage, there is no curative treatment, and palliative treatments offer the likelihood of extended survival. Finally, patients with “end-stage” disease (BCLC D), for whom treatment would provide more harm than benefit, require supportive care (Forner et al., 2012; Bruix et al., 2016).



		



		Figure VII. Staging and treatment according to the BCLC system. Abbreviation: TACE: transarterial chemoembolization







Prior to 2007, there was no single systemic therapy with proven efficacy in advanced-stage HCC. This might be due to the high molecular heterogeneity and resistance to conventional chemotherapy. Sorafenib is the first oral multikinase inhibitor with broad inhibitory profile (for example BRAF, PDGFR, VEGFR-2 and c-Kit receptors) approved for the treatment of “unresectable” HCC by Food and Drug Administration in 2007, based on the results of two large multicentre randomized controlled trials: SHARP Trial (Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol) (Llovet et al., 2008; Bruix et al., 2012) and Sorafenib Asia-Pacific Trial (Cheng et al., 2009). Both demonstrated an increase in the overall survival in the sorafenib group compared with the placebo group. Sorafenib was noted to have inhibitory effects on cell growth, induction of apoptosis, and downregulation of anti-apoptotic protein Mcl-1 in preclinical models. The drug was also found to reduce tumour angiogenesis, tumour cell signalling, and tumour growth in a dose dependent manner in mouse xenograft models of HCC by blocking Raf/MEK/ERK pathway (Forner et al., 2012; Villanueva et al., 2013; Flores and Marrero, 2014; Tabrizian et al., 2014; Schlachterman et al., 2015). Currently, sorafenib is the only treatment approved for patients at advanced stages of HCC, however there are no biomarkers for response. Thus, there is an urgent need to identify biomarkers to accurately predict patient’s response to the drug. In this sense, a recent work from our group demonstrated that CD44 could play an important role in protecting HCC cells from sorafenib-induced apoptosis in a TGF-β-induced mesenchymal background (Fernando et al., 2015).



There have been many trials of second-line agents after sorafenib; these include novel chemotherapy formulations that aim to increase entry of the drug into cells, agents that might replace cellular components, kinase inhibitors, and oncolytic viruses. Similar to sorafenib, molecular targets offer potential new therapies. For example, phase 3 trials are ongoing with sunitinib (another oral multikinase inhibitor for receptor tyrosine kinases), linifanib and brivanib (two-angiogenic therapies), Everolimus (a mTOR kinase inhibitor), or the combination of sorafenib with erlotinib (an EGFR inhibitor). However, most of them have been negative, as well as all agents tested in second line (Flores and Marrero, 2014; Bruix et al., 2016). The most feasible cause of these failures is the suboptimal understanding of oncogenic drivers and molecular subclasses in HCC, together with the common cirrhotic background of HCC patients, which might facilitate drug liver toxicity, impairing to meet the end points of the clinical trials. To try to improve the results from trials, it appears reasonable that the strategy design should be modified. A possible solution would be to incorporate molecular information of the mechanisms responsible for tumour progression in each patient, to design trials with enriched populations based on pathway activation, instead of including “all comers”, in order to maximize the chances of positive clinical outcome benefits (Villanueva et al., 2013; Llovet, 2014).



















2. Epidermal Growth Factor Receptor (EGFR) 



2.1. EGFR family



EGFR is considered a “prototypical” RTK. EGFR, also termed ErbB1 or HER-1, belongs to a family of RTKs, that includes other members: ErbB2/HER-2/Neu, ErbB3/HER-3 and ErbB4/HER-4. These receptors are anchored at the plasma membrane and share similar structure: an extracellular ligand-binding domain, a single short hydrophobic transmembrane domain, and an intracytoplasmic tyrosine kinase domain (Jorissen et al., 2003; Scaltriti and Baselga, 2006; Morandell et al., 2008; Lemmon et al., 2014). The EGFR system plays an essential role in cell proliferation, survival and migration, among others. Its activity is altered and has been implicated in the development and growth of many tumours, including HCC. So, EGFR represents a rational target for anti-tumour strategies, however anti-EGFR agents have shown no effective response in HCC patients (Berasain et al., 2011). Further studies about its regulation must be done.



EGFR is synthetized from a 1210-residue polypeptide precursor. The N-terminal sequence is cleavage and leaves a 1186-residue highly glycosylated 170 kDa membrane protein. The sequence identity of the EGFR family varies from 64% similarity for the EGFR and ErbB2 to 53% similarity for EGFR and ErbB3. The amino acids identities can also vary significantly among the domains, with the tyrosine kinase domains having the highest sequence identities (average 59–81% identity) and the carboxy-terminal domains having the lowest (average 12–30% identity). EGFR extracellular domain (or ectodomain) consists of four subdomains designated as I (L1), II (CR1), III (L2) and IV (CR2) (Figure VIII). Ligands bind between the domain I and domain III (Leucine-rich domains) of the EGFR; domain II and IV (Cystein-rich domain) participate in homo- and heterodimer formation with ErbB family members; and the transmembrane domain (residues 622-644) is between the domain IV and the juxtamembrane domain. The juxtamembrane region appears to have several regulatory functions (i.e., downregulation and ligand dependent internalization events and basolateral sorting of the EGFR in polarized cells) (Kil and Carlin, 2000). Finally, the C-terminal domain of the EGFR contains tyrosine residues where their phosphorylation modulates EGFR-mediated signal transduction. There are also several serine/threonine residues (and another tyrosine residue) where phosphorylation has been inferred to be important for the receptor downregulation processes and sequences thought to be necessary for endocytosis (Jorissen et al., 2003). Moreover, residues 984-996 in the C-terminal have been identified as a binding site for actin and may well be involved in the formation of higher order receptor oligomers and/or receptor clustering after ligand activation (den Hartigh et al., 1992).



		



		Figure VIII. Schematic representation of EGFR/ErbB family receptors and their ligands. (A) EGFR structure. (B) EGFR family and their ligands. Abbreviations: TKD: Tyrosine Kinase Domain. Figure adapted from Lemmon et al., 2014.







There are seven known ligands that bind to the EGFR classified in three different groups on the basis of their receptor specificity: first, EGF and Transforming Growth Factor alfa (TGF-α), with amphiregulin (AR), and epigen (EPG), bind specifically to EGFR/ErbB1; the second group includes betacellulin (BTC), heparin-binding EGF (HB-EGF), and epiregulin (EPR), which exhibit dual specificity, binding both EGFR and ErbB4; and the third group, the neuregulins (NRGs), forms two subgroups on the basis of their capacity to bind ErbB3 and ErbB4 (NRG-1 and NRG-2) or only ErbB4 (NRG-3 and NRG-4). ErbB2 has not known ligand. The ErbB ligands are synthesized as membrane anchored precursors. These membrane-anchored peptides can signal to adjacent cells in a juxtacrine way. However, in response to many physiological and pharmacological stimuli, active factors are released when the extracellular domain is proteolytically cleaved by transmembrane metalloproteases belonging to a disintegrin and metalloproteinases (ADAM) family, such as ADAM17 (also known as TNFα converting enzyme or TACE) (Arribas and Esselens, 2009), in a process known as “ectodomain shedding”. The soluble growth factors can bind their receptors in an autocrine or paracrine manner (Hynes and MacDonald, 2009; Berasain and Avila, 2014).



2.2. EGFR signalling pathway



Activation of the receptor leads to the phosphorylation of key tyrosine residues within the C-terminal of EGFR and, as a result, provides specific docking sites for cytoplasmic proteins containing Src homology 2 (SH2) and phospho-tyrosine-binding domains (PTB). These proteins bind to specific phosphor-tyrosine residues and initiate intracellular signalling pathways (Figure IX) (Jorissen et al., 2003; Scaltriti and Baselga, 2006; Morandell et al., 2008):



· Ras/Raf/MAPK pathway. This route regulates cell proliferation and survival. Following EGFR phosphorylation, the complex formed by the adaptor proteins GRB2 (Growth Factor Receptor Bound protein 2) and SOS (Son of Sevenless) bind directly, or through association with the adaptor molecule Shc (Src Homology 2 domain Containing transforming protein), to specific docking sites on the receptor. This interaction leads to a conformational modification of SOS, now able to recruit Ras-GDP, resulting in Ras activation (Ras-GTP). Ras-GTP activates Raf-1 that, through intermediate steps, phosphorylates the MAPK ERK1/2. Other MAPKs activated in EGFR signalling are JNK and p38. Activated MAPKs are imported into the nucleus where they phosphorylate specific transcription factors involved in cell proliferation. 

· PI3K/Akt pathway. It is involved in cell growth, apoptosis resistance, invasion, and migration. PI3K is a dimeric enzyme composed of a regulatory p85 subunit, responsible of the anchorage to ErbB receptor specific docking sites, and a catalytic p110 subunit that generates phosphatidylinositol-3,4,5-triphosphate (PIP3), which is responsible for the activation and recruitment of both 3-Phosphoinositide-Dependent Kinase 1 (PDK1) and Akt to the plasma membrane.

· Phospholipase Cγ. PLCγ interacts directly with activated EGFR and hydrolyses phosphatidylinositol-4,5-diphosphate (PIP2) to give inositol-1,3,5-triphosphate (IP3), important for intracellular calcium release, and 1,2-diacylglycerol (DAG), cofactor in PKC activation, which can, in turn, result in JNK activation. 

· Signal transducers and activators of transcription pathway (STAT). STAT proteins are activated by direct interaction with EGFR via their SH2 domains and, after phosphorylation, they dimerize and translocate to the nucleus driving the expression of specific target genes. 

· Src kinase pathway. Src is a non-receptor tyrosine kinase critical in the regulation of cell proliferation, migration, adhesion, angiogenesis, and immune function. Src, which is in the cytosol, activates a series of substrates, including focal adhesion kinase (FAK), PI3K, and STAT proteins. Although Src functions independently, it also cooperates with other RTKs signalling, such as EGFR. 

· Other receptor binding proteins are involved in the regulation of receptor signalling by endocytosis, such as Eps15 (EGFR pathway substrate 15), or by degradation, initiated by the binding in the C-terminal of the ubiquitin ligase Cbl. More information about EGFR endocytosis in the section 5.4.



There is also increasing evidence that the EGFR family of receptors can translocate to the nucleus where it may exert a variety of biological actions. For EGFR, it is described as a transcription factor of the Cyclin D1 gene (Lin et al., 2001).



		



		Figure IX. EGFR downstream signalling pathway. Figure based from Scaltriti and Baselga, 2006.







EGFR activation can be by both ligand-dependent and ligand-independent mechanisms. Ligand binding to the receptor induces a stabilizing conformational change of the receptor ectodomain that allows for receptor dimerization, which leads to auto- or transphosphorylation by the intrinsic tyrosine-kinase activity on specific and several residues in the cytoplasmic domains. In fact, their activation requires the formation of an asymmetric dimer in which an activator kinase domain allosterically activates a receiver kinase, in a manner analogous to the activation of Cyclin-Dependent Kinases (CDKs) by cyclins. Moreover, asymmetric interaction of the juxtamembrane domains was also described upon ligand-induced rearrangements of the receptor structure, leading to kinase domains interactions and activation. The phosphorylated sites serve as docking sites for various proteins involved in the activation and regulation of numerous intracellular signalling cascades (Jorissen et al., 2003; Scaltriti and Baselga, 2006; Morandell et al., 2008). Ligand-independent receptor activation occurs in some tumours. In these situations, exists EGFR forms that have deleted the extracellular domain resulting in constitutive receptor activation, such as in glioblastoma (Zandi et al., 2007; Endres et al., 2014). More about EGFR mutants and cancer below. 



Interestingly, EGFR can interact with other molecules to become activated, process known as crosstalk, which implies very different mechanisms including physical interactions, as well as ligand-dependent and ligand-independent activations. Accordingly, the EGFR activation by heterologous ligands as a consequence of the primary activation of another receptor is named transactivation. Even more, it has also been described the ligand independent transactivation of EGFR (Berasain et al., 2011) (Figure X). The simplest EGFR crosstalk involves its heterodimerization with the other members of its family, in a ligand-dependent way. Differences in the C-terminal domains of these proteins result in changes to the repertoire of signalling molecules that interact with the heterodimers leading an expansion in the possible signalling pathways stimulated by a single ligand (Jorissen et al., 2003; Scaltriti and Baselga, 2006; Morandell et al., 2008). It has also been reported the physical interaction or heterodimerization of EGFR with other RTKs such as PDGF (Saito and Berk, 2001), IGF1R (Morgillo et al., 2016) and c-Met (Jo et al., 2000), and with multiple G-protein coupled receptors (GPCRs) (Liebmann and Böhmer, 2000), as well as with integrins (Comoglio et al., 2003). In the absence of physical interactions, many GPCRs, cytokine receptors, nuclear hormone receptors and death receptors are able to induce ligand-independent EGFR activation. EGFR is used in these cases as a scaffold protein, and specific residues in the cytoplasmic tail of EGFR are phosphorylated by non-receptor kinases such as Jak and Src, providing docking sites for cytoplasmic signalling molecules. Finally, the ligand-dependent EGFR transactivation involves the activity of ADAM family. Various members of the ADAM family have been implicated in EGFR ligand cleavage, including ADAM 9, 10, 12, 15, 17, and 19. ADAM17, together with ADAM10, are thought to play a central role. ADAM17 can cleave the AR, EREG, TGF-α, and HB-EGF membrane anchored precursors, while ADAM 10 is a key sheddase for EGF, BTC, and can also cleave the HB-HGF transmembrane precursor (Sahin et al., 2004). This transactivation can be triggered by GPCRs, cytokine receptors (i.e. TGF-βR, more details in section 3.2.3. about the crosstalk between the EGFR and TGF-β pathways) integrins and other RTKs. Different mechanisms have been proposed to mediate ADAM activation, such as the elevation of the intracellular levels of Ca2+, ROS and the activation of kinases such as PKC, ERKs, or c-Src (Berasain et al., 2011).



		



		Figure X. Epidermal growth factor receptor crosstalk. (A) EGFR physical interactions or heterodimerization with other membrane receptors and proteins. (B) Ligand-independent transactivation of EGFR. (C) Ligand-dependent transactivation of EGFR. Figure adapted from Berasain et al., 2011.















2.3. EGFR and fibrosis



Liver fibrosis occurs in most types of chronic liver diseases and is characterized by excessive deposition of ECM proteins (Section 1.1). The role of EGFR and its ligands is not completely understood. However, they have been studied in experimental models of chronic liver injury as well as in the liver of cirrhotic patients (Komposch and Sibilia, 2015).



Upon chronic toxic injury of mouse livers via CCl4 or thioacetamide intoxication, the hepatic expression of AR and HB-EGF was increased, although their roles seem to be completely different. AR-deficient mice developed less fibrosis. In CCl4-induced liver fibrosis, AR contributed to the expression of fibrotic markers and stimulated cell proliferation and survival of fibrogenic cells (Perugorria et al., 2008). Conversely, conditional deletion of HB-EGF in the liver accelerated CCl4-induced liver fibrosis (Takemura et al., 2013). HB-EGF was also expressed in primary cultures of murine HSCs, where HB-EGF inhibited HSC activation. Therefore, HB-EGF is suggested to have a suppressive function in experimental liver fibrosis in mice, in contrast to AR. However, at the same time, it was described that HB-EGF promotes HSC proliferation via activation of the EGFR and suggested as a potential therapeutic target in liver fibrosis (Zhang et al., 2014). In vivo, the role of EGFR during chronic liver disease was examined by investigating the effect of the EGFR inhibitor erlotinib on toxic (CCl4-induced) fibrosis in mice (Fuchs et al., 2014). Erlotinib decreased hepatocyte proliferation and liver injury, and prevented the progression of cirrhosis and regressed fibrosis in some animals. It is suggested that the EGFR inhibitor erlotinib prevented disease progression by reducing EGFR phosphorylation in HSCs and by lowering the total number of activated HSCs. All these data highlights how diverse different EGFR ligands exert their functions by probably activating different EGFR downstream signalling pathways, and the relevance of the cell type.



2.4. EGFR in cancer



The involvement of increased and/or aberrant EGFR activity in human cancers is well documented and cancer patients (most notably with gliomas and breast, pancreas and liver carcinoma) with altered EGFR activity tend to have a more aggressive disease, associated with a poor clinical outcome. There are quite a few mechanisms by which the tight regulation of the EGFR-ligand system can be abrogated. These include: 1) increased levels of EGFR protein, 2) increased production of ligands, 3) crosstalk with heterologous receptor systems, 4) defective downregulation of EGFR and 5) EGFR mutations giving rise to constitutively active variants (Figure XI) (Hynes and MacDonald, 2009; Jorissen et al., 2003; Zandi et al., 2007).



