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RESUMEN 

 

Durante la expansión y la regeneración de un tejido en desarrollo tiene lugar 

una fase de rápida multiplicación celular (Slack, 2013). Llegado el momento, 

ésta debe cesar para evitar una proliferación descontrolada que pueda poner 

en peligro la integridad y homeostasis del tejido. La apoptosis, senescencia o 

diferenciación terminal son procesos que limitan la proliferación. La entrada 

en senescencia, aunque está implicada en la remodelación de tejidos durante 

el desarrollo (Muñoz-Espin et al., 2013; Storer et al., 2013), se encuentra 

asociada con algunos efectos perjudiciales como el fomento de desarrollo de 

tumores y fenotipos degenerativos relacionados con el envejecimiento 

(Krtolica et al., 2001; Liu y Hornsby, 2007; Baker, et al., 2011; Perrigue et al., 

2015). Por otro lado, la apoptosis permite la eliminación física de 

poblaciones de células durante el desarrollo (Glucksmann, 1965; Chen y 

Zhao, 1998; Pampfer y Donnay, 1999). En algunos tejidos en desarrollo 

autorenovables, como la epidermis, la proliferación celular se controla 

mediante la diferenciación terminal. La diferenciación es el proceso por el 

cual una célula madre pierde la capacidad de dividirse y se convierte en un 

tipo celular más especializado, mediante modificaciones de la expresión 

génica altamente controladas (Slack, 2013). A pesar de su relevancia en la 

homeostasis de tejidos que se expanden para desarrollar una función 

específica, los mecanismos moleculares que coordinan la proliferación y la 

diferenciación son todavía poco conocidos. En esta Tesis se han estudiado 

estos mecanismos de regulación tomando como modelo de tejido 

autorrenovable la epidermis. 

 

La epidermis es un epitelio estratificado escamoso que presenta una alta 

capacidad de auto-regeneración durante toda la vida de los 

individuos(OpenStax, 2016). Compone la capa mas externa de la piel y su 
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unidad celular básica es el queratinocito. Los queratinocitos proliferan 

adheridos a la membrana basal en la capa mas interna de la epidermis, 

conocida como capa basal. Tras una fase inicial de rápida expansión clonal, 

los queratinocitos pierden adhesión a la membrana basal y comienzan el 

proceso de diferenciación terminal a la vez que migran por las diferentes 

capas de la epidermis, hasta que finalmente son eliminados por descamación 

(Watt, 2014). El proceso de diferenciación esta precedido de un bloqueo 

mitótico que se vuelve irreversible e impide que los queratinocitos 

continúen dividiéndose (Gandarillas y Freije, 2014). Los queratinocitos en 

diferenciación son incapaces de mantener el bloqueo mitótico de manera 

efectiva y llevan a cabo varias rondas de replicación del ADN en ausencia de 

división celular, proceso conocido como endoreplicación. De esta manera, 

los queratinocitos se vuelven poliploides durante el proceso de 

diferenciación (Zanet et al., 2010). Nuestro laboratorio ha demostrado quela 

desregulación del ciclo celular por alteraciones oncogénicas induce un 

bloqueo mitótico y la diferenciación escamosa (Freije et al., 2012; Freije et 

al., 2014). Esta observación sugiere que los queratinocitos presentan un 

punto de control de mitosis-diferenciación (DMC, del inglés differentiation-

mitosis checkpoint) que protege a la epidermis de alteraciones oncogénicas. 

Dada a la importancia del DMC en la homeostasis epidérmica, en esta Tesis 

se han estudiado los procesos moleculares implicados. Se ha analizado con 

especial atención el papel del daño en el ADN y de su señalización en el 

proceso de diferenciación natural de la epidermis. 
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PAPEL DE p53 EN EL PUNTO DE CONTROL DE 
MITOSIS-DIFERENCIACIÓN DE QUERATINOCITOS 

HUMANOS. 
 

Con el objetivo de dilucidar los mecanismos implicados en la activación del 

DMC en queratinocitos humanos epidérmicos decidimos estudiar el papel de 

p53, una proteína supresora de tumores. Los resultados derivados de este 

estudio se publicaron en Cell Reports en 2017(Freije et al., 2014). p53 es un 

factor de transcripción con un importante papel en la regulación del ciclo 

celular (Lane, 1992). p53 responde al daño en el ADN con la activación de 

los puntos de control  del ciclo celular mediante sus dianas transcripcionales 

(Giono y Manfredi, 2006). También es capaz de inducir la apoptosis cuando 

el daño en el ADN no puede ser reparado (Canman et al., 1994). Por estas 

razones, hipotetizamos que p53 podría estar mediando la respuesta de 

diferenciación de los queratinocitos. Para estudiar esta hipótesis, decidimos 

introducir en queratinocitos primarios una construcción retroviral que sobre-

expresaba una proteína p53 mutante termo-sensible (p53ts). Esta proteína 

presenta su forma activa cuando las células son cultivadas a 32ºC, pero se 

inactiva mediante un cambio conformacional a 39ºC, comportándose como 

un mutante dominante negativo (Michalovitz et al., 1990). Para introducir 

esta construcción en queratinocitos primarios, estos fueron cultivados con el 

sobrenadante de células AM12productoras de retrovirus. Este método se 

utilizó para todas las infecciones retrovirales realizadas en esta Tesis. 

 

La proteína exógena p53ts fue eficazmente expresada por los queratinocitos, 

como se detectó mediante immunofluorescencia (IF) y western blot (WB). 

p53ts a 39ºC no era capaz de inducir su diana transcripcional p21Cip, ni 

siquiera en respuesta al daño en el ADN producido por Doxorrubicina 

(DOXO). Además la p53ts se acumulaba a esta temperatura, como sucede 

con la proteína mutante inactiva pues deja de ser degradada (Lane, 1992). 
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Estos resultados confirmaron la inactivación de la proteína exógena a 39ºC. 

Mediante citometría de flujo se observó que a 32ºC en los cultivos que 

expresaban p53tsse reducía el porcentaje de células con alto tamaño y 

complejidad. Se sabe que estos parámetros aumentan en queratinocitos 

durante la diferenciación (Jones y Watt, 1993). También se observó una 

reducción en la expresión de los marcadores de diferenciación Involucrina y 

queratina K16 (K16). Por el contrario, la inactivación de p53ts a 39ºC, 

aumentaba el porcentaje de células en diferenciación. Los resultados 

mostraban que la inactivación de p53 inducía diferenciación mientras que su 

activación la inhibía. Además, observamos que tras el tratamiento a 39ºC  

durante 5 días disminuía la capacidad clonogénica de los queratinocitos, 

incluso cuando eran relanzados a las condiciones óptimas de cultivo a 37ºC, 

confirmando que la inducción de diferenciación era irreversible. Estos 

resultados eran opuestos a lo esperado y mostraban un papel para p53 

protector de la capacidad proliferativa de los queratinocitos. 

 

AREG es una proteína de la familia del factor de crecimiento epidérmico 

EGF. Se ha demostrado que su inhibición activa la diferenciación terminal a 

través de un bloqueo mitótico (Stoll et al., 2016). Se sabe que AREG se 

activa transcripcionalmente por p53 en respuesta al daño en el ADN (Taira 

et al., 2014).Por esta razón decidimos analizar si la sobreexpresión de AREG 

inhibía la respuesta de diferenciación inducida por la pérdida de p53. Con 

este objetivo, infectamos queratinocitos primarios con una construcción 

lentiviral que sobreexpresa AREG o el correspondiente vector vacío. A 

continuación, los queratinocitos se infectaron con una construcción lentiviral 

que expresa un short-hairpin ARN (del inglés, shRNA) contra p53 (shp53) o 

su correspondiente vector vacío. Para ello, se utilizó el sobrenadante de 

células productoras de lentivirus 293T. Este método se utilizó en todas las 

infecciones lentivirales descritas en esta Tesis. La sobreexpresión de AREG 

no fue capaz de rescatar el potencial proliferativo de los queratinocitos 
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perdido por la inhibición de p53. De hecho, mediante PCR cuantitativa (Q-

RT-PCR) y citometría de flujo se detectó un aumento del marcador de 

diferenciación queratina K1. Concluimos que AREG no inhibía la 

diferenciación inducida por la inhibición de p53. 

 

En conjunto, nuestros resultados sugieren que el papel de p53 en 

queratinocitos humanos consiste en proteger el potencial proliferativo de 

estas células. En este sentido, se sabe que la expresión de p53 se pierde al 

inicio de la diferenciación (Dazard et al., 2000) y que su sobreexpresión 

inhibe la de marcadores de diferenciación en cultivos organotípicos 

(Woodworth et al., 1993).Además, los resultados demuestran que la pérdida 

de p53 induce el programa de diferenciación de los queratinocitos y que esta 

proteína no es necesaria para la activación del DMC. De hecho, la pérdida de 

p53 acelera el proceso de diferenciación inducido por la sobreexpresión de 

MYC (Freije, et al., 2014), sugiriendo que ambas funciones son opuestas. p53 

también es capaz de inducir apoptosis en queratinocitos tras la exposición a 

la luz ultravioleta (Ziegler et al., 1994). Estas observaciones sugieren que p53 

tiene un papel dual en el mantenimiento de la epidermis. Por un lado, 

protegería el potencial proliferativo de las células madre al favorecer la 

reparación del daño en el ADN mediante la activación de los puntos de 

control del ciclo celular. Por otro lado, induciría la muerte celular en 

presencia de un daño tan severo que no pudiese ser reparado.  
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EL EQUILIBRIO ENTRE PROLIFERACIÓN Y 
DIFERENCIACIÓN EN LA EPIDERMIS PUEDE 

DEPENDER DEL PUNTO DE CONTROL MITOSIS-
DIFERENCIACIÓN. 

 

Dado que el bloqueo mitótico impuesto por el DMC limita la proliferación 

de los queratinocitos epidérmicos, sugerimos que alteraciones directamente 

implicadas en favorecer la mitosis podrían debilitar esta regulación. Para 

estudiar esta hipótesis, decidimos promover la división celular en 

queratinocitos que carecían de p53 o sobreexpresaban MYC. Se ha 

demostrado que ambas alteraciones inducen la diferenciación terminal a 

partir de un bloqueo mitótico (Gandarillas y Watt, 1997; Gandarillas y 

Freije, 2014). Con el fin de forzar la división celular a pesar del DMC, 

sobreexpresamos FOXM1 en estas células. FOXM1 es un factor de 

transcripción que se expresa en células proliferativas en organismos adultos 

y se pierde en células quiescentes o en diferenciación (Wierstra y Alves, 

2007). Su principal función es promover la mitosis y citoquinesis mediante la 

transcripción de moléculas directamente implicadas en estos procesos 

(Costa, 2005). Se considera un oncogén puesto que se encuentra 

sobreexpresado en diferentes tipos de cánceres humanos, entre ellos los 

carcinomas epidermoides de piel y de cabeza y cuello (Laoukili et al., 2007; 

Teh et al., 2013).  

Los queratinocitos fueron infectados con una construcción lentiviral que 

sobreexpresa FOXM1 o su correspondiente vector vacío. A continuación, 

las células fueron infectadas con una construcción lentiviral que expresa un 

shp53 o su correspondiente vector vacío, o con una construcción retroviral 

que sobreexpresa MYC inducible por OHT o el correspondiente vector 

vacío. Las infecciones se realizaron de manera eficaz, y la sobreexpresión de 

FOXM1 y MYC o la inhibición de p53 se comprobaron mediante Q-RT-

PCR, IF o WB. Es importante que la sobreexpresión de FOXM1 en 
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ausencia de p53 o tras la sobreexpresión de MYC fue capaz de inhibir el 

bloqueo en G2/M y de reducir el porcentaje de células poliploides, como se 

detectó por citometría de flujo. Curiosamente, observamos que FOXM1 

inhibía el inicio de la transcripción, que se cuantifico mediante la 

incorporación de 5´-fluoruoridina. Se sabe que la transcripción se produce 

en interfase y se inhibe durante la mitosis. Sin embargo FOXM1 inhibía la 

transcripción tanto en células mitóticas que expresaban ciclina A, como en 

células interfásicas. El gen de FOXM1 codifica para tres isoformas 

(FOXM1a, b y c), que fueron detectadas en las células mediante WB. 

Mientras que las isoformas FOXM1b y FOXM1c estimulan la transcripción 

de sus dianas, la isoforma FOXM1a presenta actividad inhibitoria (Song et 

al., 2017). Consideramos que la correcta expresión de estas tres isoformas 

podría ser necesaria para la regulación de la mitosis. Es la primera vez que se 

propone esta función de FOXM1. 

Además de inhibir el bloqueo mitótico, FOXM1 fue capaz de recuperar el 

potencial proliferativo de los queratinocitos, así como su potencial 

clonogénico. Mediante IF, Q-RT-PCR y citometría de flujo comprobamos 

que FOXM1 inhibía la respuesta de diferenciación inducida por la pérdida 

de p53 o la sobreexpresión de MYC. Este efecto se midió en base a la 

expresión de marcadores de diferenciación (Involucrina, K1 o Filagrina), los 

cambios en el aumento en tamaño y complejidad de las células y la pérdida 

de adhesión celular.  Los resultados sugieren que FOXM1 mantiene el 

potencial proliferativo de los queratinocitos mediante la superación del  

bloqueo mitótico que da lugar a la diferenciación escamosa. 

Los experimentos realizados utilizando la línea celular inmortalizada 

NTERT confirmaron el papel del DMC en la regulación de la expansión de 

queratinocitos. Esta línea celular epidérmica presenta expresión ectópica de 

la subunidad catalítica de la telomerasa humana y de manera espontánea es 

deficiente en la expresión del inhibidor del ciclo celular p16INK4a (Dickson et 

al., 2000). Aunque los queratinocitos NTERT no entran en senescencia, sí 
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presentan expresión de marcadores de diferenciación en cultivos 

organotípicos. Los NTERT fueron tratados durante tres días con 

inhibidores químicos específicos de las quinasas mitóticas Aurora B y Polo-

like 1. Estas quinasas están implicadas en la segregación cromosómica y en 

la entrada en anafase (Hansen et al., 2004; Ditchfield et al. 2003). Estos 

tratamientos inducen el programa de diferenciación terminal en 

queratinocitos primarios a partir del bloqueo mitótico (Freije et al., 2012).  

Como se observó por citometría de flujo, estos tratamientos indujeron una 

parada mitótica y un aumento del porcentaje de NTERT poliploides. 

Además, se indujo la expresión del marcador de diferenciación Involucrina. 

Mediante ensayos de clonogenicidad, se comprobó que la inducción de la 

diferenciación producía una perdida irreversible del potencial proliferativo. 

A continuación, decidimos tratar los NTERT con el inhibidor de la 

polimerización de microtúbulos Nocodazol (NOCO). Este tratamiento 

induce el programa de diferenciación terminal en queratinocitos primarios a 

partir del bloqueo mitótico (Gandarillas et al., 2000). Por el contrario, en 

NTERT esta respuesta se inducía de manera parcial. Por citometría de flujo, 

observamos un aumento de poliploidía y de tamaño, consistente con la 

diferenciación epidérmica. Sin embargo, no se detectó aumento en la 

expresión de Involucrina y los ensayos de clonogenicidad demostraron que 

estas células eran capaces de seguir proliferando a pesar de ser poliploides. 