		



		Figure XI. Mechanisms leading to EGFR oncogenic signalling. There are several mechanisms by which EGFR becomes oncogenic including: 1) increased EGFR levels, 2) autocrine and/or paracrine growth factor loops 3) heterodimerization with other EGFR family members and cross-talk with heterologous receptor systems 4) defective receptor downregulation and 5) activating mutations. Figure adapted from Zandi et al., 2007









Various studies evaluated ErbB1 status in HCC and found that this receptor is frequently overexpressed in tumoural tissues. In fact, EGFR overexpression occurs in 68% of human HCC, correlating with aggressive tumours with high proliferating activity, intrahepatic metastases, poor carcinoma differentiation and a bad prognosis related to poor patient survival. Although EGFR overexpression is present in the majority of HCCs,  increased EGFR expression does not correlate with an increase in EGFR gene copy number (Buckley et al., 2008). The overactivation of this pathway is likely due to a constitutive receptor activation caused by spontaneous receptor dimerization as a result of high EGFR levels on the cell surface (Berasain and Avila, 2014; Komposch and Sibilia, 2015).



Overexpression of the ligands occurs in many epithelial cancers (Jorissen et al., 2003). In cancer patients, the autocrine production of TGF-α or EGF is associated with reduced survival. Overexpression of EGFR ligands as well as ADAM17 has also been observed in human tumour cells and tumoural tissues from patients, including liver cancer cells and HCC patients (Borrell-Pagès et al., 2003; Berasain and Avila, 2014; Komposch and Sibilia, 2015). Many experimental studies have also showed the importance of EGFR ligands expression in liver cells. For instance, AR overexpression and ErbB1 define an autocrine loop capable of promoting cell proliferation, survival and resistance to cytotoxic drugs and TGF-β mediated apoptosis in human HCC cells (Berasain et al., 2007; Ortiz et al., 2008; Sancho et al., 2009). In animal models, it appears that overexpression of TGF-α is linked to hyperproliferative responses but does not generally lead to tumours in rodents (Jorissen et al., 2003).  



The crosstalk of EGFR pathway with other signalling systems that are also dysregulated in cancer is another mechanism of tumorigenesis. For example, it has been found a crosstalk in HCC between EGFR pathway and IGF-2/IGF-1R, through AR mediated transactivation of the EGFR, and through the PI3K pathway (Desbois-Mouthon et al., 2006). Interestingly, c-Met associates with EGFR in tumour cells, and this association facilitates the phosphorylation of c-Met in the absence of HGF (Jo et al., 2000). Finally, a crosstalk between TGF-β and EGFR might switch the TGF-β role from tumour suppressor to tumour promoter. Due to the relevance of TGF-β and EGFR crosstalk in this thesis, it will be exposed in detail in Section 3.2.3.



Aberrant EGFR signalling due to defective receptor downregulation has also been linked to neoplastic cell transformation. EGFR downregulation is a mechanism by which EGFR signalling is attenuated and it involves the internalization and subsequent degradation of the activated receptor. The cytosolic domain of EGFR plays an important role in receptor signal attenuation. The ability of EGFR to escape downregulation is related with c-Cbl protein. c-Cbl is a ubiquitin ligase that plays a central role in EGFR downregulation (Zandi et al., 2007). More information about EGFR trafficking and endocytosis in section 5.4.



Mutations in the EGFR gene are frequent in human cancers. These mutations can be divided into three main group: 1) in the extracellular domain; 2) in the intracellular domain and 3) in the intracellular tyrosine kinase domain (Zandi et al., 2007) (Figure XII):



· Extracellular mutations. The majority of these are deletions of specific exons, encoding all or parts of the extracellular domain. The EGFR type I variant (EGFRvI) lacks most of the extracellular domain and is therefore unable to bind ligands, but remains constitutively activated. EGFRvII has an inframe deletion of 83 amino acids (exon 14–15) and is thus still capable of ligand binding. However, the function of EGFRvII in oncogenesis is unclear. The best characterized EGFR mutant is the Δ2-7 truncation (or EGFRvIII), in which amino acids encoded by exons 2-7 of the receptor (residues 2-273) are missing, resulting in a protein that lacks most of the extracellular domain. EGFRvIII is the most common EGFR mutation in human cancers, having been detected in 40%-50% of grade VI glioblastomas, and in up to 70% of medulloblastomas and a small proportion of breast and ovarian carcinomas. This mutant receptor is not activated by ligand; however, it is constitutively activated and has defective downregulation behaviour, which results in constitutive long-term signalling. This variant is not present in normal tissues, and it has been found in up to 60% of HCC tissues examined. Other EGFR mutants have deletions, regions of sequence duplication or defective kinase regulatory signals (Berasain and Avila, 2014).



· Intracellular domain. intracellular mutations primarily consist of either large deletions and/or duplications of exons and are best described in glioblastomas. Both EGFRvIV and EGFRvV carry deletions in the C-terminal part of the receptor. EGFRvIV lacks exons 25–27, whereas EGFRvV is truncated from amino acid 958 and lacks the rest of the C-terminal part (exons 25–28). EGFR.TDM/18-25 and EGFR.TDM/18-26 contain duplications of exons 18–25 and 18–26 respectively, which code for most of the C-terminal part of the receptor including the tyrosine kinase. However, whether the extra tyrosine kinase leads to an increase of kinase activity still remains unclear. 



· Tyrosine Kinase domain mutations. The last group of the EGFR mutations is small mutations that lead to changes in the intracellular tyrosine kinase domain. Of the seven exons that encode the tyrosine kinase domain (exons 18–24) these mutations are restricted to the first four (exons 18–21). Recent studies have demonstrated that these small mutations prolong the activity of ligand-activated receptors.



		



		



		Figure XII. Schematic illustration of frequent EGFR mutations. Abbreviation: TK: Tyrosine Kinase TKD: Tyrosine Kinase Domain. Figure based from Zandi et al., 2007.







All these observations have contributed to identify the EGFR signalling system as an ideal candidate for the targeted therapy of HCC. There are two classes of anti-EGFR agents that have shown clinical activity and achieved regulatory approval for the treatment of cancer. Firstly, monoclonal antibodies (mAbs) directed to the extracellular domain of the receptor, that prevent ligand binding, receptor activation and dimerization, ultimately inducing receptor downregulation, such as cetuximab or erbitux and panitumumab; secondly, low molecular weight, adenosine triphosphate (ATP)-competitive inhibitors of the tyrosine kinase domain of the receptor (Tyrosine Kinase Inhibitors - TKIs), such as gefitibib, erlotinib and lapatinib. Several studies performed both in cultured HCC cell lines and in in vivo experimental models demonstrated a potent antitumoral activity for both types of molecules (reviewed in Berasain and Avila, 2014; Komposch and Sibilia, 2015). Because of the promising results of EGFR inhibitors in animal models of HCC and their efficacy in other solid human tumours such as non-small cell lung carcinomas and colorectal cancers (Baselga and Arteaga, 2005; Marshall, 2006), it was hypothesized that targeting the EGFR signalling pathway might be beneficial also in HCC. Unfortunately, no responses were found to cetuximab or gefitinib, while erlotinib showed only a modest activity in advanced HCC patients. In the search for new inhibitors, identifying new molecules that inactivate the EGFR through novel strategies is an important goal on cancer research. Recently, it was generated a truncated form of the EGFR without the last 8 amino acids. Interestingly, this truncated form promoted EGFR internalization and translocation to the cell nucleus although it did not stimulate the cell growth, and therefore, it is suggested as a potential EGFR blocker for cancer therapy. (Panosa et al., 2013). 



An important challenge is the identification of EGFR dependent tumours that may therefore be sensitive to EGFR inhibitors. The inhibition of receptor activation may be required but is not enough to achieve clinical benefit with anti-EGFR therapy (Scaltriti and Baselga, 2006; Berasain and Avila, 2014; Komposch and Sibilia, 2015; Esparís-Ogando et al., 2016).






3. Transforming Growth Factor-beta (TGF-β)

	 

TGF-β signalling pathway is altered in several human diseases including cardiovascular, Marfan syndrome, Loeys-Dietz syndrome, Parkinson’s disease, fibrosis, wound healing and immune disorders, as well as in several types of cancer. Regarding to its tumorigenic role, TGF-β typically exerts tumour-suppressing activities in normal cells and in early-stage carcinomas through its ability to induce cell cycle arrest and apoptosis. However, as carcinomas continue to evolve and finally acquire metastatic phenotypes, the tumour suppressing functions of TGF-β are overpowered by the TGF-β oncogenic properties, which promote carcinoma growth, invasion, and metastasis. Our group has been focused on the study of the role of TGF-β in the liver. More precisely, our group have been studying the relevance of this signalling pathway on cell death, proliferation, differentiation and migration in liver physiology and pathology, focusing on the mechanisms that regulate the dual role of TGF-β, and its role in liver fibrosis and hepatocarcinogenesis.



3.1. TGF-β signalling pathway



In humans, the TGF-β superfamily represents 33 or more secreted diverse developmental factors, including bone morphogenic proteins (BMPs), growth and differentiation factors, activins, TGF-β’s, nodal, myostatin and anti-mullerian hormone, that mediate such diverse processes as cell proliferation, differentiation, motility, adhesion, organization and programmed cell death. Most members of this family exist in variant forms, with the TGF-β cytokine consisting of three isoforms: TGF-β1, TGF-β2 and TGF-β3. TGF-β, and most of its family members, are synthesized within the cell as pro-peptide precursors containing a prodomain, named Latency-Associated peptide (LAP), and the mature domain, and are secreted into the ECM. They need to be cleaved to form active signalling molecules by the proteolytic cleavage of several ECM-associated polypeptides (Heldin et al., 2012).



The bioactive TGF-β molecule is a dimer, and once cleaved, it binds to its receptors triggering the formation of a heterotetrameric complex of type I and type II serine/threonine kinase receptors, in which the constitutively active type II receptor phosphorylates and activates the type I receptor. There are several types of both type I and type II receptors, but TGF-β preferentially signals through activin receptor-like kinase 5 (ALK5) type I receptor (TβRI) and the TGF-β type II receptor (TβRII). In addition, endoglin and betaglican (TβRIII), also called accessory receptors, bind TGF-β with low affinity and present it to the TβRI and TβRII. Activated receptor complexes mediate canonical TGF-β signalling through phosphorylation of the Receptor associated SMADs (R-SMADs) at their carboxy-terminal. Humans express eight SMAD proteins that can be classified into three groups: R-SMADs, Cooperating SMADs (Co-SMADs) and Inhibitory SMADs (I-SMADs). Among the R-SMADs, SMAD2 and 3 mediate the TGF-β branch of signalling, whereas the BMP branch exclusively utilizes SMAD1, 5 and 8. Upon TGF-β stimulation, the R-SMADs SMAD2 and 3 are phosphorylated, losing their affinity to cytoplasmic retention proteins such as SARA (Smad anchor for receptor activation), thereby exposing their nuclear import signal. Then, they associate with the Co-SMAD SMAD4, forming a complex that translocates to the nucleus where, in collaboration with other transcription factors, binds and regulates promoters of different target genes (Figure XIII). Among these genes we find that the I-SMADs, SMAD6 and SMAD7, produce a negative feedback regulation of the TGF-β signalling. The SMAD binding partners include the forkhead, homeobox, zinc-finger, bHLH, and AP1 family of transcription factors. The co-activators and repressors recruited by the SMAD complex are cell- and context-specific, therefore determining the specific genes induced within particular cells, explaining the diverse set of biological responses exerted by TGF-β signalling (Padua and Massagué, 2009; Drabsch and ten Dijke, 2012; Morrison et al., 2013; Fabregat et al., 2016a) 

		



		Figure XIII. TGF-β signalling is transduced through SMAD and non-SMAD pathways. Figure based on Fabregat et al., 2016a.







In addition to the canonical SMAD pathway, TGF-β is able to use non-SMAD effectors to mediate some of its biological responses, including non-receptor tyrosine kinases proteins such as Src and FAK, mediators of cell survival (e.g., NF-kB, PI3K/Akt pathways), MAPK (ERK1/2, p38 MAPK, and JNK among others), and Rho GTPases like Ras, RhoA, Cdc42 and Rac1. Interestingly, these pathways can also regulate the canonical SMAD pathway (Drabsch and ten Dijke, 2012; Heldin et al., 2012; Morrison et al., 2013; Fabregat et al., 2016a).



3.2. TGF-β biological functions



As mentioned above, TGF-β is secreted by several cell types and plays essential roles in the regulation of different cellular processes, including cell proliferation, morphogenesis and differentiation, migration, extracellular matrix production, cytokine secretion or cell death, which are essential for the homeostasis of tissues and organs. To better contextualize the work presented here, this section will summarize the main functions exerted by TGF-β, especially in liver, on which our group has focused its efforts during the last decades.



3.2.1. TGF-β and growth inhibition 



In normal epithelial cells, as well as in endothelial, neuronal and hematopoietic cells, TGF-β regulates the expression of several genes promoting cell cycle arrest in the G1 phase of the cell cycle, in a SMAD dependent manner, through a diverse array of mechanisms, leading to pRb dephosphorylation. In these cells, TGF-β rapidly induces two CDK inhibitors, p21CIP1 (which inhibits Cyclin E/A-cdk2 complexes) and p15INK4B (which inhibits Cyclin D-cdk4/6 complexes), mobilizes and activates p27KIP1 (that targets also Cyclin E/A-Cdk2 complexes) and downregulates Myc, Id1, Id2 and Id3, all four transcription factors involved in proliferation and inhibition of differentiation. These complexes have been described to interact and to be relevant during liver regenerative responses (Pujol et al., 2000). Thus, TGF-β mediates a dual effect on the cell cycle by simultaneously inhibiting the CDK functions and eliminating proliferative drivers (Seoane, 2006; Massagué, 2008; Padua and Massagué, 2009; Drabsch and ten Dijke, 2012). Some of the mechanisms involved in the transcriptional regulation of the TGF-β cytostatic gene responses have been already elucidated. For example, TGF-β induces p21CIP1 via a SMAD3/4-FoxO complex that interacts with a specific region of the p21CIP1 promoter (Seoane et al., 2004) and Myc downregulation is mediated by an E2F4/5-SMAD3-SMAD4 complex (Chen et al., 2002). TGF-β also represses the expression of the Cdc25A tyrosine phosphatase, responsible for dephosphorylating and activating G1 phase CDKs (Iavarone and Massagué, 1997; Nagahara et al., 1999) which its localization is also regulated by p21CIP1 (Jaime et al., 2002). Besides the canonical SMAD-dependent gene responses involved in the cytostatic program, TGF-β can also promote cell cycle arrest through SMAD-independent pathways. For instance, the binding of TGF-β receptor complex to the regulatory subunit of the protein phosphatase PP2A facilitates the dephosphorylation and inhibition of p70 S6 kinase and contributes to the anti-proliferative response (Petritsch et al., 2000). Moreover, TGF-β can also induce JNK and p38 MAPK to stabilize p21CIP1 (Kim et al., 2002).



 In hepatocytes, TGF-β is also known to induce cell cycle arrest at low doses (Sánchez et al., 1999), and to counteract proliferative signals induced by EGF or insulin (Fabregat et al., 1996). In normal cells, the cytostatic effects of TGF-β are often dominant over the opposing mitogenic signals; however, carcinoma-derived cells are usually refractory to growth inhibition by the cytokine, as it has been previously introduced. In certain cases, such as colorectal, pancreatic, ovarian, gastric, and head and neck carcinomas, this is due to the disruption of TGF-β signalling caused by mutational inactivation in the core TGF-β pathway components, such as microsatellite instability leading to mutations in TβRII, inactivating mutations in SMAD2 and 4, or with lower incidence, mutations in the TβRI. Nevertheless, many other tumours (such as breast and prostate cancers, gliomas, melanomas and hematopoietic neoplasias), preferentially disable the tumour-suppressive action of TGF-β by losing the tumour-suppressive arm of the signalling pathway. For example, a subset of gliomas present homozygous deletion of p15INK4b (Jen et al., 1994), whereas certain other tumours overexpress c-MYC or Cyclin D1, which may blunt the effect of TGF-β-induced CDK inhibitors (Seoane, 2006; Massagué, 2008). Moreover, in some other cases the lack of the TGF-β anti-proliferative response is due to overactivation of non-SMAD pathways that can lead to aberrant expression or post-transcriptional modification of the TGF-β pathway components. Indeed, in our group it has been described that TGF-β induces survival signals in both foetal and transformed hepatocytes, but not in adult hepatocytes, through the transactivation of the EGFR pathway. This specific action of TGF-β will be discussed in Section 3.2.3.



3.2.2. TGF-β and Apoptosis



In addition to its role in regulating the cell cycle, TGF-β also participates in the maintenance of tissue homeostasis through its influence on apoptotic pathways. TGF-β is a well-known inducer of apoptosis, although it involves different mechanisms that might occur differently, depending on cell-autonomous and environmental factors and, paradoxically, it can simultaneously induce both pro- and anti-apoptotic signals. There have been several SMAD dependent and -independent mechanisms described for a variety of cell lines, and these signals ultimately lead in activation of pro-apoptotic caspases as well as changes in the expression, localization and activation of both pro- and anti-apoptotic members of the BCL-2 family (Padua and Massagué, 2009). 