De esta manera, concluimos que los NTERT presentan una respuesta 

parcial al bloqueo mitótico y defectos en el DMC que podrían colaborar en 

su inmortalización. Esta misma respuesta parcial se ha observado en la línea 

celular derivada de un carcinoma escamoso SCC12F (Alonso-Lecue et al. 

2017), indicando que defectos en el DMC podrían estar implicados en la 

carcinogénesis.  
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IMPLICACIONES DEL PUNTO DE CONTROL MITOSIS-
DIFERENCIACIÓN EN LA CARCINOGÉNESIS 

EPIDÉRMICA. 
 

Nuestros resultados demostraron que la pérdida de p53 induce la 

diferenciación escamosa. Se conoce que la mutación de p53 no es un evento 

iniciador del cáncer de piel, a pesar de que se encuentra frecuentemente 

mutado en este tipo de cáncer. De hecho, en la piel humana sana se 

encuentran parches de células con p53 mutada que no dan lugar a 

carcinogénesis (Jonason, et al., 1996; Ren, et al., 1997; le Pelletier, et al., 

2001). Sin embargo, mutaciones en p53 aceleran el desarrollo de cáncer de 

piel (Kemp, et al., 1993). Nuestros resultados explican esta aparente 

paradoja. Proponemos que el DMC actúa como un mecanismo de 

protección contra alteraciones oncogénicas en la epidermis (Gandarillas y 

Watt, 1997; Freije et al., 2012; Gandarillas y Freije, 2014). Las células con 

mutaciones en p53 debido a su inactivación, serían expulsadas de la piel por 

diferenciación y descamación. 

 

Los resultados obtenidos tras la sobreexpresión de FOXM1 apoyan este 

modelo. FOXM1 permitía la proliferación de células dañadas por la 

inhibición de p53 o la sobreexpresión de MYC. El nivel de daño fue 

analizado mediante la cuantificación por citometría de flujo del marcador 

γH2AX y de las roturas en las hebras de ADN mediante ensayos cometa. En 

conclusión, ante alteraciones moleculares que desregulan el ciclo celular, el 

DMC actuaría como una barrera anti-oncogénica disparando la 

diferenciación terminal. En presencia de alteraciones adicionales que 

promueven la división celular, como FOXM1, las células mutadas serían 

capaces de seguir dividiéndose, creando una población de células 

proliferativas genómicamente inestables que podrían dar lugar al desarrollo 

del cáncer. FOXM1 también podría tener un papel en el desarrollo de la 
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carcinogénesis independiente del DMC, mediante la inducción de la 

expresión de β1-integrinas, como se detectó por WB. Puesto que los 

queratinocitos diferencian al perder adhesión a la membrana basal (Adams y 

Watt, 1989), el aumento de estas moléculas mantendría su potencial 

proliferativo. 

 

PAPEL DEL DAÑO EN EL ADN EN EL PROGRAMA 
NATURAL DE DIFERENCIACIÓN DE LOS 

QUERATINOCITOS EPIDÉRMICOS. 
 

Los queratinocitos de la capa basal de la epidermis pueden encontrarse en 

dos estados proliferativos (Watt et al., 2006). Por un lado, las células madre 

presentan una alta capacidad proliferativa pero se mantiene quiescentes y se 

dividen infrecuentemente. Por otro lado, las células de amplificación 

transitoria (del inglés, TACs) proliferan activamente pero están determinadas 

a diferenciar tras 4-5 ciclos de división celular. La transición de una célula 

madre a una célula TAC se caracteriza por la activación y posterior 

desregulación del ciclo celular (Dazard et al., 2000; Zanet et al., 2010; Freije 

et al, 2102). Sin embargo, que determina las células TAC a diferenciar, es 

desconocido. Nosotros planteamos que el daño en el ADN que se estaría 

acumulando en lasTAC por la desregulación del ciclo, podría formar parte 

del programa natural de diferenciación en la epidermis y establecer el balance 

entre proliferación y diferenciación. Los resultados obtenidos en esta Tesis 

apoyan este modelo. 

Mediante IF comprobamos que los queratinocitos primarios cultivados in 

vitro expresan proteínas implicadas en la señalización y reparación del daño 

en el ADN, γH2AX y 53BP. El marcador de daño γH2AXtambién se 

detectó mediante IF en la epidermis in situ. La acumulación de daño en el 

ADN activa una respuesta celular (DNA damage response en inglés, DDR), 
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que consiste en la detección y señalización del daño, la activación de los 

puntos de control del ciclo celular y de proteínas implicadas en reparación. 

En el caso de que el daño no pueda ser reparado, la DDR activa los 

programas de apoptosis o senescencia (López-Contreras y Fernández-

Capetillo, 2012). Se conocen tres quinasas implicadas en la activación de la 

DDR: ATM, ATR y DNA-PK. Mientras que ATM y DNA-PK responden 

principalmente a roturas de la doble cadena del ADN, ATR reconoce y se 

activa por todo un abanico de lesiones típicamente producidas por el estrés 

del ciclo celular o estrés de replicación (del inglés, RS). Se ha demostrado que 

la activación de ATR en ausencia de daño en el ADN es suficiente para 

inducir senescencia (Toledo et al., 2008). Por ello, hipotetizamos que en 

queratinocitos ATR podría estar mediando la diferenciación escamosa. 

Infectamos queratinocitos primarios con una construcción retroviral que 

sobreexpresa la subunidad catalítica de la proteína TopBP1 inducible por 

OHT (TopBPER a partir de ahora), o su correspondiente vector vacío. 

TopBP1 es una proteína necesaria para la activación de ATR (Kumagai et al., 

2006). Comprobamos por IF y WB que TopBPER se expresaba eficazmente 

en los queratinocitos y que el tratamiento con OHT inducía su translocación 

al núcleo. Para comprobar que la activación de ATR era efectiva estudiamos 

el marcador γH2AX, una de las primeras moléculas fosforiladas por ATR en 

respuesta al daño (Fernández-Capetillo et al., 2004). Por WB y citometría de 

flujo comprobamos que el tratamiento con OHT aumentaba la señal de 

γH2AX. Mediante ensayos cometa confirmamos que el aumento de la señal se 

debía a la hiperactivación de ATR y no a un aumento real del daño en el 

ADN. A continuación, analizamos el efecto de la activación de ATR en la 

diferenciación de los queratinocitos y, por citometría de flujo, observamos 

que se producía un aumento del tamaño y complejidad celular y de la 

expresión de Involucrina. También detectamos una importante pérdida de 

clonogenicidad. Concluimos que la activación de ATR es suficiente para 

inducir la diferenciación escamosa de los queratinocitos. 
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En base a nuestros resultados, dedujimos que la inhibición de ATR podría 

impedir la respuesta a diferenciación de los queratinocitos. Para 

comprobarlo, infectamos las células con una construcción lentiviral que 

portaba un shRNA contra la expresión de ATR (shATR) o su 

correspondiente vector vacio. Mediante Q-RT-PCR comprobamos que la 

expresión de ATR se inhibió eficazmente. Esta inhibición fue acompañada 

por un aumento de la señal de γH2AX, que se detectó por IF. Además, por 

citometría de flujo observamos que la inhibición de ATR activaba los puntos 

de control de G2/M e inducía un aumento del porcentaje de células 

poliploides, del tamaño celular y de la expresión de K1. Contrariando nuestra 

hipótesis, los resultaron demostraron que la perdida de ATR activaba el 

programa de diferenciación de los queratinocitos. Al mismo tiempo se 

producía un aumento de la señal γH2AX. En presencia de daño en el ADN, 

γH2AX es también fosforilada por ATM y DNA-PK (López-Contreras y 

Fernández-Capetillo, 2012). De manera que interpretamos que 

probablemente las otras quinasas estaban supliendo la falta de ATR. Por 

tanto concluimos que existe una relación directa entre la señal DDR y la 

diferenciación de los queratinocitos, aunque ATR es dispensable para la 

activación de última. 

 

Con el fin de inhibir completamente la DDR utilizamos inhibidores químicos 

para las actividades quinasas de ATM, ATR y DNA-PK. Mediante citometría 

de flujo, observamos que la inhibición de ATM o DNA-PK no influían en la 

señal de γH2AX. Sin embrago, la inhibición de ATR sí disminuyó γH2AX 

tras un tratamiento de 5 horas e indujo un drástico incremento de la señal 

cuando el tratamiento se prolongó hasta tres días como habíamos observado 

mediante shRNA para ATR. Puesto que ATR es responsable de la 

reparación de lesiones producidas durante la replicación, su inhibición 

impide la reparación de este daño. Por tanto, el aumento de γH2AX (señal 
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daño en el ADN) al inhibir ATR (la reparación) sugiere que el RS es una 

importante fuente de daño endógeno en los queratinocitos en proliferación.  

 

La inhibición conjunta de ATR y ATM aumentó aún más la señal de 

γH2AX. Además, mediante ensayo cometa se observó un incremento de las 

roturas en el ADN, lo que sugiere que ATM participa en la reparación de 

lesiones producidas por RS en ausencia de ATR. Esta respuesta fue de nuevo 

acompañada por un aumento de la diferenciación terminal, según la 

expresión de marcadores de diferenciación Involucrina y K1 y el aumento 

del tamaño y complejidad celulares. Sin embargo, la inhibición simultanea de 

ATR, ATM y DNA-PK atenuó la señal de γH2AX, como se detectó por IF 

y citometría de flujo. Esta disminución se produjo en ausencia de un 

descenso de la fragmentación del ADN en ensayos cometa. Tanto IF como 

citometría de flujo, mostraron una inhibición de la expresión de Involucrina 

y K1. Mediante ensayos de clonogenicidad, también se observó una 

recuperación parcial de la capacidad clonogénica. Por lo tanto, la entrada en 

diferenciación parece estar mediada por la señal de γH2AX.  

 

Para confirmar esta hipótesis, inhibimos la señal γH2AX. Utilizamos una 

construcción lentiviral que expresa un shRNA contra H2AX, o su 

correspondiente vector vacío. La inhibición de H2AX se realizó eficazmente, 

como pudimos comprobar mediante IF, WB y Q–RT-PCR. Como 

esperábamos, al silenciar H2AX inhibimos la señal de γH2AX, según 

sedetectó por WB y citometría de flujo. La inhibición de γH2AX no solo fue 

acompañada DE una disminución de los marcadores de diferenciación 

escamosa, sino también dela del marcador de epitelio escamoso queratina 

K5. Además, aumento la expresión del marcador de epitelio simple queratina 

K8. La bajada de K5 y el aumento de K8 están asociados con la transición 

epitelio-mesénquima (TEM, Caulin et al., 1993). Estos resultaron, apoyan la 
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hipótesis de que γH2AX media la diferenciación escamosa en respuesta al 

daño en el ADN.  

 

Basándonos en el conjunto de resultados obtenidos, proponemos un modelo 

que explicaría la relación entre la proliferación y la diferenciación normal de 

los queratinocitos epidérmicos. Los queratinocitos basales proliferando 

activamente estarían determinados a diferenciar debido a la acumulación de 

daño en el ADN por el estrés del ciclo celular. Este modelo sugiere que 

existe una respuesta diferenciación al daño en el ADN (DNA damage-

differentiation response en inglés, DDDR). La DDDR establecería un 

mecanismo automático auto-limitante de la proliferación y de la iniciación de 

la diferenciación. Además, proponemos que este modelo podría funcionar en 

otros tejidos que proliferan activamente durante el desarrollo o la 

regeneración. 

 

Nuestros resultados sugieren que la entrada en diferenciación en respuesta al 

daño en el ADN es dependiente de la señal de γH2AX. Sin embargo, esta 

relación parece ser parcial, puesto que la inhibición de γH2AX no inhibe 

completamente la diferenciación escamosa. Con el fin de identificar nuevas 

moléculas involucradas en la DDDR, que responden a γH2AX o que son 

independientes de esa señal, secuenciamos el transcriptoma de queratinocitos 

primarios tras activar el DMC utilizando cuatro tratamientos diferentes. 

Estos experimentos se realizaron con la colaboración del Centro Nacional de 

Análisis Genómico (CNAG) y del laboratorio del Dr. JT Elder en la 

Universidad de Michigan, dónde realicé una estancia financiada por la 

Organización Europea de Biología Molecular (EMBO). Una vez 

identificados los genes diferencialmente expresados en cada tratamiento en 

base a su significancia estadística, los comparamos y seleccionamos aquellos 

cuya expresión aumentaba o disminuía comúnmente en los cuatro 

tratamientos. Se identificaron 40 genes cuya expresión disminuía y 15 cuya 
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expresión aumentaba. En futuros estudios se validarán estos resultados y se 

estudiará el papel de estos genes en la DDDR de queratinocitos
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CONCLUSIONES 
 

1. p53 protege el potencial proliferativo de los queratinocitos 

epidérmicos. 

2. p53 es dispensable para la activación del punto de control mitosis-

diferenciación (DMC). 

3. AREG no suprime el DMC inducido por la pérdida de p53.  

4. FOXM1 aumenta la capacidad proliferativa de los queratinocitos 

humanos e inhibe el DMC en presencia de alteraciones oncogénicas, como la 

pérdida de p53 o la sobreexpresión de MYC. 

5. FOXM1 permite la proliferación de los queratinocitos que acumulan 

daño en el ADN inducido por alteraciones oncogénicas, aumentando su 

inestabilidad genómica.  

6. La línea celular inmortalizada NTERT presenta defectos en el DMC. 

7. La señal de daño en el ADN se detecta en queratinocitos 

epidérmicos en condiciones normales de proliferación.  

8. La respuesta al daño en el ADN controla la diferenciación de los 

queratinocitos mediante la señal de γH2AX. 

9. La pérdida de H2AX favorece en queratinocitos la conversión 

fenotípica epitelial-mesenquimal típica de la carcinogénesis epidermoide. 
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HOMEOSTASIS CONTROL IN DEVELOPING TISSUES 

 

Developing tissues undergo a phase of rapid cell proliferation during both 

expansion and regeneration (Slack, 2013). In order to control tissue size and 

homeostasis, cell multiplication needs to stop at some point given that 

uncontrolled proliferation might lead to loss of tissue integrity and 

carcinogenesis. Limits to cell proliferation during tissue development are 

senescence, apoptosis and terminal differentiation. Senescence implies a 

permanent growth arrest and the secretion of numerous biologically active 

factors, mainly proinflamatory cytokines that affect the surrounding cells 

(Tominaga, 2015). Although senescent cells are involved in tissue 

remodeling during development (Storer et al., 2013, Munoz-Espin et al., 

2013), some detrimental effects such as tumor promotion and age-related 

degenerative phenotypes are associated with this cellular state (Liu and 

Hornsby, 2007, Krtolica et al., 2001, Perrigue et al., 2015, Baker et al., 2011). 

Apoptosis or programmed cell death regulates the elimination of specific 

undesired cells  during embryogenesis and adult tissues development, and 

plays an important role in sculpting the overall shape or organization of 

organs (Chen and Zhao, 1998, Glucksmann, 1965, Pampfer and Donnay, 

1999). However, apoptosis is not a suitable option when tissues expand to 

accomplish a specialized function. Differentiation is the process by which a 

stem cell changes into a more specialized cell type and lose the capacity of 

dividing, due to highly controlled modifications in gene expression (Slack, 

2013). The molecular mechanisms that coordinate proliferation with 

differentiation in developing tissues are not yet understood. 