Specifically, in hepatocytes TGF-β modulates the expression of different members of BCL-2 family. Nevertheless, as it happens with the role of TGF-β controlling cell proliferation, TGF-β can also exert both pro- and anti-apoptotic functions. In this sense, some reports have shown that TGF-β induces the downregulation of anti-apoptotic proteins as BCL-XL (Herrera et al., 2001a). However, other reports have shown that TGF-β can also enhance the expression of BLC-XL (Valdés et al., 2004). In addition, TGF-β also induces the expression of pro-apoptotic proteins, like BMF, BIM and BAX (Teramoto et al., 1998; Ramjaun et al., 2007; Yu et al., 2008).



Moreover, in epithelial cells, such as foetal hepatocytes, TGF-β-induced apoptosis is coincident with ROS production (Sánchez et al., 1997) through two different mechanisms: the induction of NOX system, (more precisely induction of NOX4, a member of NADPH Oxidase family) to increase extra-mitochondrial ROS (Carmona-Cuenca et al., 2008; Herrera et al., 2004), or depletion of antioxidant proteins which increase mitochondrial ROS (Franklin et al., 2003; Herrera et al., 2004). Thus, TGF-β-induced ROS production is necessary for the apoptotic process in hepatocytes (Sánchez et al., 1997) and it is required for an efficient mitochondrial-dependent execution of apoptosis (Herrera et al., 2001a, 2001b).



3.2.3. TGF-β-mediated anti-suppressor signals. Specific crosstalk with EGFR pathway



As it has been pointing out, TGF-β can exert a dual role: apart from its pro-suppressor arm, it can induce survival signals, which are in a great extent due to the transactivation of the EGFR pathway (Figure XIV) (Moreno-Càceres and Fabregat, 2016).



TGF-β is able to activate survival pathways, for example activating Akt signalling, inducing an increase in anti-apoptotic proteins (Valdés et al., 2004; Wilkes et al., 2005; Song et al., 2006). However, usually, Akt activation is transient and then, the survival signals might be related to the capacity of TGF-β to transactivate c-Src and EGFR pathways. Interestingly, the inhibition of the EGFR increases the apoptotic response to TGF-β (Park et al., 2004; Murillo et al., 2005). Furthermore, EGF is an important survival signal counteracting TGF-β-induced apoptosis in hepatocytes  (Fabregat et al., 1996, 2000) a process that requires activation of the PI3K/Akt axis to counteract TGF-β-induced upregulation of NOX4, oxidative stress and mitochondrial-dependent apoptosis (Carmona-Cuenca et al., 2006, 2008).



Importantly, the capacity of hepatocytes to survive to TGF-β is also dependent on their differentiation status (Sánchez et al., 1999). Thus, rat hepatoma cells respond to TGF-β inducing survival signals, whereas adult hepatocytes do not (Caja et al., 2007). In the same way, different features of HCC cell lines, like the activation of the EGFR or MEK/ERK pathways, may provoke different outcomes after TGF-β exposure (Caja et al., 2009, 2011).



Moreover, TGF-β is able to mediate the production of EGFR ligands, which eventually confers resistance to its pro-apoptotic effects in hepatocytes (Carmona-Cuenca et al., 2006; Murillo et al., 2007) and HCC cells (Caja et al., 2011), and the inhibition of the EGFR pathway enhances TGF-β induced apoptosis (Sancho et al., 2009). Another member of the NADPH oxidase family, NOX1, is involved in this anti-apoptotic role. In fact, TGF-β-mediated early activation of NOXes mediates upregulation of EGFR ligands through a NF-κB-dependent mechanism (Murillo et al., 2007).  NOX1 promotes autocrine growth of liver tumour cells through the upregulation of the EGFR pathway in a Src dependent manner via upregulation of EGFR ligands expression (Sancho and Fabregat, 2010). The autocrine loop of EGFR activated by TGF-β in liver cells requires the activity of the metalloprotease TACE/ADAM17 (Murillo et al., 2005; Caja et al., 2007). Also, caveolin-1 is required for TGF-β-mediated activation of TACE/ADAM17 through a mechanism that involves phosphorylation of Src and NOX1-mediated ROS production (Moreno-Càceres et al., 2016). This proliferation can be impaired by the addition of the NOX inhibitor VAS2870 (Sancho and Fabregat, 2011). 



Transactivation of the EGFR by TGF-β is also seen in other cellular models, such as in airway epithelial cells, where the TGF-β/EGFR crosstalk helps in the maintenance of tissue homeostasis (Ito et al., 2011). This process has also been widely regarded as a pro-tumorigenic mechanism apart from its physiological role. For instance, TGF-β induces shedding of the pro-HB-EGF and transactivation of the EGFR through a mechanism dependent on ADAMs activity in gastric cancer cells. Indeed, both ADAMs inhibition and an ADAM17 knock-out suppressed EGFR-mediated TGF-β survival effects (Ebi et al., 2010). This can also be seen in breast cancer cells (Wang et al., 2008). ADAM17 is proposed as a therapeutic target in different pathologies such as cancer, where ADAM17 inhibitors are predicted to have satisfactory results. However, these inhibitors have failed during clinical trials because lack of efficacy and/or toxicity and is manifested the necessity to find more specific and safe inhibitors (Arribas and Esselens, 2009). Finally, TGF-β-mediated H2O2 production has been also considered to transactivate EGFR in SCC13 and A431 human carcinoma cells; in this case no metalloproteases were described but neither denied (Lee et al., 2010).

		



		Figure XIV. Diagram of the TGF-β crosstalk with EGFR and other growth factors, which may contribute to its pro-tumorigenic actions during liver tumorigenesis. The autocrine loop of EGFR activated by TGF-β in liver cells requires the activity of the metalloprotease TACE/ADAM17, which is responsible for the shedding of the EGF family of growth factors. Figure adapted from Moreno-Càceres and Fabregat, 2016.







3.3. TGF-β in liver diseases



Chronic liver diseases are leading cause of morbidity and mortality worldwide.  During chronic liver diseases, hepatocyte damage, wound healing and tissue remodelling progress, resulting in fibrosis and, ultimately, leading to cirrhosis and HCC, which are end-stage chronic liver diseases. Although the complex hepatic response accompanying chronic liver diseases is still not well defined, it is now clear that TGF-β plays a central role as from initial liver injury through inflammation and fibrosis, right up to end-stage cirrhosis and HCC (Dooley and ten Dijke, 2012; Fabregat et al., 2016a; Giannelli et al., 2016) (Figure XV).



		



		

Figure XV. TGF-β and liver diseases. TGF-β actions are found in all phases of the development of pathological conditions in the liver. Early on, it induces apoptosis of hepatocytes and transdifferentiation of HSCs to myofibroblasts after a chronic injury, which leads to an inflammatory process and liver fibrosis. TGF-β also acts in the promotion of HSC proliferation and maintenance of the myofibroblastic phenotype, which is important for the establishment of cirrhosis. Finally, TGF-β also plays an important role in HCC; it acts as a tumour suppressor during early stages, but once tumour cells acquire the capacity to overcome its cytostatic response, it acts as a pro tumorigenic cytokine, favouring malignant progression. Figure adapted from Fabregat et al., 2016a.







3.3.1. Role of TGF-β in liver fibrosis



In the normal liver, sinusoidal endothelial cells and Kupffer cells (macrophages) contain relatively elevated levels of TGFβ1 mRNA, whereas HSC express little amounts of the cytokine. However, in response to pro-fibrogenic stimuli HSC express the three different isoforms of TGF-β and contribute to the development of fibrosis through both autocrine and paracrine loops of TGF-β-stimulated collagen production (Inagaki et al., 2005). As we explained in a previous section (Section 1.1), MFB are the main cell responsible for fibrosis and the major source of MFB are activated HSC, being TGF-β a key player in the transdifferentiation process of HSC to MFB. In contrast to HSC, where TGF-β plays a growth inhibitory role, MFB demonstrate a growth stimulatory effect in response to this cytokine (Dooley et al., 2000). Several studies have identified SMAD3 as being the main mediator of the fibrogenic response of HSC, especially with respect to the induction of collagen expression (Dooley and ten Dijke, 2012; Fabregat et al., 2016a).



In addition to HSC transdifferentiation to MFB, it is now fully accepted that hepatocyte death is critical for hepatic fibrosis (Brenner, 2009; Nikolaou et al., 2012). Indeed, it has been proved that apoptosis and phagocytosis of hepatocytes directly induce HSC activation and initiation of fibrosis (Jiang et al., 2010). TGF-β is an important regulatory suppressor factor in hepatocytes, inhibiting proliferation (Carr et al., 1986) and inducing cell death (Oberhammer et al., 1992). Regarding that TGF-β also induces anti-apoptotic signals in transformed hepatocytes, through the activation of the EGFR pathway (Valdés et al., 2004; Murillo et al., 2005), and cells that survive to TGF-β-induced apoptotic signals undergo EMT (Valdés et al., 2002; Caja et al., 2011; Fabregat et al., 2016). Although still controversial, it is thought that EMT from hepatocytes could be another source of MFB (Wells, 2010). Additionally, during development of TGF-β-initiated fibroproliferative disorders, NOXes generate ROS resulting in downstream transcription of a subset genes encoding matrix structural elements and pro-fibrotic factors (Samarakoon et al., 2013; Crosas-Molist et al., 2015; Crosas-Molist and Fabregat, 2015). Apart from being downstream effectors implicated in TGF-β signalling, ROS play other roles promoting fibrosis progression, in relation with TGF-β. ROS may promote fibrosis activating latent TGF-β through either LAP direct activation and subsequent release of the cytokine (Pociask et al., 2004) or via MMP activation  (Wang et al., 2005). Indeed, LAP/TGF-β complex has been proposed to function as an oxidative stress sensor (Jobling et al., 2006). Finally, ROS can also stimulate the expression and secretion of TGF-β in a positive feedback loop in many types of cells, including HSC and hepatocytes (Proell et al., 2007; Boudreau et al., 2009).



Cirrhosis is not simply extensive fibrosis but is characterised by architectural disruption, aberrant hepatocyte regeneration, nodule formation and vascular changes. These macro-regenerative nodules that display foci of hepatocyte dysplasia are considered to be pre-neoplastic lesions of HCC.



3.3.2. TGF-β in HCC



The key for understanding the complicated role of TGF-β in cancer resides in knowing that it acts as a tumour suppressor during the early stages of tumorigenesis, but it also promotes invasiveness and metastasis in advanced tumour cells when cells become resistant to its suppressive effects (Figure XVI) (Achyut and Yang, 2011). Several components of TGF-β suppressor signalling have been found inactivated in pancreatic, colorectal, head-and-neck, ovarian and other tumours. Although mutations and deletions of TGF-β signalling-related genes are found in some cancers, they are rare in HCC (Fabregat et al., 2016a; Moreno-Càceres and Fabregat, 2016).



TGF-β modulates processes such as cell migration and invasion, immune regulation and microenvironment modification. Furthermore, TGF-β mediates liver fibrogenesis (Fabregat et al., 2014; Crosas-Molist et al., 2015) which leads to cirrhosis, a condition that frequently develops in HCC as mentioned in a previous section (Section 3.3.1). In these cases, cancer cells grow embedded in a cirrhotic environment enriched with ECM that is, in turn, mediated by this cytokine. In these conditions, TGF-β signalling promotes HCC progression by two mechanisms: first, via an intrinsic activity in the tumour as an autocrine or paracrine growth factor and, second, via an extrinsic activity in the stroma. In the stroma, TGF-β induces microenvironment changes, including generation of cancer-associated fibroblasts (CAFs), which play a relevant role in facilitating the production of growth factors and cytokines that contribute to cell proliferation, invasion and neoangiogenesis. In fact, sources of TGF-β in tumours include the cancer cells themselves, as well as, various cells of the tumour stroma. In addition, due to its immunosuppressive actions, TGF-β contributes to tumour cell evasion from immune surveillance. On the other hand, the intrinsic effects are mostly observed in highly invasive tumour conditions, where TGF-β signalling may stimulate tumour proliferation and survival, and cells that survive to TGF-β suppressor effects undergo EMT favouring tumour metastasis (Fabregat et al., 2016a, 2016b; Giannelli et al., 2016). Indeed, when TGF-β induces EMT in HCC cells, a switch in the expression of stem genes is observed and their stemness potential and migratory/invasive capacity are enhanced (Malfettone et al., 2017) and also their resistance (Fernando et al., 2015).

		



		Figure XVI. TGF-β signalling exerts both anti-oncogenic and pro-oncogenic activities in carcinogenesis. Figure from Achyut and Yang, 2011.





All these different effects of TGF-β in liver cells are evidenced in a study by Coulouarn and col., where they define different liver gene signatures in response to TGF-β based on the response of this cytokine. The “early” TGF-β signature is associated to suppressor genes, whereas the termed “late” TGF-β signature is associated to EMT, migration and invasion (Coulouarn et al., 2008). Interestingly, the early response pattern is associated with longer, and the late response pattern with shorter, survival in human HCC patients. In addition, tumours expressing the late TGF-β-responsive genes displayed invasive phenotype, increased tumour recurrence and accurately predicted liver metastasis. Of importance, this study also discriminated HCC cell lines by degree of invasiveness (Coulouarn et al., 2008).



In normal cells, the cytostatic effects of TGF-β are often dominant over the opposing mitogenic signals; however, carcinoma-derived cells are usually refractory to growth inhibition by this cytokine. Malignant cells can circumvent the suppressive effects of TGF-β either through inactivation of core components of the pathway (such as TGF-β receptors or SMADs transcriptors factors) or by downstream alterations that disable just the tumour-suppressive arm of this pathway. When the latter mode is used, cancer cells can then freely use the remaining TGF-β regulatory functions to their advantage, acquiring invasion capabilities, producing autocrine mitogens, or releasing pro-metastatic cytokines (Seoane, 2006; Massagué, 2008). In HCC, alterations at TGF-β receptors or SMAD2/3/4 levels are rare. Nevertheless, it has been shown, for example, that TGF-β-mediated SMAD-dependent cytostasis could be altered in HCC, as different cell lines express high amounts of SMAD7 and a reduced SMAD3 signalling (Meyer et al., 2013), and reduced TβRII expression has been associated with more aggressive features of HCC (Mamiya et al., 2010). However, these alterations are not so frequent and, in fact, expression of TGF-β is upregulated in a great percentage of HCC patients (Massagué, 2008). Hence, other ways to disrupt TGF-β signalling may exist, probably altering just downstream signals in the tumour-suppressive branch, which would promote, or facilitate, the tumorigenic arm. In accordance to this idea, HCC cells overexpress a specific set of microRNAs (miRNAs) that would allow the escape from TGF-β-induced apoptosis (Huang et al., 2008; Petrocca et al., 2008; Li et al., 2010). Most importantly, overactivation of survival signals in HCC cells, such as MAPK/ERKs, PI3K/Akt or NF-κB, would impair the TGF-β suppressor arm observed in liver tumour cells. It is worthy to mention that, during hepatocarcinogenesis, an increase in the activity of the metalloprotease TACE/ADAM17 may promote the anti-apoptotic arm of the TGF-β signalling (Caja et al., 2007). Apart from the already mentioned crosstalk with the EGFR pathway, TGF-β can interacts with other growth factors and chemokine pathways in the tumour microenvironment. During liver tumorigenesis, TGF-β activates the β-catenin pathway, through induction of the PDGF signalling (Fischer et al., 2007), which mediates EMT, migration and survival in HCC cells. Interestingly, a crosstalk between TGF-β and chemokine signalling has been recently reported, as TGF-β induces the expression of the chemokine receptor CXCR4 in HCC cells, which is required for TGF-β-induced cell migration and cell survival (Bertran et al., 2013). Finally, the crosstalk between EMT and apoptosis would also explain the resistance to TGF-β-induced suppressor effects observed in HCC cells. Indeed, a mesenchymal-like phenotype correlates with resistance to drug therapy (Fernando et al., 2015; Fabregat et al., 2016b).





3.3.3. Targeting TGF-β in HCC 



The major problem facing targeting TGF-β is its complex role in the liver, regarding cell proliferation, carcinogenesis, immune modulation and EMT (Fabregat et al., 2016a). 



Several different strategies have been proposed for inhibiting the TGF-β pathway in human cancer, including the use of chimeric proteins, monoclonal antibodies, small molecules and antisense oligonucleotides (Fabregat et al., 2014). Recently, it has been shown that the TβRI kinase inhibitor Galunisertib, but not a monoclonal inhibitor of TβRII (D10), blocks the canonical and non-canonical pathways (Giannelli et al., 2016). Biomarkers would be extremely useful in the proper selection of patients who might benefit from receiving the drug in clinical trial, although so far, no biomarkers have been validated for this purpose. Recently, an inverse correlation between circulating TGF-β and E-cadherin levels has been reported in patients with HCC, that resembles the EMT process, as documented in vitro (Giannelli et al., 2016). Thus, a phase II clinical trial using Galunisertib in patients with advanced HCC to test safety, time to progression and overall survival is currently ongoing. Preliminary data show that patients with higher levels of circulating TGF-β are more likely to respond to therapy with Galunisertib (NCT01246986 http://clinicaltrials.gov). 



Besides intervention with the TGF-β canonical and non-canonical pathway, the inhibition of the signalling events collaborating with its cascade could be of interest. In this context, the switch from tumour-suppressive to pro-oncogenic TGF-β actions could be directed by its crosstalk with RTKs, such as EGFR. As this receptor is necessary for the activation of Akt, which confers resistance to TGF-β mediated apoptosis, interference with EGFR signalling by employing approved targeted drugs in TGF-β/SMAD-positive HCC patients might be effective (Fabregat et al., 2016a; Giannelli et al., 2016).




4. Inflammation and liver diseases

4.1 Inflammation in HCC

Tumours frequently develop on sites of sustained inflammation and it is suggested a strong association between chronic inflammation and cancer (Mantovani et al., 2008; Berasain et al., 2009). As it is described above, infections, viruses (B and C) and other toxic insults can generate liver inflammation. Despite the differences among etiological factors for HCC, the common denominator is the perpetuation of a wound-healing response triggered by parenchymal cell death, and the consequent inflammatory reaction.

HCC almost always develops on a background of chronic liver injury including chronic hepatitis and cirrhosis, conditions regarded as pre-neoplastic stages. Accumulating evidences indicate that the inflammatory reaction characteristic of chronic liver injury actively participates in the development of hepatic fibrosis, as well as in the activation of the potent regenerative response of liver parenchyma (Markiewski et al., 2006). For instance, cytokines such as TNFα and the IL-6/NF-κB/STAT3 axis are essential to trigger hepatocyte proliferation, liver regeneration, and animal survival after partial hepatectomy, as has been demonstrated in the corresponding genetically modified mice (Fausto et al., 2006). When liver repair mechanisms are activated transiently, the normal hepatic structure and function are rapidly recovered. However, sustained inflammation favours survival of pre-neoplastic hepatocytes, the generation of a fibrotic substrate, and ultimately contribute to carcinogenesis.

A growing number studies have identified a plethora of inflammatory mediators and signalling pathways implicated in HCC (Berasain et al., 2009; Bishayee, 2014). The following section highlights some cytokines, chemokines, transcription factors, and proteins which belong to inflammatory signalling pathways implicated in hepatocarcinogenesis (Figure XVII).

· Cytokines. Cytokines are cell signalling protein molecules used in intercellular communication and are synthesized by various cell types in the liver, and hepatocytes can express cytokines receptors. These proteins are generally grouped into two categories, pro-inflammatory or anti-inflammatory with pleiotrophic functions.  Several cytokines, particularly those produced by CD4+ Th cells, are defined as Th1 or Th2 and are comprised mainly of ILs. Th1 cytokines (e.g., IL-1α, IL-1β, IL-2, IL-12p35, IL-12p40, IL-15, and non-ILs, e.g., TNFα and IFN-γ) are generally referred to as pro-inflammatory, and the Th2 cytokines (e.g., IL-4, IL-8, IL-10, and IL-5) induce anti-inflammatory responses (Budhu and Wang, 2006). Various inflammatory cytokines, such as IL-1β, IL-6 and TNFα, participate in chronic hepatic inflammation as growth and survival factors that act on premalignant cells, stimulate angiogenesis, tumour progression and metastasis and also maintain tumour-promoting inflammation (Naugler and Karin 2008). IL-1β is found to promote HSC proliferation, activation, and transdifferentiation into the MFB phenotype (Han et al. 2004). During chronic hepatitis, activated Kupffer cells produce IL-6 which enhances local inflammatory responses and induces compensatory hepatocyte proliferation resulting in neoplastic transformation of hepatocytes (Naugler and Karin 2008). IL-6 knockout mice exhibited a significant reduction of DEN-initiated HCC development, suggesting direct involvement of IL-6 signalling in experimental hepatocarcinogenesis (Naugler et al. 2007). TNFα expression was elevated in HCC patients, especially those with recurrence. In addition, the levels of the TNFα Receptors (TNFαRI and TNFαRII) were higher in HCC patients when compared with healthy individuals (Budhu and Wang, 2006).



· Chemokines. Chemokines are small molecular weight proteins (8–13 kDa) and categorized into 4 different families (CC, CXC, CX3C, C) based on the presence of NH2 terminal cysteine motifs. Altogether, the chemokine system comprises genes encoding 50 chemokine ligands and 20 cognate chemokine receptors, of which several have been identified as relevant in the context of liver diseases (Marra and Tacke, 2014). Chemokine receptors are typical G protein–coupled transmembrane proteins.

Damage of hepatocytes results in the release of various danger signals, termed as danger associated molecular patterns (DAMPs), which bind to Toll-like receptor (TLR) 4 and other TLRs on Kupffer cells and promote release of proinflammatory cytokines, chemokines, ROS and chemokines such as CXCL1, CXCL2, and CXCL8, which are key chemokines to attract neutrophils, among other functions, mainly via the chemokine receptors CXCR1 and CXCR2. CXCL8 is found in HCC patients serum, represent a biomarker of tumour burden and aggressiveness and correlate with a poor patient prognosis (Ren et al., 2003). In parallel, Kupffer cells, injured hepatocytes, and activated HSCs secrete high levels of CCL2, which promotes the hepatic accumulation of bone marrow–derived CCR2 expressing monocytes that massively expand the local macrophage pool (Dambach et al., 2002; Seki et al., 2007). HSCs display direct migratory as well as proliferative responses to CCL5 (RANTES), indicating that this chemokine is crucial for profibrogenic HSC activity (Schwabe et al., 2003).  Similarly, HSCs also express chemokine receptor CXCR4 and become activated to collagen-producing MFB by stimulation with its ligand CXCL12 (Hong et al., 2009). Both CXCL12 and CXCR4 are expressed in HCC cells, mediating proliferation, survival, and invasion (Sutton et al., 2007). TGF-β up-regulates the expression of CXCR4, and activation of this receptor is required for tumour dissemination and acquisition of mesenchymal characteristics in liver cells (Bertran et al., 2013). In conditions of fibrosis resolution, restorative macrophages are essential, which degrade ECM (Pellicoro et al., 2012) as well as the controlled deactivation of HSCs/MFBs (Troeger et al., 2012). However, compared with mechanisms during fibrosis progression, the contribution of chemokines to fibrosis regression is less well understood. 

· NF-κB. NF-κB, an important transcription factor that regulates innate immunity and inflammation, plays an essential function in the regulation of inflammatory signalling pathways in the liver (Xiao and Ghosh 2005; Muriel 2009). Accumulating knowledge clearly indicate that NF-κB provides a critical link between Inflammation and cancer (Karin 2009; DiDonato et al. 2012). Mammalian NF-κB consists of five members, namely RelA (p65), c-Rel, RelB, NF-κB1 (p50/ p105), and NF-κB2 (p52/p100) (Ghosh and Karin 2002). Under normal physiologic conditions, p50 and p65 subunits of NF-κB dimerize are kept inactive in the cytoplasm through binding to the inhibitory protein known as inhibitor of NF-κB (IκB) (Hoffmann and Baltimore 2006). In response to various pro-inflammatory stimuli, the IκB kinase (IKK) complex, which consists of two catalytic subunits, IKK-α and IKK-β, and a regulatory subunit, IKK-γ or NF-κB essential modulator (NEMO), phosphorylates IκB and subsequently induces its degradation by the 26S proteasome (Karin and Ben-Neriah 2000; West et al. 2006). Consequently, the activated NF-κB dimer is released and translocates into the nucleus, binds specific DNA sequences, and stimulates transcription of target genes involved in inflammation, immune responses, cell proliferation, and cell survival (Pahl 1999; Ghosh and Karin 2002). It also controls the expression, such as IL-6, TNF-α and HGF, which are secreted by non-parenchymal cells in response to dying hepatocytes (DAMPs) to stimulate compensatory proliferation of remaining hepatocytes (Maeda et al. 2005).



· JAK/STAT. STAT proteins are known to play vital roles in cytokine signalling pathways involved in cell growth and differentiation in various species, including mammals (Darnell et al. 1994). The STAT family consists of seven members, such as STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6. Among STAT family proteins, STAT3 has gained substantial attention as a convergent point for a number of oncogenic signalling pathways as well as regulator of signal transduction pathways of several pro-inflammatory cytokines and growth factors involved in hepatic damage and repair mechanisms (Taub 2003; Costa et al. 2003). Following phosphorylation and activation by JAKs, especially by JAK2, STAT3 undergoes dimerization before entry to nucleus for DNA binding (Yoshimura et al. 2007). STAT3 signalling is involved in the initiation of hepatocarcinogenesis by regulating genes related with inflammation, survival, invasion and angiogenesis during HCC progression (Pfitzner et al. 2004; He and Karin 2011; Nakagawa and Maeda 2012; Subramaniam et al. 2013). Hepatocyte-specific STAT3-deficient mice have been used to investigate the role of STAT3 in experimental liver tumorigenesis induced by DEN. STAT3- deficient mice were found to exhibit more than six-fold reduction in liver tumour load compared to their normal counterparts (He et al. 2010). The suppressor of cytokine signalling 3 (SOCS3) is known to block STAT3 signalling, and hepatocyte-specific SOCS3 knockout mice have been found to be susceptible to HCC development (Ogata et al. 2006). Another study showed that hepatocyte-specific IL-6 and IL-6 receptor transgenic mice spontaneously developed hepatocellular hyperplasia and adenomas, which represent pre-neoplastic lesions in humans, with concomitant STAT3 activation (Maione et al. 1998). 



		



		

Figure XVII. Some molecular pathways connecting inflammation and HCC development. Figure adapted from Berasain et al, 2009.







4.2. Inflammation and EGFR

 The expression of EGFR ligands is known to be increased during injury and inflammation in different organs and tissues (Berasain et al., 2009). Transactivation of the EGFR by the shedding of its ligands is the best well-known characterized link between EGFR system and inflammation (Figure XVIII). To allow paracrine or autocrine interaction of the EGFR ligands with the receptor, the membrane-tethered ligand precursors need to be released by a proteolytic reaction (more information in EGFR section 2.1.). The proteolytic activity of ADAMs is therefore crucial for the generation of soluble EGFR ligands and receptor activation. Importantly, the proteolytic activity of ADAMs is in turn subject to regulation by multiple upstream signals (Arribas and Esselens, 2009). This process has important biological implications, because it places the EGFR system at the centre of converging signals for cell proliferation, survival, migration, and inflammatory signals.



		



		Figure XVIII. EGFR transactivation. Crosstalk between the EGFR and other signalling systems involved in inflammatory pathways. GF: pro-growth factor.  Figure adapted from Berasain 2009







Upregulation of AR, TGFα, and HB-EGF gene expression was reported in models of chronic liver injury as well as in liver tissue samples obtained from cirrhotic patients (Berasain et al., 2005, 2007). Importantly, as occurs during experimental liver regeneration, the expression of ADAM17 is also increased in human liver cirrhotic tissues, suggesting that the availability of soluble EGFR ligands is further enhanced during chronic liver injury (Castillo et al., 2006). 

During liver regeneration, the factors involved in the activation of fibrogenic cells include inflammatory cytokines such as IL-1β, IL-6, or TGFα, and growth factors like PDGF, CTGF, and TGF-β (Bataller and Brenner, 2005; Markiewski et al., 2006). The expression of EGF-related growth factor can be also elicited by pro-inflammatory cytokines such as IL-1β and TNFα in murine KCs (Perugorria et al., 2008).  The existence of EGFR transactivation mechanisms in liver fibrogenic cells has been recently shown. In an attempt to characterize the mechanisms behind the resistance of HSCs to the pro-apoptotic effects of death receptor agonists such as FasL, TNFα, or TRAIL, a ligand-dependent activation of the EGFR was uncovered (Reinehr et al., 2008). It was found that these death receptor agonists were able to stimulate EGFR signalling and HSC proliferation through the protease-mediated release of EGF, therefore identifying novel cellular mechanisms potentially related to liver fibrogenesis that involve the EGFR system.

The interaction of the EGFR system with the inflammatory and pro-tumorigenic cytokine TGF-β was extensively described above. TGF-β has been demonstrated to induce the expression of EGFR ligands such as HB-EGF and TGFα in isolated foetal rat hepatocytes through the activation of the inflammatory transcription factor NF-κB (Murillo et al., 2007). Moreover, TGF-β also stimulates ADAM17 activity promoting the release of EGFR ligands, which in turn contribute to mediate resistance toward the pro-apoptotic effects of TGF-β (Murillo et al., 2005). HCC cells rely on the EGFR system to resist apoptosis induced by TGF-β. More information in section 3.4.3.

The implication of a dysregulated EGFR signalling system in the development of HCC is gaining considerable support. Already from the early stages of experimental carcinogenesis it has been observed that the production of EGFR ligands may influence the growth of premalignant cells (Drucker et al., 2006). Pro-inflammatory stimuli elicit the release of EGFR ligands such as HB-EGF from liver KCs and endothelial cells, which in turn stimulate the proliferation of initiated hepatocytes in a paracrine fashion (Drucker et al., 2006). Furthermore, activation of the EGFR in liver cancer cells by ligands released from inflammatory cells seems to further potentiate their aggressive behaviour (Lin et al., 2006).

Overall, the EGFR signalling system is situated at a critical junction between inflammation-related signals and potent cell-regulating machineries. These experimental evidences connecting liver cancer development and inflammation provide novel strategies for the prevention and treatment of this deadly disease that warrant clinical testing (Berasain et al., 2009)




5. Receptor trafficking



Plasma membrane is a proteins and lipid covered mosaic where their nature, presence and interaction regulate a range of cellular processes. This thesis will be focused in the trafficking regulation of the cell-surface receptors. Modulating the presence of receptors at the plasma membrane is decisive for regulating cell signalling, receptor turnover and the magnitude, duration and nature of signalling events. Exist diverse ways to regulate cell-surface receptors activation and localization, where lipids rafts and intracellular membrane trafficking play a critical role. 



5.1. Lipids Rafts



Cell membranes are organized into less-ordered liquid and liquid-ordered domains. These liquid-ordered microdomains are known as lipids rafts, which are particularly important for trafficking and signalling events (Simons and Toomre, 2000). They are rich in cholesterol, sphingomyelin, phosphatidylcholine, glycosphingolipids, lipid-modified proteins (glycosyl-phosphatidyl-inositol-anchored and acetylated proteins) and other signalling molecules (Alonso and Millán, 2001; Helms and Zurzolo, 2004). Due to this composition, lipids rafts own the ability to recruit or exclude specific lipids and proteins with consequences in signalling events that could be initiated by different ways (Figure XIX).



 In the case of RTK signalling, adaptors, scaffolds and enzymes are recruited to the cytoplasmic leaf of the plasma membrane as a result of ligand activation. In this sense, rafts can form clustering platforms for individual receptors, promoting their dimerization and activation after ligand binding and organizing a signal complex in space and time. Lipids and proteins cooperate assembling cell-signalling networks into ordered structures that are ready to transmit extracellular signals. Moreover, if receptor activation takes place in a lipid raft, the signalling complex is protected from non-raft enzymes such as membrane phosphatases (Simons and Toomre, 2000). Raft assembly interactions are dynamic and reversible, and, for example, negative modulators can disassemble raft clusters and/or removal raft components from the cell surface by endocytosis.  









		

		







		



		Figure XIX. In lipid rafts, receptors signalling could be initiated at least by three different ways.

 (A) Activation through ligand binding in receptors associated with lipid rafts is enhanced due to their proximity (B) Individual receptors with weak raft affinity could oligomerize on ligand binding, and this would lead to an increased residency time in rafts. (C) Activated receptors could recruit crosslinking proteins that bind to proteins in other rafts, and this would result in raft clustering. These models are not mutually exclusive. Figure adapted from Simons and Toomre, 2000.







5.2. Membrane trafficking



Membrane trafficking releases to or internalises proteins and other macromolecules from the extracellular space, and sorting them around the cell. This process uses membrane-bound vesicles as transport intermediaries and the cargo molecules, enclosed within or associate with the vesicle membrane. One of the most important process is endocytosis (Doherty and McMahon, 2009). Using endocytosis, cells internalize plasma membrane segments, cell-surface receptors and various soluble molecules from extracellular media. Endocytosis plays a key role in the regulation of mitosis, antigen presentation, cell migration and its becoming apparent that is crucial for many intracellular signalling cascades (Hoeller et al., 2005; Doherty and McMahon, 2009). For signal transduction, the main endocytosis function is signal attenuation through the removal and degradation of signalling receptors from the cell surface. However, recent studies, have uncovered that endocytosis has other positive effects on signal transduction and, conversely, receptor signalling regulates the endocytic machinery (Sorkin and von Zastrow, 2009).    Endocytosis can be divided into two main pathways: the classical clathrin-mediated endocytic pathway and the non-classical clathrin-independent route and this, in turn, in caveolin-dependent and clathrin- and caveolin- independent internalization pathways (Le Roy and Wrana, 2005; McMahon and Boucrot, 2011) (Figure XX).