 

The epidermis, the outermost layer of the skin, is a developing tissue that 

undergoes self-renewal during the whole lifespan of organisms. This tissue 

presents a dynamic equilibrium which ensures that the number of cells 
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generated in the basal proliferative layer equals the number of cells detached 

from the surface via shedding. This equilibrium between proliferation and 

differentiation is maintained even under hyperproliferative conditions and 

its disruption can lead to cancer development. Despite its importance the 

mechanisms maintaining this homeostatic balance are poorly understood, 

although they must depend on the regulation of cell cycle. Unraveling the 

link between cell proliferation and differentiation in the epidermis might 

help elucidating how homeostasis is maintained in other developing tissues. 
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THE CELL CYCLE 

 

1. Phases of the cell cycle. 

The cell cycle consists in a series of cellular events leading to the duplication 

of the DNA and cell division, in order to produce two identical daughter 

cells (Figure 1). The cell cycle is divided into four well defined phases: G1 

(gap 1), S (DNA synthesis), G2 (gap 2) and M [mitosis; (Alberts B. et al., 

2007, Morgan, 2007)]. The G1 phase immediately follows cytokinesis and is 

mainly a period of growth after cell division. In addition, mRNA synthesis 

takes place and histone proteins and enzymes needed by the DNA 

replication machinery of the next phase are generated. Alternatively to G1, 

post-mitotic cells under unfavorable or stress conditions can exit cell cycle 

and are maintained in a quiescent state referred to as G0. G0 cells re-enter 

G1 upon stimulation. 

 

Following G1, cells enter into S phase where the DNA is faithfully 

duplicated in order to produce two identical copies, one for each of the two 

daughter cells. The centrosomes, organelles that nucleate microtubules of 

the mitotic spindle during mitosis, are also duplicated during the S phase. 

G2 is a relative short phase where the cell builds up energy and material 

stores for cell division, as well as RNA and proteins needed for mitosis. 

During this gap, the cell also checks that the DNA has been replicated 

properly. Finally, in the M or mitosis phase cell division occurs. The 

doubled DNA organized in chromosomes is separated and the cellular 

nucleus divides (karyokinesis) as does the rest of the cell (cytokinesis). The 

M phase can itself be divided into six phases: prophase, prometaphase, 

metaphase, anaphase, telophase and cytokinesis (Alberts B. et al., 2007, 

Morgan, 2007). 



INTRODUCTION 
 

24 
 

 

Figure 1 ǀ Phases of the cell cycle. The eukaryotic cell cycle consists in four well 

differentiated phases. G1 (synthesis of cellular components), S (synthesis of DNA), G2 

(synthesis of cellular components and DNA integrity testing) compose the interphase. 

During M (mitosis) chromosomes are segregated. Cell division takes place in cytokinesis. 

Under unfavorable conditions, the cell can exit cell cycle and maintain a quiescent state (G0; 

www.le.ac.uk). 

 

- In prophase the DNA condense and most of it becomes 

transcriptionally inactive. The Golgi bodies and the endoplasmatic reticulum 

begin to break apart into membranous vesicles that can be more easily 

distributed between the two daughter cells. The centrosomes, duplicated 

during the S phase, move to opposite sides of the cell to establish the poles 

from which the microtubules are nucleated to form the mitotic spindle. 

 

- The prometaphase is defined by the breakup of the nuclear envelope 

produced by phosphorylation of the nuclear lamins. The microtubules of the 

mitotic spindle attach to the centromeric regions of the chromosomes via 

the kinetochore proteins. 

 

- Unlike the other phases, metaphase is relatively static. The sister 

chromatids are pushed and pulled by the spindle microtubules organized by 
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the centrosomes until they are all lined up along the midline of the mitotic 

spindle. Once they are lined up, the cell is considered to have reached the 

metaphase. 

 

- Anaphase is reached only if all chromosomes are lined up at the 

metaphase plate. During this phase, the sister chromatids separate and are 

pulled toward opposite poles of the mitotic spindle. Separation of sister 

chromatids requires their dissociation from the cohesin proteins. Cohesins 

bind to both molecules of DNA shortly after replication in S phase and hold 

them together until they are inactivated by the action of the enzyme separase. 

 

- Telophase begins when both sets of chromosomes arrive at their 

respective poles. Nuclear lamina and nuclear envelope are re-constructed. 

Endoplasmic reticulum and Golgi also start to re-form. By the end of 

telophase, the product is a single large cell with two complete nuclei on 

opposite sides. 

 

- The next and last step, cytokinesis, splits the cell in two separate and 

independent daughter cells. A contractile ring composed by actin and myosin 

is formed in the middle of the cell, just beneath the plasma membrane in a 

plane perpendicular to the axis of the spindle. Using ATP the ring contracts 

and pulls the membrane inward so as to divide the cell in two, thereby 

ensuring that each daughter cell receives not only one complete set of 

chromosomes but also half of the cytoplasmic constituents in the parental 

cell. 

 

1.1. Molecular regulation of the cell cycle. 

The regulation of the cell cycle is very complex. Progression through the cell 

cycle depends on the activity of complexes formed by two types of 
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regulatory proteins: cyclins and cyclin-dependen kinases [Cdks; Figure 2. 

(Murray, 2004)]. Cdks are serine/threonine kinases that phosphorylate 

different substrates inducing changes in their enzymatic activity or in their 

interaction with other proteins. So far, 20 different Cdks have been identified 

in human cells although only four are known to participate in the regulation 

of cell cycle (Cao et al., 2014). Cdk2, Cdk4 and Cdk6 act during interphase 

(G1, S and G2 phases of the cell cycle) while Cdk1 activity is restricted to 

mitosis (Malumbres and Barbacid, 2009). Cyclins act as regulatory subunits 

that activate Cdks, and their expression varies with progression through the 

cell cycle. 29 different cyclins have been identified, but only 10 of them are 

known to play a role in cell cycle progression. These 10 cyclins are classified 

in 4 sub-groups: type D, E, B and A cyclins. Regulated degradation of the 

cyclins is essential for proper cell cycle progression (Nakayama et al., 2001, 

Fung et al., 2005).  

 

In response to extracellular proliferative signals, such as growth factors or 

cytokines, cells in early G1 activate the expression of the D-type cyclins [D1, 

D2 and D3; (Matsushime et al., 1991, Won et al., 1992, Sherr, 1995)]. D-

type cyclins bind to Cdk4 and Cdk6, and the activated complex induces the 

phosphorylation of the retinoblastoma tumor suppressor protein [Rb; (Sherr 

and Roberts, 1999, Sherr and Roberts, 2004)]. Phosphorylation of Rb 

inhibits its binding to the transcription factor E2F which, once released, 

initiates the transcription of cyclin E (Johnson and Schneider-Broussard, 

1998, Geng et al., 1996, Ohtani et al., 1995). Cyclin E associates with Cdk2 

and this complex induces the transition from G1 to S phase (DeGregori et 

al., 1995). Cyclin E/Cdk2 complex participates in maintaining Rb in the 

hyperphosphorylated state (Hinds et al., 1992) and, thus, orchestrate a 

positive feedback loop for the accumulation of active E2F.  
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Figure 2 ǀ Regulation of the cell cycle by cyclin/Cdk complexes. Transition from G1 to 
S phase is dependent on the action of the complexes cyclin D/Cdk4-6 and cyclin E/Cdk2, 
which phosphorylates Rb and subsequently activates the transcription factor E2F. 
Progression from S to G2 depends on the complexes cyclin A/Cdk1-2. Finally, activation of 
the cyclin B/Cdk1 complex is needed for the entry into mitosis. 