		



		Figure XX. Clathrin-dependent and -independent internalization pathways. There are multiple pathways of endocytosis into cells: clathrin-dependent, caveolin-dependent and clathrin- and caveolin-independent internalization.Internalized cargo is trafficked into endosomes, where it is sorted either back to the surface of the cell or into other compartments (multivesicular bodies (MVBs) and lysosomes) for degradation. Figure adapted from McMahon and Boucrot, 2011







5.2.1. Clathrin-mediated endocytosis



Clathrin-mediated endocytosis is the uptake of material into the cell from the surface using clathrin-coated vesicles (CCV). Although CCV can also be formed from other membranous compartments, the term clathrin-mediated endocytosis is used to refer only the intake through vesicles formed from the plasma membrane. 



The receptor cytoplasmic tails present sorting signal sequences that are recognized specifically by different accessory and adaptor proteins (Doherty and McMahon, 2009; Popova et al., 2013). These accessories and adaptors, such as adaptor protein-2 (AP2), among others, recruit clathrin from the cytoplasm to be assemble into a polygonal lattices at the plasma membrane to form coated pits, that bud and pinch off from the membrane in a dynamin-dependent manner, and give rise to CCV (Kirchhausen, 2000). In addition, in these coated pits are also found phospholipids that facilitate vesicle formation and budding by binding to clathrin adaptors. Once formed and after endocytosis, CCV are uncoated and fuse with the early endosome. During all the process participate a huge variety of accessory proteins that facilitate the endocytosis (McMahon and Boucrot, 2011). It is noteworthy the key role of phosphoinositides in membrane and protein trafficking. They also have crucial roles assembling and controlling cell-signalling pathways, interacting specifically with proteins that contain lipid-binding domains. For example, phosphatidylinositol 4,5-biphosphate (PI(4,5)P2) is mainly distributed in plasma membrane and has a role in endocytosis; and phosphatidylinositol 3-phosphate (PI3P) is abundant in early endosomes, playing a crucial role in signalling. Likewise, it exists a regulated and dynamic control of their generation by lipid-kinases (such as PI3K) and lipid-phosphatases (such as PTEN) (Le Roy and Wrana, 2005).



5.2.2. Clathrin-independent endocytosis



Perturbation of the clathrin-mediated endocytosis reveal the presence of endocytic vesicles that are clathrin-independent (Llorente et al., 1998). It is described that clathrin-independent internalization routes are cholesterol- and lipid-raft-dependent, due to many lipid-raft-bound components seem to be endocytosed through these non-clathrin pathways. The most well-known involves the raft-resident protein caveolin-1, which induces the formation of caveolae, at the cell surface, and the subsequence caveosomes. Caveolin-1 is an integral membrane protein and an essential structural component of caveolae. Apart from caveolae formation, caveolins have many other relevant roles in cells: vesicle trafficking, endocytosis, cholesterol homeostasis, regulation of signal transduction, gene expression, and protein turnover (Quest et al., 2013), highlighting its role in tumorigenesis. Caveolin-1 is required for the non-canonical signalling pathways that mediate anti-apoptotic signals triggered by TGF-β in hepatocytes (Meyer et al., 2013; Moreno-Càceres et al., 2014), but little is known about whether caveolin-1 plays/has a similar effect/role in HCC cells. Recently, we described that the level of caveolin-1 expression determines response to TGF-β as a tumour suppressor in hepatocellular carcinoma cells (Moreno-Càceres, Caballero-Díaz et al., 2017).



 In contrast with clathrin-mediated endocytosis, almost nothing is known about the machinery that regulates the biogenesis of vesicles in these non-classic routes. However, it is known that can deliver molecules to various intracellular compartments that include the Golgi apparatus and the endoplasmic reticulum, as well as to classic endocytic compartments, such as the recycling endosome.

 

5.2.3. Early Endosomes and signalling



After internalization, by either clathrin-mediated endocytosis or non-clathrin-mediated endocytosis, receptors are routed to early endosomes. Endosomes serve as key signalling platforms during signal transduction from various receptors (Scita and Di Fiore, 2010). Endosomal signalling can be divided into two groups: signals that can take place in endosomes but can also occur at the plasma membrane, and signals that require receptor endocytosis and/or occurs exclusively on endosomal membranes. These specific signals are possible due to the unique endosomal membranes properties: 1) small volume that favours ligand–receptor association and the maintenance of receptor activity; 2) a long residence time of active receptors with slow endosomal sorting; 3) the ability to use microtubular transport to move for long distances and towards the nucleus; 4) an enrichment in PI3P, which allows the assembly of complexes involving FYVE domain and PX domain-containing proteins; 5) the presence of specific resident proteins that can be used to assemble specific scaffold complexes; 6) and an acidic pH,  especially in late endosomes, which favours the activity of proteolytic enzymes that participate in signalling (Sorkin and von Zastrow, 2009). For example, one of these specific signals are related to TGF-β receptors. Early endosomes can recruit the FYVE-domain-containing adaptor SARA. SARA is also associated with SMAD2, and this allows the efficient SMAD2 phosphorylation by the TGF-β receptors in endosomes (Lu et al., 2002). Another FYVE-domain-containing protein, endofin, interacts with TβRI and SMAD4, and potentiates TGF-β signalling by facilitating the formation of a SMAD2/3–SMAD4 complex in endosomes (Chen et al., 2007).



From the early endosome, receptors are either recycled to the plasma membrane or degraded. Trafficking in the endosomal compartments is controlled by small GTP-binding proteins of the RAB and ARF (ADP-ribosylation factor) families. RAB4, RAB8 and RAB11 mediate recycling, while RAB7 is involved in the degradative route through late endosomes and multivesicular bodies (more information about RAB family in Wandinger-Ness and Zerial, 2014). In this route is crucial the ubiquitylation of the receptors. Ubiquitylated receptors are recognized by a series of ubiquitin-binding protein complexes: HRS–STAM (also known as ESCRT-0), and endosomal sorting complex required for transport I (ESCRT-I), ESCRT-II and ESCRT-III (Raiborg and Stenmark, 2009).



5.3. Clathrin 



In 1964, Roth and Porter discovered coated vesicles in the course of studying uptake of yolk protein by insect oocytes (Roth and Porter, 1964). Some years later, Pearse revealed that the major protein component of these coated vesicles was a 180 kDa band analysed by SDS-PAGE (Pearse, 1975). She named this protein clathrin, in reference to the cage-like ordered structures and the “clathrates” that it formed. 



Clathrin is a spider-like molecule, with three legs radiating from a central hub, named a triskelion (derived from Greek τρισκελης – three-legged). It is composed by three heavy and three lights chains, and is found in all eukaryotic cells. The amino acid sequence of the clathrin heavy and light chains are highly conserved across different species (~ 95-99%) (Kirchhausen, 2000; Kirchhausen et al., 2014). Most organisms contain a single copy of the heavy chain gene, with no indications of differential splicing. In humans, there are two isoforms of clathrin heavy chain (CHC), which are encoded by separate genes (Wakeham et al., 2005; Hood and Royle, 2009). On chromosome 17, the first gene (CLTC) encodes CHC17, which is ubiquitously expressed. On chromosome 22, the second gene (CLTCL1) encodes for CHC22 at low levels in testis and in skeletal and cardiac muscle tissue. This thesis will be focus on CHC17 (CLTC gene.



The amino-terminal domain of the CHC is a 7-blade β-propeller with seven WD40 repeats (domain for multiple and specific interactions). From this globular β-propeller emerges the linker segment, which is a zig-zag of 42 α-helices. A motif termed “clathrin heavy chain repeat” (CHCR) was identified consisting of 5 α-helix zig-zags. These CHCR (8 in total) create an extended, gently curved “leg” for the clathrin triskelion. Next, there is a longer α-helix at the threefold heavy chain contact, and a 45-residue carboxy-terminal segment with a poorly defined structured (binding site for HSC70, related to uncoating process) (Figure XXI) (Kirchhausen, 2000). 



To understand the role of this protein, various clathrin knock-outs were generated in different organisms, underlying its relevance in higher organisms. Disruption of CHC homologue gene in yeast (Saccharomyces cerevisiae) slowed cell growth and limited endocytosis (Lemmon and Jones, 1987). Its deletion in Dictyostelium discoideum by antisense RNA or gene replacement resulted in slow growth and decreased endocytosis (Wessels et al., 2000). In Caenorhabditis elegans, its depletion by RNA interference (RNAi) resulted in decreased yolk uptake by endocytosis in oocytes and dead progeny (Grant and Hirsh, 1999). In Drosophila melanogaster, deletion of its CHC homologue resulted in embryonic lethality (Bazinet et al., 1993). These results, together with the observation that deletion of AP2 are embryonic lethal in the mouse (Mitsunari et al., 2005), suggest that CHC deletion in mammals would also be incompatible with life. Recently, RNAi has also been used in various mammalian cell types to deplete CHC levels and resulted in both decreased endocytosis and multiple defects in mitosis (Royle, 2006).

		



		Figure XXI. Clathrin heavy chain structure. (A) Clathrin barrel with a single triskelion highlighted in blue. (B) A schematic representation of a clathrin triskelion, which highlights the various domains. (C) The clathrin-heavy-chain-repeat modules (CHCRs) that are involved in each domain are listed. Figure from Royle, 2012.



		





5.4. EGFR trafficking



	The majority of EGFR signalling occur at the plasma membrane. However, after ligand stimulation, EGFR-mediated signals can continue from endosomes creating a complex picture of spatial and temporal regulation. EGFR endocytosis is mainly clathrin-dependent. However, clathrin-independent mechanisms have been reported when clathrin-mediated endocytosis is inhibited or saturated, for example, due to an excess of ligand (Sigismund et al., 2008; Doherty and McMahon, 2009). An important regulation for the ligand binding is the presence of the EGFR within or outside lipid rafts (Mineo et al., 1999; Roepstorff et al., 2002). EGFR can be localized at lipids rafts, mediated by a specific extracellular sequence in the EGFR, and ligand stimulation induces EGFR exit from rafts and permits clathrin-dependent internalization. The receptor endocytosis occurs within minutes and phosphorylated EGFR recruit the E3-ubiquitin ligase Cbl, which multiubiquitylates EGFR. Ubiquitylation targets EGFR for endocytosis and subsequent sorting to degrative pathway. Even more, Cbl participates in the recruitment of BAR proteins, which induce membrane curvature and help in the fission of clathrin-coated buds from the membrane. After internalization into the early endosomes, receptor can be sorted to the recycling vesicles, from which they travel back to the cell surface, or are sorted towards the multivesicular endosome/multivesicular body (degrative pathway), which results in signalling termination (Figure XXII) (Le Roy and Wrana, 2005). 



	Classically, endocytic pathway has a crucial function in EGFR downregulation. However, recently it is described that endosomal sorting may control both the nature and magnitude of molecular signalling events and the biological outcome of cell stimulation (Sorkin and von Zastrow, 2009). For example, MAPK activation is promoted in endosomal compartments due to the presence of p14, which recruits MP1 (MEK1 partner) a MAPK scaffolding protein (Teis et al., 2002). Indeed, ERBB-family members traffic with variable kinetics: EGFR homodimers are rapidly degraded, while EGFR-ERRB2 heterodimers or ERBB3 tend to be recycled (Marmor and Yarden, 2004; Le Roy and Wrana, 2005), highlighting the relevance of receptor trafficking as a target for new therapeutic approaches. 

		



		

Figure XXII. EGFR trafficking. From the cell surface, EGF (or EGFR ligands) bound EGFRs might move out of lipid rafts. They are then internalized into clathrin-coated pits. Phosphorylated EGFRs recruit the E3 ubiquitin ligase Cbl, which multiubiquitylates EGFR. EGFR phosphorylates and induces the monoubiquitylation of EGFR-pathway substrate-15 (EPS15) and epsin, the latter of which interacts with adaptor protein-2 (AP2), clathrin and PI(4,5)P2 at the plasma membrane. In early endosomes, hepatocyte-growth factor-regulated tyrosine-kinase substrate (HRS) binds to PI3P through its FYVE domain, and forms a ternary complex with signal transduction adaptor molecule (STAM) and EPS15 that interacts with EGFRs. Ubiquitylated HRS is also phosphorylated after receptor-tyrosine-kinase activation. From the early endosomes, EGFRs are recycled back to the cell surface or are sorted towards the multivesicular endosome/multivesicular body (MVE/MVB). At the MVE/MVB, HRS interacts with tumour susceptibility gene-101 (TSG101), a component of endosomal sorting complex required for transport-I (ESCRT-I). This interaction leads EGFRs to ESCRT-II and -III and to the intralumenal vesicles of MVEs/MVBs, and subsequently to late endosomes/lysosomes where they are degraded. Figure adapted from Le Roy and Wrana, 2005.





5. 5. TGF-β receptor trafficking



TGF-β receptors are constitutively internalized via clathrin- dependent or lipid-raft-caveolin-1 dependent endocytic pathways (Figure XXIII). Classically, clathrin-dependent endocytosis of the receptors has been regarded to positively facilitate TGF-β signalling, while lipid raft/caveolae-mediated internalization has an inhibitory effect (Di Guglielmo et al., 2003; Le Roy and Wrana, 2005; Huang and Chen, 2012). 



TβRII, which contains a di-leucine motif, is recognize by AP2. It has been described that TβRIII can participate actively in TβR endocytosis and can bind to β-arrestin. After clathrin-mediated endocytosis, TβRs are found in early endosomes where is promoted their signalling due to the presence of SARA, which facilitates R-SMADs activation and complex formation. Currently, it exists high controversial about the role of clathrin-mediated endocytosis in the regulation of TGF-β signalling: 1) Some authors defend that interfering clathrin-dependent trafficking – using K+ depletion, or dynamin negative-mutants – prevent TβRII trafficking and block TGF-β-induced SMAD2 activation (Di Guglielmo et al., 2003). 2) Other authors describe that clathrin inhibitors enhance TGF-β signalling (Chen et al., 2009). 3) And other authors suggested that clathrin-mediated endocytosis is not relevant for canonical TGF-β signalling (Meyer et al., 2011). In the other hand, TβRs are partitioned between the lipid-raft microdomains and non-lipid rafts on the plasma membrane and be internalized in a caveolin-1-dependt manner. In these domains, the presence of caveolin-1 is described that inhibits TGF-β signalling by interacting with TβRI and promoting its degradation in a SMAD7/SMURF2-dependent manner (Le Roy and Wrana, 2005). However, it is also described that caveosomes facilitates non-SMAD TGF-β-induced AKT signalling (Meyer et al., 2011). Furthermore, caveolin-1 mediate anti-apoptotic signals triggered by TGF-β in hepatocytes (Moreno-Càceres et al., 2014) and has an essential role in switching the response to TGF-β from cytostatic to tumourigenic role in HCC cells (Moreno-Càceres, Caballero-Díaz et al., 2017) trough TACE/ADAM17 activation in a  Src and NOX1-dependent manner (Moreno-Càceres et al., 2016).











		



		Figure XXIII. Scheme of TGF-β induced signalling in hepatocytes in the context of endocytic regulation. Left branch: clathrin internalization pathway; formation of pits depends on clathrin assembly as well as an AP-2 complex formation.  Right branch: the caveolin-1-dependent pathway as a dampening internalization route for TGF-β signalling. Caveolin-1 is required for TGF-β induced Akt activation. Figure adapted from Meyer et al., 2011. 

















5.6. Endocytosis, clathrin and cancer



Endocytosis is not a passive process in the cell and acts as a key player in the regulation of signalling pathways. Therefore, it is obvious that could be playing a crucial role in the development of cancer. A rough summary (extract from Lanzetti and Di Fiore, 2008) of the several connections between endocytosis and cancer includes:



 • Endocytosis is an attenuator of signalling, and therefore a potential candidate as a tumour suppressor pathway/system.

 • Endocytosis sustains signalling in various manners (signalling endosomes, recycling as a tool to prevent degradation), thus it is a potential oncogenic pathway.

 • Endocytosis is involved in pathways leading to the activation of certain receptors of established relevance to cancer.

 • Endocytosis is a major regulator of cell fate determination, and is therefore predicted to play a role in the maintenance of the stem cell compartment.

 • Endocytosis or, at least, endocytic proteins are involved in the regulation of the cell cycle, mitosis and possibly apoptosis.

 • Endocytosis is involved in the spatial restriction of signals needed for directed cell movement and for the switch between motility strategies (amoeboid versus mesenchymal) adopted by metastatic cells. This allows us to predict a role for endocytosis in tumour progression.

 • Autophagy, a degradative pathway that involves the delivery of cytoplasmic cargo to the lysosome, is a tumour suppressor pathway.



More related with CHC, recent studies indicate that it is involved in different cell processes, which in the end, are related to cancer (Ybe, 2014): 



• Clathrin participates in cell division by enhancing the integrity and stability of centrosomes and mitotic spindles to effectuate chromosome segregation. During interphase, clathrin is found in puncta (clathrin-coated pits) at the plasma membrane, on endosomes and Golgi apparatus. During the metaphase, clathrin is recruited to microtubules and stays associated with mitotic spindle until chromosome segregation. Its relevance at mitotic spindle suggests that CHC dysfunction could be relevant during diseases, such as cancer. For example, downregulation of CHC causes spindle morphology defects and leads to chromosome dysfunction (Royle, 2012). 