 

E2F also regulates the transcription of cyclin A at G1, whose expression 

persists through the S and G2 phases (Schulze et al., 1995). Cyclin E-

A/Cdk2 complexes participate in DNA replication during the S phase by 

phosphorylating proteins directly involved in the process (Woo and Poon, 

2003, Petersen et al., 1999, Coverley et al., 2000). Cyclin A/Cdk2 promotes 

completion of the S phase and progression to G2 (Lehner and O'Farrell, 

1989). Progression from S to G2 also requires cyclin E degradation by the 

SCF ubiquitin ligase complex (Nakayama et al., 2001). Then, G2/M 

transition is promoted by cyclin A association with Cdk1(Gong and Ferrell, 

2010). Activation of this complex is required for the initiation of the 

prophase (Gadea and Ruderman, 2005). Cyclin A is finally degraded in 

prometaphase by the ubiquitin ligase Anaphase-promoting complex [APC; 

(Fung et al., 2005)]. Completion of mitosis is regulated by cyclin B/Cdk1 

complex by phosphorylation of different substrates that include 

cytoskeleton proteins such as lamins, histone H1, and possibly components 

of the mitotic spindle (Arellano and Moreno, 1997, Pines and Hunter, 
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1991). Mitosis progression is indirectly regulated by Wee1, a kinase that 

inactivates the cyclin B/Cdk1 complex in response to DNA damage [Figure 

3; (Schmidt et al., 2017)].Anaphase initiates only when cyclin B is degraded 

during metaphase by the APC (Harper et al., 2002). Progression through the 

cell cycle also requires the dephosphorylation and activation of the 

cyclin/Cdk complexes by the Cdc25 phosphatases [Figure 3; (Aressy and 

Ducommun, 2008)]. While G1/S progression is mainly controlled by 

dephosphorylation and activation of cyclin E/Cdk2 and cyclin A/Cdk2 by 

Cdc25A, entry into mitosis requires cyclin B/Cdk1 phosphorylation by 

Cdc25B and C. Cdc25 phosphatases, cyclin/Cdk complexes and Wee1 are 

all regulated by the activity of the 14-3-3 proteins [Figure 3; (Khorrami et al., 

2017)]. 14-3-3 associates with Cdc25 proteins and sequester them in the 

cytoplasm, hence inhibiting cyclin/Cdk complexes activation. In addition, 

binding of 14-3-3 to Wee1 leads to its activation and the inhibition of cyclin 

B/Cdk1 complex. 

 

Figure 3 ǀ Regulation of cyclin/Cdk complexes. Progression through the cell cycle 

requires cyclin/Cdk complexes activation by the Cdc25 family proteins. The repressors 

p21Cip and 14-3-3 are activated by p53 in response to DNA damage. 14-3-3 in turn 

inactivates Cdc25 and activates the inhibitor Wee1. p27 directly inhibits the cyclin/Cdk 

complexes and prevent cell cycle entry. 

 

The activity of Cdks is also modulated by different Cdk inhibitor proteins 

(CKIs). Two types of CKIs are known: INK4 and Cip/Kip family proteins. 

INK4 family includes p16INK4A, p15INK4B, p18INK4C and p19INK4D. These 
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proteins are potent inhibitors of Cdk4 and Cdk6 (Sherr and Roberts, 1995). 

In late G1 phase, the INK4 proteins compete with cyclin D for Cdk4/Cdk6 

to prevent the formation of the activated complex. The Cip/Kip family of 

CKIs includes p21Cip1, p27Kip1 and p57Kip2 control cell cycle progression by 

regulating the activity of cyclin-Cdk complexes [Figure 3; (Sherr and 

Roberts, 1999, Besson et al., 2008)]. Cip/Kip inhibitors play important roles 

in restraining proliferation during development, differentiation and in the 

response to cellular stress. Each of them has specific biological functions 

that distinguish it from the other family members. p21Cip1 is an important 

transcriptional target of p53 and mediates DNA-damage induced cell cycle 

arrest in G1 and G2 (Gartel and Tyner, 1999, el-Deiry et al., 1993). In 

contrast, p27Kip1 expression is usually elevated in quiescent cells and the 

protein is rapidly downregulated as cells enter the cell cycle (Besson et al., 

2008, Coats et al., 1996). Finally, p57Kip2 has an important role in the 

regulation of the cell cycle during embryonic development (Besson et al., 

2008).  

 

2. The mitosis master gene FOXM1. 

FOXM1 is a transcription factor of the forkhead superfamily, which is 

identified by an evolutionarily conserved winged helix DNA-binding region 

(Song et al., 2017). The human FOXM1 gene is mapped to chromosome 

12p13–3 which consists of ten exons. Two of the exons, Va and VIIa, can 

be alternatively spliced and give rise to three different isoforms named 

FOXM1a, FOXM1b and FOXM1c. The splice variant FOXM1a is 

transcriptionally inactive (Wierstra and Alves, 2007). Both FOXM1b and 

FOXM1c are transcriptionally active. The FOXM1 protein consists of 3 

functional regions including an N-terminal autorepressor domain (NRD), a 

conserved forkhead DNA binding domain (DBD) and a transactivation 

domain (TAD) at the C-terminal end  
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FOXM1 is a typical proliferation-associated transcription factor. It 

stimulates M-phase entry and is involved in proper execution of mitosis. 

FOXM1 displays a proliferation-specific expression pattern (Laoukili et al., 

2007a): it is ubiquitously expressed during embryo development but is barely 

detectable in quiescent and terminally differentiated cells (Kalin et al., 2011, 

Korver et al., 1997a). In adult organisms its expression is restricted to a few 

proliferating cell types and self-renewing tissues (Korver et al., 1997b, Ye et 

al., 1997). However, its expression is reactivated after organ injury or cancer 

formation (Wierstra and Alves, 2007). As not unexpected for a proliferation-

stimulating transcription factor, FOXM1 is implicated in tumorgenesis, as it 

is frequently up-regulated in human non-small cell lung cancers, head and 

neck squamous carcinoma, hepatocellular carcinomas, colon carcinomas, 

basal cell carcinomas, ductal breast carcinomas, glioblastomas, pancreatic 

carcinomas, gastric cancer, among others (Laoukili et al., 2007b). 

 

2.1. FOXM1 target genes. 

According to its role in cell cycle progression, FOXM1 regulates genes that 

control G1/S-transition, S-phase progression, G2/M-transition and M-

phase progression. FOXM1 induces expression of cyclin D, cyclin E, cyclin 

A and Cdc25A phosphatase, which are critical for G1/S transition, DNA 

replication and G2 progression (Wierstra and Alves, 2007, Costa, 2005, 

Wang et al., 2005). In addition, FOXM1 induces transcription of Skp2 and 

Cks1 which encode subunits of the SCF complex, required for the 

degradation of p21Cip1 and p27Kip1 during G1 phase of the cell cycle (Wang 

et al., 2005). Thus, FOXM1 negatively regulates the stability of p21Cip1 and 

p27Kip1 proteins, leading to increased Cdk2 activity and promoting G1/S 

transition. FOXM1 also transactivates the oncogene MYC (Wierstra and 

Alves, 2006). Both Cdc25B and cyclin B1 are also direct transcriptional 
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targets of FOXM1, which are required for mitosis progression (Leung et al., 

2001, Wang et al., 2002). In addition, FOXM1 is a transcriptional activator 

of various genes critical for chromosome segregation and cytokinesis, such 

as Aurora B, Polo-like kinase 1 (Plk1), Survivin and Cenp A, B and F 

isoforms [Figure 4; (Kalin et al., 2011)]. Although FOXM1 activates the 

transcription of genes involved in S-phase progression, its main role seems 

to be the promotion of mitosis. Depletion of FOXM1 caused chromosome 

instability and frequent failure of cytokinesis (Laoukili et al., 2005). In 

addition, FOXM1 knockout mice died in utero due to multiple abnormalities 

in various organ systems, including liver, lungs, blood vessels and heart 

(Kalin et al., 2011). Interestingly, these mice presented abnormal 

accumulation of polyploid cardiomyocytes and hepatoblasts resulting from 

failure to complete mitosis. Hence, FOXM1 seems essential for mitosis 

progression but not for DNA replication. 