• Clathrin has a role in Wnt signalling pathway, where it was found playing a structural role stabilizing the LRP6 signalosome (Kim et al., 2013). Dysfunctions in Wnt signalling are related with diseases due to deregulation of β-catenin, which is correlated with a host of human cancer such as ovarian cancer, hepatocellular carcinoma, colon cancer. 

• Two different gene fusions involving CHC have been described in human cancers. These involve either anaplastic lymphoma kinase (ALK) or transcription factor binding to IGHM enhancer 3 (TFE3) and raise the possibility that altered CHC function in cells expressing the fusion proteins could contribute to oncogenesis (Blixt and Royle, 2011). 

• Clathrin is involved in activating p53 by entering the nucleus to present histone acetyltransferase p300 to p53, highlighting the link between clathrin and p53-mediated gene regulation in cancer (Enari et al., 2006).
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HYPOTHESIS



Considering the crosstalk between the EGFR and the TGF-β pathways, we wondered whether the interaction among these pathways would be relevant in vivo. We hypothesized that overactivation of the EGFR during chronic liver diseases could be counteracting TGF-β suppressor actions. The expression of a truncated form of the EGFR in hepatocytes, which acts as a dominant negative mutant, could affect the liver fibrosis and hepatocarcinogenesis process.



Moreover, due to the relevance of trafficking receptor in the signalling of EGF ligands and TGF-β, we wondered which would be the role of clathrin in the crosstalk among these pathways. We hypothesize that clathrin would be playing a key role in the regulation of the canonical pro-apoptotic and/or the non-canonical anti-apoptotic signals triggered by TGF-β in liver cells, which could be relevant during hepatocarcinogenesis.





OBJECTIVES

Objective 1. Analysis of the relevance of the EGFR pathway during hepatocarcinogenesis and liver fibrosis. Crosstalk with the TGF-β pathway.



1.1. Characterization of a new experimental animal model to study the role of the catalytic activity of the EGFR in liver physiology and pathology.



1.2. Relevance in vivo of the EGFR kinase activity during DEN-induced hepatocarcinogenesis. 



1.3. Relevance in vivo of the EGFR kinase activity during CCl4-induced liver fibrosis. 



1.4. Molecular mechanisms involved.



Objective 2. Analysis of the intracellular trafficking of the EGF and TGF-β receptors in the crosstalk between their signalling pathways. Role of the Clathrin Heavy-Chain in liver cells.



2.1. Role of clathrin in EGFR and TGF-β signalling pathways in non-transformed hepatocytes and in liver tumour cells. Response to EGFR ligands and TGF-β in clathrin knock-down cells.



2.2. Analysis of potential differences in clathrin expression in tumoural versus non-tumoural tissues from HCC patients. Correlation with EGFR and TGFB1 gene expression.
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 1. Analysis of the relevance of the EGFR pathway during hepatocarcinogenesis. Crosstalk with the TGF-β pathway.



1.1. Characterization of a new experimental animal model to study the role of the catalytic activity of the EGFR in liver physiology and pathology.



Related with the interest of the group to elucidate the specific crosstalk between EGFR and TGF-β pathways, we focused on the study of liver fibrosis and hepatocarcinogenesis in a new transgenic mouse model that had been previously generated in the group. It expresses a truncated form of the human EGFR, which lacks the catalytic intracellular domain (amino acids 654-1186), specifically in hepatocytes. This EGFR mutant is able to heterodimerize with the endogenous wild type (WT) EGFR (mEgfr/Erbb1), which is present in the hepatocytes of these animals. It can act as a dominant negative mutant and is capable of reducing WT EGFR tyrosine autophosphorylation and its biological signalling in these transgenic (ΔEGFR) mice (Material and Methods Figure XIV). In vitro characterization of the model (Figures 1-4) was performed in collaboration with J. López-Lúque and J. Moréno-Càceres in our lab. Using specific primers that exclusively detect the human EGFR (Figure 1A), we checked the transgene expression in ΔEGFR mice by qRT-PCR analysis (Figure 1B), which was also confirmed at the protein level (approximate molecular weight: 100 kDa) by western blot (Figure 1C).

		



		Figure 1. Analysis of the transgene expression in ΔEGFR livers. (A) Specific primers designed to detect the expression of the human EGFR transgene in ΔEGFR mice. (B) Analysis of human EGFR mRNA expression levels by qRT-PCR in WT (N=4) and ΔEGFR mice (N=4) under basal conditions. Relative expression to mL32 gene. (C) Analysis of endogenous and human EGFR protein levels by western blot in WT (N=3) and ΔEGFR mice (N=3) under basal conditions. β-Actin was used as loading control. 





In order to assess the activation level of the EGFR pathway of this animal model in vitro, primary hepatocytes were isolated from WT and ΔEGFR mice and immortalized to create stable cell lines: HepWT, Hep1ΔEGFR and Hep2ΔEGFR (see Material and Methods section 2.1). First, we confirmed hEGFR mRNA expression levels by qRT-PCR, and we found that they were proportional to the copy number of the transgene in mice (Figure 2A). Analysis of the cell morphology of these cells revealed that Hep1ΔEGFR cell line (with the highest expression of the transgene) presented lower viability with more suspension cells compared to the WT one (Figure 2B).

		



		Figure 2. Analysis of the transgene expression in immortalized hepatocyte cell lines isolated from WT and ΔEGFR mice. (A) Left: Primary hepatocytes were isolated and immortalized from WT mice (HepWT) and from two ΔEGFR mouse lines (Hep1ΔEGFR and Hep2ΔEGFR) with high transgene copy number (more information in Material and Methods section 2.1.) Right: Analysis of human EGFR mRNA expression levels by qRT-PCR in mouse cell lines (N=3). Relative expression to mL32 gene. (B) Cell morphology of the different transgenic hepatocyte cell lines isolated from ΔEGFR mice. Representative bright-field images of cells cultured under basal conditions. Data are mean ± S.E.M. One-Way ANOVA with Bonferroni post-hoc test was used: **p<0.05 and ***p<0.001 compared to WT hepatocytes. 









In Hep1ΔEGFR hepatocytes, the response to HB-EGF, one of the main EGFR ligands, was significantly attenuated in terms of EGFR phosphorylation and signalling, as well as in terms of cell proliferation (Figure 3). 

		



		Figure 3. ΔEGFR hepatocytes show diminished response to HB-EGF. After serum starvation (16h), cells were treated with HB-EGF (20 ng/mL) at indicated times. (A) Response to HB-EGF in terms of EGFR phosphorylation was attenuated in Hep1ΔEGFR hepatocytes by western blot analysis. β-Actin was used as loading control. A representative experiment of five is shown. (B) Differences in the response to HB-EGF in terms of cell proliferation between HepWT and Hep1ΔEGFR cell lines (N=2). Cell number was analysed by trypan blue staining. Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: *p<0.05 and **p<0.01 compared with untreated cells at the same time.







It is known that TGF-β transactivates the EGFR in hepatocytes, which inhibits its pro-apoptotic activity (Murillo et al., 2005; Caja et al., 2011). We could observe that hepatocytes isolated from ΔEGFR mice did not phosphorylate the EGFR after TGF-β treatment, which correlated with impairment in the activation of survival signals, such as ERKs (Figure 4A), higher growth inhibition and apoptosis (Figure 4B-D). Interestingly, ΔEGFR hepatocytes showed higher basal apoptosis compared to WT ones. 



All these results indicate the suitability of the model to study the specific implication of the hepatocyte EGFR catalytic domain in liver physiology and pathology.




		



		Figure 4. Hepatocytes from ΔEGFR mice show increased response to TGF-β-induced apoptosis. After serum starvation (16h) HepWT and Hep1ΔEGFR cells treated with TGF-β (2 ng/mL) at the indicated times. (A) Response to TGF-β in terms of phosphorylation of EGFR and ERKs analysed by western blot. β-Actin was used as loading control. A representative experiment of 3 is shown. (B) Analysis of viable cell number by trypan blue staining (N=3). Percentage of increase versus time 0 hours. (C) Analysis of cell death shown as the percentage of non-viable cells, analysed by trypan blue staining (N=3). (D) Caspase-3 activity, fluorimetric analysis (N=3). Data are mean ± S.E.M. Two-Way ANOVA with Bonferroni post-hoc test was used: *p<0.05, **p<0.01 and ***p<0.001 compared to WT at the same condition.










1.2. Relevance in vivo of the EGFR kinase activity during hepatocarcinogenesis.



1.2.1. Tumorigenesis analysis of Diethylnitrosamine (DEN)-induced hepatocarcinogenesis in the genetically modified animal model expressing a truncated form -inactive- of EGFR in hepatocytes.



Hepatocarcinogenesis process was induced by a single injection of DEN in 15-day-old male mice (Material and Methods 1.3.). After acute treatment with DEN (48 hours), liver injury, analysed by serum parameters (Table 1) was higher in ΔEGFR animals, indicating a role for EGFR as a survival pathway in hepatocytes when submitted to a toxic insult. However, at 9 months of age, WT animals developed macroscopically tumours, whereas ΔEGFR animals did not (Figure 5A-B). Consistently, WT animals showed an increase in liver mass (analysed by liver/animal weight ratio) due to the appearance of tumours (Figure 5C). Nevertheless, at 12 months of age, the situation was comparable in both animals: ΔEGFR animals developed macroscopically tumours (Figure 5A-B) and showed a significant increase in liver to body/weight ratio (Figure 5C).



		 

		 

		 

		 



		Animal

		Parameters

		Untreated

		48h DEN-treated



		WT

		ALT (U/L)

		115.60±33.94

		83.50±17.84



		 

		AST (U/L)

		594.00±170.90

		274.33±40.37



		 

		BIL (mg/dL)

		0.09±0.03

		0.14±0.06



		ΔEGFR

		ALT (U/L)

		98.25±28.25

		479.50±12.50***



		 

		AST (U/L)

		488.80±114.51

		1465.33±682.36*



		 

		BIL (mg/dL)

		0.22±0.03

		0.38±0.07



		

		

		

		





Table 1. Blood serum biochemical parameters of liver injury after 48 hours-DEN injection in WT and ΔEGFR mice. Data are mean ± S.E.M. of at least 3 animals/condition. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 and *** p<0.001 compared to untreated condition. Abbreviations: ALT: Alanine Aminotransferase; AST: Aspartate Aminotransferase; BIL: Total Bilirubin.









		



		

Figure 5. ΔEGFR mice show a delay in the appearance of DEN-induced tumours. (A) Representative images of livers from DEN-treated mice at the time of sacrifice. (B) Quantification of macroscopic tumours per animal. Data are mean ± S.E.M. of at least 3 animals per group. (C) Analysis of the liver/body weight ratio of WT and ΔEGFR mice. The interquartile range shows as box plot with the median marked as a horizontal line. Minimum and maximum from lower and upper quartile represent error bar. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 and ** p<0.01 compared to WT mice at the same condition; # p<0.05 compared to 9 months (mo). Abbreviation: n.s., no significance. 









By Real-Time qPCR and western blot, it was verified that ΔEGFR animals kept the expression of the truncated form of the human EGFR over time (Figure 6). No changes were observed in the mRNA levels of the endogenous receptor neither of other family receptor members (mouse EGFR or Erbb1 and Erbb2/3) (Figure 7). Only Erbb4 seemed to be increased in non-tumoural areas at 9 months, while at 12 months, both animals presented the same expression levels. 



		



		

Figure 6. hEGFR transgene expression is kept until 12 months of age in ΔEGFR mice. (A) Analysis of human EGFR mRNA expression levels by qRT-PCR in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. (B) Analysis of endogenous and human EGFR protein levels by western blot. β-Actin was used as loading control. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05, *** p<0.001 compared to WT at the same condition.







		



		

Figure 7. Analysis of the expression of EGFR family members during DEN-induced hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis of the mouse EGFR family members in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: *** p<0.001 compared to WT at the same condition; ### p<0.001 compared to non-tumoural at the same condition. 







These results suggest that the attenuation of the catalytic activity of the EGFR, in the hepatocytes, results into an overall delay of the hepatocarcinogenic process. 

Using a proliferation marker (Ki67 staining), the presence of pre-neoplastic nodules was revealed in WT animals at 9 months after DEN-treatment, but barely found in ΔEGFR animals (Figure 8A). Analysis of cell proliferation rate by Ki67 immunohistochemistry in these zones revealed a lower proliferative rate in ΔEGFR tumours at 9 months as compared with WT tumours, but a similar proliferative rate at 12 months of age (Figure 8B). These results indicate that lack of EGFR catalytic activity in hepatocytes delays the appearance of tumours after DEN-treatment, but does not fully prevent hepatocarcinogenesis.

		



		Figure 8. ΔEGFR mice show lower pre-neoplastic nodules. (A) Appearance of microscopic pre-neoplastic lesions at 9 months of age. (B) Representative haematoxylin and eosin (H&E) and immunohistochemical analyses of proliferation (Ki67 staining) in pre-neoplastic areas in livers from WT and ΔEGFR mice. Quantification of Ki67-positive cells (percentage) is in the bottom of each image. Data are mean ± S.E.M. of at least 3 animals per group. Student t test was used in A: * p<0.05. Two-Way ANOVA with Bonferroni post-hoc test was used in B: * p<0.05 compared to WT at the same condition; # p<0.05 compared to 9 months. Abbreviation: T: Tumoural lesion. 









In the hepatocytes, the main proliferative and survival signalling pathways are both the EGFR and the HGF/c-Met pathways. Since HGF/c-Met is one of the key signalling pathways in physio-pathological processes in the liver, alternative or even redundant to the EGFR pathway, we next explored if it was altered in our mouse model. ΔEGFR animals showed higher levels of the HGF than WT animals in non-tumoural areas at 9 months of age (Figure 9). Other members of this signalling pathway are the plasminogen activators tPA and uPA (Tissue-type and Urokinase-type Plasminogen Activator; Tpa and Upa genes) (Mars et al., 1993), which are involved in the activation of precursor form of HGF. WT mice expressed higher levels of Tpa at 9 months of age and higher levels of Upa at 12 months of age in tumoural areas. These results suggest that the HGF/c-Met axis could act as a compensatory pathway involved in the tumour growth.

		



		

Figure 9. Analysis of the expression of HGF/c-Met signalling pathway during DEN-induced hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis of the HGF/c-Met signalling pathway members in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05, *** p<0.001 compared to WT at the same condition. 





In the last years, it has been emphasized the relevance of stem properties in cancer cell populations. The cancer stem cells (CSC) are involved in tumour initiation and progression. These cells are characterized by their ability of self-renewal, differentiation, chemo- and radio-resistance, and CSC are related with the heterogenicity origin of HCC (Sell and Leffert, 2008). Diverse markers have been proposed to identify liver CSCs: CD133, CD44 and the epithelial cell adhesion molecule (EpCAM), among others (Liu et al., 2011). Previous results of the group demonstrated that liver tumour cells that show high expression of CD44 were refractory to sorafenib-induced cell death in in vitro (Fernando et al., 2015). Moreover, in human HCC tumours, the expression of CD44 correlates with over-expression of EpCAM and CD133 (Malfettone et al., 2017).  Thus, we decided to analyse these markers in our animal model. At 9 months of age, WT animals express higher levels of Cd133 in tumoural areas in comparison with transgenic mice. At 12 moths, Cd133 expression is quite similar in both animals. Moreover, in tumoural areas the expression of Cd44 seems to be higher in WT animals at 9 and 12 months of age. However, it exists a great scattering in the expression levels between animals in the same group (Figure 10). No differences were found in Epcam expression. These results suggest the possible relevance of the EGFR, in the hepatocytes, in the regulation of stem cell properties during hepatocarcinogenesis process.



		



			

Figure 10. Analysis of the expression of stem cell markers during DEN-induced hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 compared to WT at the same condition; # p<0.05, ### p<0.001 compared to non-tumoural at the same condition. 











1.2.2. Analysis of the TGF-β pathway during DEN-induced hepatocarcinogenesis in ΔEGFR mice.

Considering our previous results about the crosstalk between the TGF-β and the EGFR pathway, we next analysed the TGF-β pathway in WT and ΔEGFR mice after DEN treatment. We could not find significant differences in Tgfb1 mRNA levels (Figure 11A) neither in the immunohistochemical analysis of pSMAD2 (downstream TGF-β mediator) at 9 months (Figure 11B). 

		



		Figure 11. Analysis of TGF-β pathway during DEN-induced hepatocarcinogenesis in WT and ΔEGFR mice. (A) qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relatives expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used. (B) Immunohistochemical analysis of phospho-SMAD2 in liver tissues from 9 months DEN-treated WT and ΔEGFR mice. Representative images are shown from least 3 animals per condition.







Of relevance, none of the apoptosis or cell cycle genes regulated by TGF-β showed differences in ΔEGFR livers (in either tumour or surrounding areas) that could correlate with their lower tumour progression (Figure 12). 

		



		Figure 12. Analysis of the expression of apoptosis and cell cycle regulatory genes during DEN-induced hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 compared to WT at the same condition; # p<0.05 compared to non-tumoural at the same condition. 