 

 

Figure 4 ǀ FOXM1 regulates the transcription of genes involved in mitosis 
progression. FOXM1 transactivates a set of genes needed for G2/M transition, 
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chromosome segregation and cytokinesis. These genes include cyclin B, Polo-like kinase, 
Aurora B or CENP (Costa 2005). 

 

2.2. FOXM1 regulation during the cell cycle. 

FOXM1 regulates cell cycle progression by the transactivation of different 

genes needed for each of the phases. At the same time, FOXM1 protein 

activity is controlled to ensure the coordinated progression through the 

different phases of the cell cycle. It has been found that phosphorylation by 

cyclin/Cdk complexes plays an important role its activation state, cellular 

localization and stability (Song et al., 2017). FOXM1 activation is increased 

progressively during cell cycle and reaches its maximum at the G2/M 

transition. 

 

During the G1/S phase, the presence of FOXM1 in the nucleus is low. It is 

mainly localized in the cytoplasm as a dimmer and its activity is repressed by 

its own N-terminal domain. Cyclin D/Cdk4-6 initiates FOXM1 

phosphorylation at the C-terminal region of the TAD domain and the N-

terminal autorepressor domain during G1 (Song et al., 2017). This 

phosphorylation makes it more stable, causing its accumulation along with 

an increased transcriptional activity. With the progression of the cell cycle, 

cyclin A/Cdk2 and cyclin B/Cdk1 are responsible of FOXM1 further 

phosphorylation and complete activation (Lim and Kaldis, 2013). 

Translocation of FOXM1 to the nucleus occurs in late S-phase due to 

phosphorylation on two ERK1/2 target sites by Raf/MEK/MAPK (Ma et 

al., 2005). The coexistence of these two regulatory mechanisms (stabilization 

and nuclear translocation) causes a peak of FOXM1 activity in the G2/M 

phase of the cell cycle (Song et al., 2017). Once in the nucleus, FOXM1 

phosphorylates Plk1 which subsequently binds and phosphorylates 

FOXM1, enhancing its transcriptional activity (Fu et al., 2008). Later during 

G2/M, FOXM1 is further activated by Cdc25 phosphorylation (Sullivan et 
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al., 2012). Cyclin B, Cdc25 and Plk1 in turn generate a positive feedback 

loop, leading to further increase in FOXM1 activity and therefore also cyclin 

B and Plk1 levels. As the major transcription factor during cell cycle 

transition, full activation of FOXM1 ensures the coordinated expression of 

transcriptional networks essential for timely entry into mitosis. For this 

reason it has been proposed as a mitosis master gene (Costa, 2005).  

 

Finally, in order to avoid uncontrolled cell proliferation, FOXM1 expression 

must be decreased at some point during the cell cycle. The tumor 

suppressor ARF protein is known to repress FOXM1 activity by 

sequestering it into the nucleolus (Kalinichenko et al., 2004, Gusarova et al., 

2007). In addition, FOXM is indirectly inhibited by p21Cip1 and p27Kip1. 

These inhibitors repress the activity of FOXM1 by targeting the cyclin/Cdk 

complexes (Wierstra and Alves, 2007). 
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THE DNA DAMAGE RESPONSE 

 

DNA is continuously being damaged in many ways. Both endogenous and 

exogenous agents are causes of multiple types of DNA lesions. These 

lesions interfere with DNA replication, transcription, and genome integrity. 

Therefore, the damage must be repaired to ensure homeostasis and 

prevention of disease. The organisms have developed an integrative network 

of pathways to repair DNA damage faithfully, which is known as DNA 

damage response [DDR; (Lopez-Contreras and Fernandez-Capetillo, 2012)]. 

In general, DDR involves DNA lesion recognition and a signaling cascade 

that arrests the cell cycle and promotes DNA repair. DDR is also 

responsible for the induction of senescence or apoptosis in cells with 

extensive irreparable DNA damage, limiting the propagation of mutated 

cells. Activation of the DDR depends on three serine/threonine protein 

kinases of the PI3K-related kinase family: Ataxia-Telangiectasia mutated 

(ATM), ATM and Rad3-related (ATR) and DNA-protein kinase complex 

(DNA-PK). While ATM and DNA-PK respond primarily to double strand 

breaks (DSBs), ATR is activated by a much wider range of DNA lesions 

produced during DNA replication, including DSB and single strand breaks 

[SSBs; (Zou and Elledge, 2003)]. 

 

3. Sources of DNA damage. 

As mentioned, sources of DNA damage can be endogenous or exogenous. 

Exogenous damage can be produced by physical or chemical sources. 

Examples of physical genotoxic agents are IR and UV radiation. IR can 

generate SSBs, DSBs and base modifications such as oxidation, alkylation, 

deamination, loss of base residues that produce apurinic or apyrimidinic 

sites (AP sites). All of them can indirectly lead to SSBs and/or DSBs. There 

are also cross-links formed involving DNA-DNA or DNA-protein 
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interactions (Ciccia and Elledge, 2010). UV radiation, through direct 

excitation of pyrimidine bases, induces two main classes of bipyrimidine 

photoproducts: cyclobutane pyrimidine dimmers (CPDs) and pyrimidine (6-

4) pyrimidone (6-4PPs) photoproducts (Mitchell et al., 1990). In addition, 

UV radiation also gives rise to reactive oxygen and nitrogen species (ROS 

and RNS, respectively) which are also DNA damage agents (Halliday, 2005). 

Lastly, chemical exogenous sources of DNA damage can produce different 

DNA lesions, such as attachment of alkyl groups to DNA bases, cross-links, 

SSB and DSB or DNA adducts. 

 

Endogenous sources of DNA damage are mainly ROS and DNA replication 

errors produced by replication stress (RS). ROS can be generated by UV 

radiation as explained, but endogenous ROS arise from metabolism or 

inflammatory response involving the immune system (Cooke et al., 2003, 

Kohchi et al., 2009). DNA lesions produced by ROS include abasic (AP) 

sites, SSB, sugar moiety modifications and deaminated and adducted bases. 

Finally, replication stress (RS) refers to errors generated during DNA 

replication due to replication fork collapse. RS typically produces SSBs that 

become DSBs if the damage persists (Ward and Chen, 2001).  RS is 

commonly induced by DNA fragile sites, which are loci in the genome that 

are particularly difficult to replicate, hence rendering it prone to fragility 

(Durkin and Glover, 2007). Another source of RS is the replication-

transcription complex collision. Although transcription and replication 

machineries are known to be spatially and temporally separated, it has been 

reported that large genes, often located at fragile sites, are transcribed more 

than once per cell cycle. This increases the probability of collision between 

replication and transcription complexes and the formation of DNA-RNA 

hybrids (Helmrich et al., 2011). Shortage of the dNTP pool during 

replication is another cause of genetic damage. Small variations in dNTP 

pool size substantially affect fork progression (Bester et al., 2011, Gay et al., 
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2010). Finally, base insertions, deletions and substitutions can be produced 

by polymerase errors during DNA replication, with a mutation rate per base 

pair ranging from 10-9 to 10-10 (Mertz et al., 2017). 

 

Cell cycle deregulation by oncogenic alterations promotes RS and induces 

the DDR during tumorigenesis (Macheret and Halazonetis, 2015). 

Oncogene-induced RS seems to be produced by direct or indirect Cdk 

activity deregulation, which in turn results in the uncoupling of the phases 

of the cell cycle. Coordinated activation of Cdks is essential for replication 

origin licensing and firing during G1 and S phases respectively. Hence, 

oncogenes can influence the timing of DNA replication initiation. 

Oncogenes can also induce RS at the level of replication fork progression by 

decreasing the dNTP pool due to upregulation of origin licensing and firing. 