Nonetheless, it was really interesting to find a significant difference in the levels of Nox4, the NADPH oxidase that mediates some of the suppressor actions of TGF-β. Our group described that in liver cells, NOX4 mediates TGF-β-induced mitochondrial-mediated apoptosis and suppresses liver tumour migration and invasion, acquiring a tumour suppressor role (Crosas-Molist et al., 2014, 2017). At 9 months, ΔEGFR mice showed higher levels of Nox4 in non-tumoural areas. However, the levels of Nox4 in tumoural areas is lower in both WT and ΔEGFR animals (Figure 13). The levels were kept lower even at 12 months in both tumoural and non-tumoural areas in both animals, suggesting that once tumour is formed, Nox4 levels diminishes and, in consequence, its suppressive role. 







		



		



Figure 13. ΔEGFR mice express higher levels of Nox4 during DEN-induced hepatocarcinogenesis. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05 compared to WT; ## p<0.01 compared to non-tumoural at the same time. 









Due to the relevance of this result, we decided to analyse Nox4 expression in hepatocytes isolated from both WT and ΔEGFR mice. Under basal conditions, ΔEGFR hepatocytes expressed higher levels of Nox4 than the WT hepatocytes (Figure 14A). After HB-EGF, WT hepatocytes showed a downregulation in the levels of Nox4, while ΔEGFR hepatocytes did not (Figure 14B), indicating the negative regulation of Nox4 by the EGFR pathway.

		



		Figure 14. Analysis of the Nox4 expression in WT and ΔEGFR hepatocytes under basal conditions and after HB-EGF treatment (A) qRT-PCR analysis in WT and ΔEGFR hepatocytes under basal conditions (N=3). (B) After serum starvation (16h) cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). Nox4 expression was analysed by qRT-PCR. Relative expression to mL32 gene. Results in B expressed as fold induction versus each corresponding control (untreated cells). Data are mean ± S.E.M. Student t test was used in A: * p<0.05. Two-Way ANOVA with Bonferroni post-hoc test was used in B: * p<0.05 compared to WT at the same time; # p<0.05 compared to untreated cells.







These results were very similar in the human liver cancer Hep3B cell line. In these cells, EGFR was knocked-down using short hairping RNA (shRNA) technology (Figure 15). 

		



		Figure 15. EGFR was knocked-down in Hep3B cells by shRNA technology. (A) EGFR mRNA expression was measured by qRT-PCR in Hep3B shControl and shEGFR cells under basal conditions (N=3). Relative expression to hL32 gene. (B) EGFR protein levels analysed by western blot in Hep3B shControl and shEGFR cells under basal conditions (N=3). β-Actin was used as loading control; a representative western blot is shown. Densitometric analysis relative to β-actin is shown below. Data are mean ± S.E.M. Student t test was used: * p<0.05.

  











Hep3B shEGFR showed higher NOX4 mRNA levels under basal conditions (Figure 16A). However, we could not find significant changes in its regulation after HB-EGF treatment. (Figure 16B).



		



		

Figure 16. Analysis of the NOX4 expression in control and EGFR knock-down Hep3B cells. (A) NOX4 expression was analysed by qRT-PCR under basal conditions (N=3). (B) After serum starvation (16h) cells were treated with HB-EGF (20 ng/mL) at indicated times (N=3). Results in B expressed as fold induction versus each corresponding control (untreated cells). Relative expression to hL32 gene. Data are mean ± S.E.M. Student t test was used in A: ** p<0.01. Two-Way ANOVA with Bonferroni post-hoc test was used in B: # p<0.05 compared to untreated cells. 









These results suggest that NOX4 could play a suppressor role at the first stages of HCC, when its expression is higher. However, once tumour is formed, its levels diminishes and its expression could be downregulated by proliferative/survival signals such as HGF/c-Met, among others. 

















1.2.3. Analysis of the inflammatory process during DEN-induced hepatocarcinogenesis in ΔEGFR mice.

Considering that HCC is a related-inflammatory disease, we decided to analyse inflammation along the tumour progression in WT and ΔEGFR mice. After acute treatment with DEN (48 hours), WT animals showed higher F4/80 (macrophage marker) staining in comparison with ΔEGFR mice (Figure 17). Similarly, at 9 months of age, WT animals showed higher inflammatory areas than ΔEGFR animals. However, at 12 months, inflammation was also evident in ΔEGFR animals, which even showed higher inflammation areas than WT animals of the same age (Figure 18). 

		



		Figure 17. ΔEGFR mice show lower inflammatory areas after acute treatment with DEN. Upper: Representative haematoxylin and eosin (H&E) images. Lower: After acute DEN-treatment, inflammatory lesions analysed by F4/80 staining (macrophage marker). Representative images of at least 3 animals per condition are shown. 





		



		Figure 18. ΔEGFR mice show a delay in the inflammatory process after DEN-treatment. Upper: Representative haematoxylin and eosin (H&E) images. Lower: Inflammatory lesions analysed by F4/80 staining (macrophage marker). Representative images of at least 3 animals per condition are shown. Abbreviation: T: Tumoural lesion.





Based on the literature, we chose a cohort of several cytokines: TNFα, IL-6, IL-1β and IL-12β. The most widely studied pro-inflammatory cytokines are TNFα and interleukin (IL)-6. Kuppfer cells are the main source of these cytokines that prime hepatocytes to enter into the cell cycle. They are proposed as good candidates to stimulate tumour growth and progression (Lin and Karin, 2007; Berasain et al., 2009). Tumour-associated macrophages (TAM) produce cytokines such as TNFα or IL-1β, promoting invasiveness and inducing tumour-mediated suppression (Apte et al., 2006). Naïve CD4+ T cells, in the presence of TGF-β, IL-6, and IL-1β, are activated to T helper 17 cells (Th17), which are characterized by their capacity to secrete IL-1β, IL-6, TNFα, among other pro-inflammatory cytokines, favouring inflammatory environment. Their phenotype is maintaining in presence of IL-23, which is a proinflammatory heterodimeric cytokines composed by IL-12p40-(IL-12β)/IL-23p19 subunits (Lin and Karin, 2007). 

At 9 months of age, no differences were found for Il1b expression. At the same time, WT animals expressed higher levels of Il6 and Tnfa in non-tumoural area and higher levels of Il12b in tumoural area. Interestingly, at 12 months of age, transgenic mice expressed higher levels of Il6 in tumoural areas in comparison with non-tumoural areas (Figure 19).

		



		Figure 19. Analysis of the expression of pro-inflammatory cytokines during DEN-induced hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: *p<0.05 compared to WT at the same condition; ## p<0.01 compared to non-tumoural area at the same condition. 





During tumorigenesis, chemokines are implicated in immune cell recruitment during inflammation and contribute to immune surveillance. In tissues from patients with HCC, different chemokines were found to be expressed (Marra and Tacke, 2014). Based on literature we chose: CCL2, CXCL1, CXCL12 and its receptors CXCR4/7. CCL2 could be produced by apoptotic hepatocytes, liver tumour cells and HSC attracting CCR2-monocytes (Dambach et al., 2002). CCL2 levels have been reported to be elevated in the liver after administration of hepatotoxic doses of CCl4, endotoxin, or alcohol to experimental animals as well as in chronic hepatitis in humans (Czaja et al., 1994). CXCL1 and its receptor, CXCR2, among their inflammatory/chemoattractant properties, are described to be pro-tumorigenic in some cancers. Some authors described that CXCL1, thought its receptor, is involved in the tumour proliferation and survival by means of the EGFR transactivation (Bolitho et al., 2010; Dong et al., 2013). CXCR4 and its ligand, CXCL12, have been revealed as important molecules involved in the spreading and progression of a variety of tumours. CXCR4 is up-regulated in human HCC, correlating with progression of the disease. Its ligand CXCL12 stimulates human hepatoma cell growth, migration, and invasion (Schimanski et al., 2006; Jeng et al., 2017). Overactivation of the TGF-β pathway in HCC cells confers on them a mesenchymal-like phenotype and migratory properties through activation of the CXCR4/CXCL12 axis, a mechanism that would contribute to tumour progression in HCC patients (Bertran et al., 2013). CXCL12 has an alternative receptor called CXCR7, which is overexpressed in HCC, and tumour growth and angiogenesis in vivo are limited on CXCR7 knock-down (Zheng et al., 2010). 



At 9 months of age, WT animals expressed higher levels of Cxcl1, Ccl2, Cxcl12 in tumoural area. At 12 months of age, WT animals expressed higher levels of Cxcl1 in non-tumoural areas, higher levels of Cxcr4 in tumoural areas, and higher levels of Cxcl12 in both tumoural and non-tumoural areas. Moreover, at the same time, the expression of Cxcr7 in non-tumoural areas is higher in WT animals, but in tumoural areas its expression is higher in transgenic mice (Figure 20). 



These data suggest that the catalytic activity of the EGFR could be playing a key role as a liver inflammatory regulator after toxic insults.





		



		

Figure 20. Analysis of the expression of chemokines-related genes during DEN-induced hepatocarcinogenesis in WT and ΔEGFR mice. qRT-PCR analysis in non-tumoural (NT) and tumoural (T) areas from 9 and 12 months (mo) after DEN-treatment. Relative expression to mL32 gene. Data are mean ± S.E.M. of at least 3 animals per group. Two-Way ANOVA with Bonferroni post-hoc test was used: * p<0.05, ** p<0.01, *** p<0.001 compared to WT at the same condition; # p<0.05, ## p<0.01, ### p<0.001 compared to non-tumoural areas at the same condition. 
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1. Analysis of the relevance of the EGFR pathway during hepatocarcinogenesis and liver fibrosis. Crosstalk with the TGF-β pathway.

The purpose of this study was to elucidate the specific role of the EGFR catalytic activity under experimental conditions that reproduce liver chronic pathologies, such as fibrosis and hepatocarcinogenesis. Our results demonstrate that EGFR signalling in hepatocytes plays crucial roles in the progression of these chronic liver diseases. Its absence results in a protection of fibrosis process and a delay of the carcinogenesis one, mediated by the strong regulation of the EGFR pathway on the liver inflammatory environment.

1.1. Relevance in vivo of the EGFR kinase activity during DEN-induced hepatocarcinogenesis.

We show here that attenuation of EGFR catalytic activity induces a significant delay in the appearance of tumorigenic lesions in DEN-treated animals. However, once tumours appear, the proliferative rate is similar in ΔEGFR and WT animals. Surprisingly, our data reveal no significant differences in the TGF-β pathway nor in the expression of apoptosis or cell cycle regulatory genes, which could justify the delay in tumorigenesis. The only significant change was the mRNA levels of Nox4, a member of the NADPH oxidase family that is downregulated in HCC patients and negatively modulates hepatocyte proliferation (Crosas-Molist et al., 2014) Interestingly, EGF inhibits Nox4 expression acting on Nox4 promoter (Carmona-Cuenca et al., 2006). This may explain why ΔEGFR hepatocytes and shEGFR Hep3B HCC cells show higher levels of Nox4 under basal conditions, and its downregulation in WT hepatocytes after HB-EGF-treatment. Indeed, the more significant difference lies in the appearance of preneoplastic lesions. In agreement with this result, a previous study using gefitinib (an EGFR inhibitor) in DEN-induced hepatocarcinogenesis in mice revealed that, the gefitinib-treated animals showed significantly lower numbers of HCC nodules, but the mean tumour size was not different between untreated and gefitinib-treated mice (Schiffer et al., 2005). Moreover, hepatocytes are exposed to the “tonic” effects of both mitogenic HGF and EGF and it is demonstrated the complementary of these two pathways, at least, during liver regeneration (Paranjpe et al., 2016). Similarly to was found during liver regeneration (López-Luque, Caballero-Diaz et al., 2016), levels of HGF were much higher in ΔEGFR animals, which suggests that this cytokine might replace the mitogenic function of the EGFR ligands.

EGFR signalling is involved in cancer initiation and progression, including cell proliferation, drug resistance, tumorigenicity, invasion, and metastasis. A subpopulation of self-renewing cancer cells, cancer stem cells, have been described with the same properties (Reya et al., 2001) and HCC patients with stem-like phenotype exhibit poor prognoses (Lee et al., 2006; Coulouarn et al., 2012). Here, WT DEN-treated animals expressed higher levels of Cd133 and Cd44 in comparison with transgenic mice. Similarly that occurs in head and neck squamous cell carcinoma, EGFR plays critical roles in the survival, maintenance, and function of cancer stem cells (Abhold et al., 2012), suggesting the EGFR relevance in the regulation of stem markers. These cancer stem cell markers are related with apoptosis resistance to antineoplastic drugs such as sorafenib in HCC cells (Fernando et al., 2015). A combinatory therapy with drugs against EGFR might be an effective treatment to inhibit the adaptive resistance of tumours cells and delay tumoral progression.

Our study indicates that the delay in the appearance of tumoral lesions might be associated with attenuation of the inflammatory process. EGFR signalling has been proposed as a critical junction between inflammation-related signals and potent cell regulating machineries (Berasain et al., 2009) Recent evidence illustrates that the EGFR pathway regulates the expression of inflammatory factors and chemokine ligands produced by liver cells (Huang et al., 2014) Our results indicate differences in the expression of Il6 and TNFa in the tumour surrounding tissue, which suggests that the transgene expression in hepatocytes affects the production of inflammatory cytokines by themselves or other surrounding cells. Interestingly, the EGFR pathway plays an essential role in liver macrophages to mediate the inflammatory process in DEN-induced HCC (Lanaya et al., 2014). Furthermore, it is worth pointing out that CCL2, a chemokine considered to be a central coordinator of hepatocyte-mediated inflammation (Ziraldo et al., 2013), shows decreased expression in ΔEGFR tumours. CXCL1, a critical player in both inflammation and tumour growth in HCC (Han et al., 2015), presents significantly decreased mRNA levels in ΔEGFR tumoral and nontumoral areas. After tumoral transformation, liver cancer cells could express CXCL12 and its receptors CXCR4/CXCR7, involved in tumorigenesis and could be regulated by EGFR signalling pathway. We previously described that TGF-β up-regulates CXCR4 in rat hepatoma cells (Valdés et al., 2004) and sensitizes them to respond to CXCL12, which mediates cell scattering and survival. Here, our results indicate that the higher levels of Cxcr4 in tumoral tissues could be regulated by EGFR. Interestingly, Cxcr4 and Cxcr7, among they have different functions, they can compensate the lack of each other (Gladson and Welch, 2008). This may explain the elevated levels of Cxcr7 in transgenic mice to compensate the lower expression of Cxcr4. Moreover, these animals overexpressed the ligand Cxcl12, possibly as a compensatory signal. These results evidence the potential relevance of hepatocytes in the regulation of the inflammatory environment after chronic injury through the expression of cytokines and chemokines. Indeed, this regulation in hepatocytes could be mediated by the EGFR pathway, since the lack of its catalytic activity impairs the expression of some pro-inflammatory molecules. Hepatocytes are described as active players in the liver during patho-physiological conditions (Tu et al., 2015) and they can contribute to the inflammatory process. It will be more discuss later.

1.2. Relevance in vivo of the EGFR kinase activity during CCl4-induced fibrosis.

Experiments of CCl4 treatment in mice showed that EGFR signalling in hepatocytes plays a significant role during liver fibrosis and in the liver inflammatory environment. Progressive liver injury is characterized by liver damage and a significant upregulation in expression and deposition of collagens (Schuppan, 2015). Hepatocytes have been shown to produce a number of key mediators, which are involved in the fibrogenic response to various forms of injury and can actively alter surrounding cell populations (Tu et al., 2015). Indeed, damaged hepatocytes undergo cell death and release DAMPs provoking HSC activation and further fibrogenesis, and also, regulate immune system by the expression of different factors. ΔEGFR mice show lower liver damage after CCl4-treatment in comparison with WT animals, suggesting that EGFR attenuation might have a role in protecting hepatocytes. Even more, ΔEGFR mice have lower presence of α-SMA-positive MFB concomitant with lower collagen deposition.  A recent study demonstrated that EGFR inhibition by erlonitib (an EGFR inhibitor) regresses liver fibrosis (Fuchs et al., 2014) and the authors suggested that EGFR inhibition confers a protective role in the liver during fibrosis. Nevertheless, it is difficult to discern if this inhibitory effect was due to EGFR inhibition in hepatocytes, non-parenchymal cells, or even to an indirect global effect. After liver injury, hepatocytes increased the production of EGF-like ligands, such as amphiregulin, as a protective factor (Berasain et al., 2005). However, the constitutive EGFR activation would progress to malignant transformation. Moreover, similar to our model, reduction in EGFR-ERBB3 (double knock-out) heterodimer formation in damaged hepatocytes of CCl4-treated mice suppresses a pro-inflammatory and pro-fibrogenic communication between the hepatocyte and stellate cells or inflammatory cells, such as macrophages (Scheving et al., 2016). 

Hepatic fibrosis is commonly preceded by chronic inflammation, and persistence of this inflammation has been associated with progressive hepatic fibrosis and the development of cirrhosis (Czaja, 2014). One of the most interesting of our results is the role of EGFR regulating the inflammatory process in the liver. Interestingly, besides untreated ΔEGFR mice show higher basal F4/80-positive macrophages than WT animals, after CCl4-treatment, the situation is reversed, and WT animals have higher presence of F4/80-macrophages than transgenic ones, revealing inflammatory areas. Hepatic macrophages (Kupffer cells) are described with a central role in the pathogenesis of chronic liver injury and have been proposed as potential targets in combatting fibrosis (Schuppan and Kim, 2013). Macrophages present two different phenotypes with distinctive characteristics and can be divided in M1- or M2-phenotype with fibrotic and antifibrotic roles, respectively (Murray, 2017). Besides little is known about the molecular mechanisms,  M2 are described to have a protective role of hepatocytes after injury by CCl4 treatment (Bai et al., 2017). The lack of EGFR in hepatocytes could alter the expression of cytokines and chemokines and, the subsequent, recruitment and activation of immune cells which is critical for their function. Here, WT animals express higher levels of Il12b after CCl4-treatment. IL-12β is a subunit of the IL-23 and the axis IL-23/IL-17 has been described with a pathologic role implicated in lung and liver fibrosis (Gasse et al., 2011; Meng et al., 2012). Moreover, IL-12β highly induces M1 activation (Murray and Wynn, 2011) related with a pro-inflammatory and pro-fibrotic roles. On the other hand, transgenic animals show elevated mRNA levels of Il6 and Cxcl1 after CCl4-treatment. IL-6 activity appears to be strongly context specific and has both hepatoprotective role and support the transformation of normal livers (Gao, 2012). Due to the lack of the EGFR pathway, in transgenic mice, Il6 could be secreted as a compensatory hepatoprotective factor. Moreover, low concentrations of Cxcl1 are described to be involved in liver regeneration, resolution and reparation after liver injuries (Kuboki et al., 2008). Hepatocytes are active players in the regulation of liver environment through the expression of factors where EGFR could execute a key role.

The molecular pathways that link chronic liver inflammation with progressive hepatic fibrosis need to be clarified. Here we described that the lack of EGFR signalling has a protective role in hepatocytes which is concomitant with lower HSC activation and inflammation. Moreover, hepatocytes could have a relevant role as regulators of the liver environment and inflammation during liver fibrosis. Novel anti-fibrotic treatments need to be focussed on anti-inflammatory and immunosuppressive properties added to the conventional treatments. In these sense, a combination with EGFR inhibitors seems to be an attractive therapy.

1.3. Relevance of the EGFR pathway in the regulation of inflammation-related gene expression in in vitro liver cells.

Due to the potencial role of the EGFR pathway in the regulation of liver inflammation found in our studies, we decided to explore deeper the regulation of cytokines and chemokines in in vitro models. Our data suggest that the EGFR regulates the expression of pro-inflammatory factors in liver cells.

Despite the relation between EGFR and inflammation in cancer is very well-known (Berasain et al., 2009), the mechanism by which EGFR pathway is involved in the development of inflammatory microenvironment in HCC is still unclear. Here, the attenuation of the EGFR pathway (by the overexpression of the truncated EGFR form or by shRNA technology) impair the HB-EGF-upregulated cytokines and chemokines, suggesting a crucial role of EGFR in the development of liver inflammation. Mouse hepatocytes upregulate the levels of Il12b, Ccl2, Cxcl1, and HCC cells upregulate IL12B, CXCL1 and CXCL8 in a EGFR-dependent manner. In mouse hepatocytes and HCC cells, IL12B is regulated in in vitro by EGFR, strengthen the idea of the pro-inflammatory role of EGFR in liver cells. Even more, this regulation seems to be higher in tumoral cells. In osteoblasts, AG1478, an EGFR tyrosine kinase inhibitor, diminish CCL2 expression and ERK kinase activity (Huang et al., 2012). Moreover, our results support that both Cxcl1 and CXCL8 (its human homologue) could play a crucial crosstalk with the EGFR signalling pathway. In ovarian cancer cells, CXCL1 enhances survival and proliferation through the transactivation of EGFR (Bolitho et al., 2010), and CXCL8 confers resistance to EGFR inhibitors by inducing stem cell properties, in lung cancer (Liu et al., 2015). In HCC, the silencing of CXCL1 inhibits tumour growth and promotes apoptosis (Han et al., 2015). Tumoural cells and tumour-associated macrophages secrete CXCL8 promoting tumour angiogenesis and metastasis (Waugh and Wilson, 2008). This chemokine induces its own expression and the expression of CXCL1 in both paracrine and autocrine manners (Tang et al., 2012). In HCC cells, the inhibition of CXCL8 decreases the activation of survival signals (Li et al., 2015). Recently, it was described that EGF could stimulate mRNA expression and protein production of CXCL8 from HCC cells (Huang et al., 2014), hypothesizing that EGF may act as an initiator factor to induce the occurrence of HCC inflammatory microenvironment and increase HCC metastasis. Furthermore, CXCL8 is elevated in the serum of the patients and in HCC tissue, and are associated with metastasis and poor prognosis (Li et al., 2015; Ren et al., 2003). All these chemokines, among other signals, may promote a tumoral microenvironment favouring pro-tumorigenic effects on cancer cells in a EGFR-dependent manner. 

After HB-EGF treatment, HCC cells upregulate the levels of CXCR4, but we could not find expression of Cxcr4/Cxcl12 axis in moue hepatocytes, suggesting that their regulation is related with tumoral transformation. Overactivation of the TGF-β pathway in HCC cells confers them a mesenchymal-like phenotype and migratory properties through expression and activation of the CXCR4/CXCL12 axis, a mechanism that would contribute to tumour progression in HCC patients (Bertran et al., 2013). Here we described that the levels of CXCR4 could also be mediated by EGFR pathway, suggesting a crosstalk between these two signalling pathways in its regulation. 

Considering together our results, there is no doubt that one of the most essential functions of the EGFR pathway in hepatocytes during liver chronic diseases should be regulation of inflammation.

2. Analysis of the intracellular trafficking of the EGF and TGF- receptors in the crosstalk between their signalling pathways. Role of the Clathrin Heavy-Chain in liver cells.

The classic endocytic role of intracellular trafficking proteins – caveolin-1 and clathrin- in the regulation of TGF-β and EGF receptors has been previously studied. However, much less is known about how these intracellular trafficking proteins affects the TGF-β and EGFR signalling pathways. In hepatocytes, TGF-β induces both pro- and anti-apoptotic signals. These last ones are mediated by the EGFR pathway, which is transactivated by TGF-β through a mechanism that involves upregulation of the EGFR ligands and activation of the metalloprotease TACE/ADAM17, responsible for their shedding (Murillo et al., 2005, 2007; Moreno-Càceres et al., 2014). We have recently reported that caveolin-1 is necessary for TGF-β induction of anti-apoptotic signalling in hepatocytes through a mechanism that involves phosphorylation of Src and NOX1-mediated ROS production (Moreno-Càceres et al., 2016). Furthermore, caveolin-1 has an essential role in switching the response to TGF-β from cytostatic to tumourigenic in liver tumour cells (Moreno-Càceres, Caballero-Diaz et al., 2017). Nevertheless, the role of clathrin in the crosstalk between these two signalling pathways and its relevance during tumorigenesis was barely known. 

In hepatocytes, it has been described that blocking clathrin trafficking does not alter canonical-SMADs phosphorylation induced by TGF-β (Meyer et al., 2011), which indicates that clathrin-dependent endocytosis does not play a significant role in the early signals induced by TGF-β. Clathrin would play a key role in the regulation of the non-canonical pathways of the TGF-β (through EGFR pathway), without decreasing the activation of its canonical pathways (SMAD-dependent). The anti-apoptotic response induced by TGF-β in hepatocytes requires the transactivation of the EGFR through increase in the expression and shedding of EGFR ligands (Murillo et al., 2005). Here, we observed that clathrin down-regulation attenuates TGF-β-induced EGFR signalling pathway, which is described to be relevant for the TGF-β-stimulated activation of Akt and ERKs (Valdés et al., 2004; Murillo et al., 2005). According to our data, clathrin is essential for the HCC cell response to EGFR ligands. In fact, after ligand binding, EGFRs are recruited to clathrin-coated pits and their phosphorylation is amplified by clustering. Clustering platforms promote the dimerization and activation of unliganded EGFRs (Ichinose et al., 2004) and the signalling complex could be protected from non-raft enzymes such as membrane phosphatases (Simons and Toomre, 2000). Clathrin is described to be present and essential in protein clusters such as transferrin receptor (Liu et al., 2010) or E-selectine (Setiadi and McEver, 2008), and EGFR clustering could be occur in clathrin-coated pits (Nagy et al., 2010). Phosphorylated receptors are able to escape the clathrin-coated pits leading to an amplified EGFR signal in surrounding plasma membrane (Ibach et al., 2015). Some authors described that EGFR mediates a differential signalling depending on its localization in the cell (Luo et al., 2011; Wang et al., 2002). At plasma membrane, receptors may require clathrin microdomains where clathrin acts as a scaffold protein and recruits signalling adaptors. This situation was recently described for c-Met, where clathrin seems to be required for Akt phosphorylation induced by HGF (Lucarelli et al., 2016). Endocytosis to early endosomes seems to be a requirement for full ERKs activation due to the existence of a MAPK scaffold (MEK1 partner 1 (MP1) and p14 protein) (Teis et al., 2002). The lack of clathrin would impair EGFR signalling at the both levels. At initial phases of clathrin-coated endocytosis, the EGFR signalling activity could be amplified (Sigismund et al., 2008). Amplification of phosphorylation could also establish a positive feedback loop between EGFR aggregation and signal amplification due to the receptors recruitment to clathrin-coated pits. Receptor phosphorylation would be amplified in clathrin-coated pits, leading the formation of local gradients of active receptors that could enhance the EGFR signals near to these clathrin microdomains. In this sense, clathrin down-regulation would impair this process and reduce active phosphorylated EGFR at the plasma membrane and endosomes (Ibach et al., 2015).

The activation of EGFR could counteract the phosphorylation of SMAD2/3 (Caja et al., 2007). So, in this case, when the EGFR signalling pathway is impaired due to the lack of clathrin, the canonical pathways could be potentiated with an increased and/or longer maintaining phosphorylation of SMAD2/3 and their functions, among them, the induction of apoptosis. Indeed, the higher death response observed in clathrin knock-down cells in response to TGF-β may be due to an attenuation of the anti-apoptotic TGF-β pathway (lower EGFR activation). Supporting this, clathrin knock-down cells express higher levels of NOX4 and ROS production after TGF-β treatment. Upregulation of NOX4 by TGF-β is required for its pro-apoptotic activity. As previously mentioned, the EGFR pathway inhibits NOX4 expression acting at the transcriptional level on the NOX4 promoter (Carmona-Cuenca et al., 2006). In this sense, clathrin downregulation could impair the EGFR inhibition over NOX4 and it could promote the TGF-β pro-apoptotic role. Inhibition of NOX4 in liver cells might lead to pro-tumorigenic processes. NOX4 plays a role in regulating liver cell proliferation either under physiological conditions or during tumorigenesis. NOX4 silencing increases the tumorigenic potential of human HCC cells in xenografts in mice, resulting in earlier onset of tumour formation and increase in tumour size (Crosas-Molist et al., 2014), and the loss of NOX4 increases actomyosin levels and favours an epithelial to amoeboid transition contributing to tumour aggressiveness (Crosas-Molist et al., 2017). In this sense, our results show that the more aggressive mesenchymal-like HCC cells express higher levels of both TGFB1 and Clathrin. In fact, after TGF-β treatment, the clathrin expression at both mRNA and protein levels seems to be upregulated, suggesting a pro-tumorigenic role for clathrin. Actually, we have recently described that mesenchymal cells overexpress TGF-β (Bertran et al., 2013), and the high levels of clathrin, induced by TGF-β, could be responsible for the lack of pro-apoptotic response to TGF-β in these mesenchymal-like cells. 

In patients, clathrin expression positively correlates with TGFB1 and EGFR expressions, suggesting that clathrin seems to be essential for their signalling pathways. Our results showed that HCC patients show higher clathrin levels in tumoral areas, and clathrin in liver tumour cells switches TGF-β to its pro-tumorigenic roles, highlighting the relevance of clathrin during tumorigenesis. Furthermore, clathrin seems to be overexpressed in the tumour’s border. TGF-β, expressed by stromal cells, could activate the expression of clathrin in tumoral cells enhancing its pro-tumorigenic effects and favouring the mesenchymal phenotype, migration/invasion and tumour expansion and/or dissemination. In accordance with this, DEN-treated mice express higher levels of clathrin in tumoral areas compared to non-tumoral areas. A previous analysis with patients described clathrin as a potential biomarker of early stages of HCC (Seimiya et al., 2008; Di Tommaso et al., 2011). Recently, clathrin heavy chain was characterized as a direct target of miR‐199a‐5p (Huang et al., 2017). Huang and collaborators described this miRNA as a tumorigenesis suppressor of HCC by targeting clathrin, and observed that knock-down of clathrin inhibits cells growth.

In summary, clathrin seems to have a new-unknown, interesting and essential role in the regulation of the crosstalk between the TGF-β and EGFR pathways. Besides it classical role in receptor internalization, clathrin has a separated role regulating signalling pathways. These results suggest that clathrin would be essential for the anti-apoptotic role of TGF-β. Indeed, it is necessary for the EGFR transactivation that prevents TGF-β-induced ROS production required for cell death (Figure XXVI). We describe a novel role for clathrin in liver tumorigenesis, favouring non-canonical pro-tumorigenic TGF-β pathways. Altogether it indicates that clathrin could be considered a potential biomarker in HCC and a potential target for new therapeutic approaches. 



		



		

Figure XXVI. Clathrin is required for the anti-apoptotic TGF-β role thought the transactivation of the EGFR, which prevents TGF-β-induced ROS production necessary for cell death. Abbreviations: GF: Growth Factor.










Final Discussion

Despite the impressive amount of knowledge about the role of the EGFR in liver cancer, the most of anti-EGFR clinical trials have failed to show beneficial effects. Thus, it is necessary a better understanding of the molecular mechanisms that underlie the EGFR pathway in physiological and pathological processes of the liver. Results presented here propose that EGFR is crucial in the first stages of liver fibrosis and hepatocarcinogenesis. Interestingly, the most relevant role of EGFR during both processes seems the regulation of the inflammatory liver environment. Hepatocytes and liver tumour cells have the ability to express pro- and/or anti-inflammatory signals whose balance would determinate the liver disease progression. In this process, the crosstalk with non-parenchymal cells, such as Kupffer cells or Hepatic Stellate cells, plays an essential role. Moreover, we show that trafficking proteins could have a significant role during the tumorigenic crosstalk between EGFR and TGF-β. In this context, clathrin may favour a switch of TGF-β to its anti-apoptotic role through EGFR, promoting survival and pro-tumorigenic advantages to liver cancer cells. Indeed, HCC patients present elevated levels of clathrin in tumoral tissue, highlighting its relevance of our results for HCC progression.

Chronic liver diseases are the consequence of deregulation in multifactor and multipath networks which articulate the molecular mechanisms that underlie liver tumorigenesis. This thesis proposes new insights about the role of inflammatory process and trafficking receptor proteins in the crosstalk between EGFR and TGF-β during liver chronic diseases.


































































1. The lack of the catalytic activity of the EGFR delays the appearance of DEN-induced tumours in mice, but cannot fully prevent the hepatocarcinogenic process. Increase in the HGF/c-Met pathway, among others, may act compensating mitogenic and survival signals.



2. The delay in tumour appearance is concomitant with higher expression of NOX4, a tumour suppressor gene under the control of the EGFR pathway.



3. The lack of the catalytic activity of the EGFR protects from CCl4-induced fibrosis, correlating with a lower Hepatic Stellate Cell activation.



4. In both fibrosis and hepatocarcinogenesis processes, EGFR regulates the inflammatory liver environment involved in the progression of these chronic liver diseases.



5. In mouse hepatocytes and liver tumour cells, EGFR regulates the expression of pro-inflammatory cytokines and chemokines.  In liver tumour cells, attenuation of the EGFR pathway decreases CXCL8 expression, among others, either at transcriptional or post-transcriptional levels.



6. Clathrin knock-down in hepatocytes and liver tumour cells impairs the activation of anti-apoptotic TGF-β signals that are EGFR dependent. Clathrin is required for cell response to EGFR ligands.



7. The pro-apoptotic effects of TGF-β in clathrin knock-down cells correlates with higher up-regulation of NOX4, concomitant with ROS production.



8. TGF-β upregulates the levels of clathrin, which may favour a switch of TGF-β to its anti-apoptotic role. In this sense, CLTC expression correlates with the more aggressive HCC mesenchymal-like cell phenotype.



9. Analysis in tumour tissues from HCC patients reveal that most of them show higher levels of CLTC (clathrin gene). Moreover, there is a positive correlation between TGFB1 and CLTC expression. In patients that overexpress TGFB1 and CLTC, TGF-β would play a pro-tumorigenic role.
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