Fork progression can also be affected by the accelerated entry into S: 

shortened of G1 results in the decrease of replisome and chromatin 

associated components synthesis, which are needed for DNA replication. In 

concordance, overexpression of the oncogenic MYC or cyclin E is 

associated with increased firing of replication origin, impaired of replication 

fork progression and DNA damage (Bartkova et al., 2006, Rohban and 

Campaner, 2015). Finally, uncoupling of G1 and S phases increases the 

probability of genomic loci to be transcribed and replicated simultaneously 

increasing the chance of DNA-RNA hybrids formation. 

 

4. The cell cycle checkpoints. 

The cell cycle possesses protective mechanisms that monitor the order, 

integrity and fidelity of the major events: DNA replication and mitosis. 

These mechanisms of control are known as cell cycle checkpoints.  
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4.1. The intra-S checkpoint. 

DNA replication errors produced by RS are detected by the intra-S 

checkpoint, which activates a cascade of events that slow down replication 

and stabilize replisomes at stalled forks (Nyberg et al., 2002). Of the DDR 

kinases, ATR is the most crucial mediator of the intra-S checkpoint 

(Blackford and Jackson, 2017). ATR also functions in unperturbed S phase, 

where it regulates firing of replication origins (Sorensen et al., 2004, Shechter 

et al., 2004, Petermann and Helleday, 2010). Upon RS, ATR inhibits 

replication origin firing by phosphorylating and activating Chk1 (Blackford 

and Jackson, 2017). Chk1 subsequently phosphorylates Cdc25A, targeting it 

for ubiquitin mediated degradation. Inactivation of Cdc25A reduces Cdk2 

activity and results in cell cycle arrest and inhibition of replication origin 

firing by Cdc45 [Figure 5; (Sorensen et al., 2003, Zou and Stillman, 1998)].  

 

 
Figure 5ǀ Repression of origin firing by the intra-S checkpoint. In response to replication 
fork collapse ATR activates its target Chk1. Chk1 inhibits Cdc25A by phosphorylation, which 
results in the inactivation of cyclin E/Cdk2 complex needed for replication origin firing by 
Cdc45. 
 

Inhibition of origin firing prevents new forks from encountering damage and 

stalling. Despite the global inhibition of replication origins, the intra-S 

checkpoint activates the firing of dormant origins that are passively 
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replicated under normal conditions (Yekezare et al., 2013). Firing of dormant 

origins help to complete replication in the vicinity of stalled forks and 

thereby mitigate the consequence of fork stalling.  

 

4.2. The G1 and G2 checkpoints. 

During interphase DNA damage activates the G1 or G2 checkpoints by 

inhibiting Cdk2 or Cdk1prior to commitment to subsequent S- or M-phases 

of the cell cycle (Figure 6). Cell cycle arrest allows DNA repair. 

 

 
Figure 6 ǀ Activation of the G1 and G2 checkpoints in response to DNA damage. ATM 
and ATR kinases orchestrate the activation of a molecular pathway that induces cell cycle 
arrest in response to DNA damage (Lopez-Contreras & Fernandez-Capetillo, 2012).  

 

Activation of these checkpoints depends on ATM and ATR signal 

transduction by Chk2 and Chk1 respectively, although there is some overlap 

and redundancy between the functions of these two proteins (Lopez-

Contreras and Fernandez-Capetillo, 2012). Active Chk2 and Chk1 

phosphorylate the Cdk2 activator Cdc25A and promote its degradation, 

arresting the cell cycle at G1. ATM and ATR also induce stabilization of the 

transcription factor p53 by direct phosphorylation or by the mediation of 

Chk2 and Chk1. p53 activates the transcription ofp21Cip1, maintaining an 
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effective cell cycle arrest. The role of DNA-PK in checkpoint activation is 

controversial, although it has been found to participate in cell cycle arrest in 

the absence of ATM (Callen et al., 2009). 

 

During the activation of the G2/M checkpoint, Chk2 and Chk1 

phosphorylate and inhibit the Cdk1 activator Cdc25C. This phosphorylation 

creates a binding site for the repressor 14-3-3, which sequesters Cdc25C in 

the cytoplasm and inhibits its activity (Zeng and Piwnica-Worms, 1999). In 

addition, Chk1 and Chk2 activate Wee1, which promotes the G2 arrest by 

inhibiting the cyclin B/Cdk1 complex (Lopez-Contreras and Fernandez-

Capetillo, 2012). p53 participates in the activation of the G2/M checkpoint 

by transactivating p21Cip1 and 14-3-3σ, which prevents nuclear localization 

of cyclin B/Cdk1 after DNA damage (Hermeking et al., 1997).  

 

4.3. The spindle assembly checkpoint. 

The segregation of sister chromatids at anaphase is under the mechanical 

control of the mitotic spindle. Progression through anaphase is promoted by 

the APC, which targets a number of proteins for degradation. The spindle 

assembly checkpoint (SAC) prevents activation of the APC when 

kinetochores are not occupied by spindle microtubules, or are attached but 

not under tension (Figure 7). Binding of the substrates to the APC during 

mitosis depends on Cdc20, responsible for APC activation (Chang et al., 

2014). Therefore, by targeting Cdc20, the SAC efficiently inhibits the APC. 

The proteins responsible for Cdc20 inhibition form the mitotic checkpoint 

complex (MCC), which includes MAD and BUB3 proteins (De Antoni et al., 

2005). Once the SAC is satisfied, Cdc20 is released from MCC inhibition and 

allows active APCCdc20 to degrade securin and cyclin B (Manchado et al., 

2010). Degradation of securin releases the enzyme separase, which cleaves 

cohesin complexes at the kinetochores and permits chromatid arm 

separation. Destruction of cyclin B inhibits Cdk1 activity. Loss of Cdk1 
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activity in turn allows another APC activator, Cdh1, to bind and activate 

APC. APCCdh1 targets further proteins (Peters, 2006). 

 

 
Figure 7 ǀThe spindle assembly checkpoint (SAC) prevents aberrant chromosome 
segregation. During metaphase the SAC detects errors in chromatid attachment to 
kinetochores and inhibits the anaphase promoting complex (APC). When the SAC is 
satisfied, activation of the APC by Ccd20 degrades cyclin B and securin and allows entry into 
anaphase and chromosome segregation. 

 

5. The DNA damage repair pathways. 

As described, the sources of DNA damage are many and diverse. In 

addition, the type of lesion that is produced depends on the damaging 

source, and the molecular mechanism for repair is very specific of the type 

of lesion. As a consequence, cells possess a broad variety of DNA repair 

pathways to manage the different types of damage. The cellular repair 

pathways can be classified into two subtypes. On the one hand, excision-

based repair pathways involve lesions in which the bases are damaged or 

mismatched but the sugar-phosphate backbone is intact. On the other hand, 

homologous recombination (HR) and non-homologous end joining (NHEJ) 

are responsible of the repair of DSBs.  
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5.1. Excision-based repair pathways. 

Excision-based pathways repair damaged or mismatched DNA by 

resynthesis of new DNA using the complementary strand as a template. For 

this reason, it can occur in any phase of the cell cycle (Barnum and 

O'Connell, 2014). It is unclear whether this type of lesion activates the cell 

cycle checkpoints. It seems more likely that checkpoints are activated by the 

indirect effect of the lesion during DNA replication (Callegari and Kelly, 

2006). 

 

- Mismatch repair (MMR) removes mismatched bases incorrectly 

incorporated to the DNA sequence by the DNA polymerase. It also removes 

chemically modified bases and mono-, di-, and trinucleotide 

insertion/deletion loops (IDLs). Distortion of the DNA helix resulting from 

mismatches and IDLs are detected by members of the MutS homologs MSH 

protein family, which bind to the DNA as heterodimmers. The MutL 

homolog (MLH) complex, which presents endonucleolytic activity, is 

recruited by the MSH complex and generates nicks in the DNA. The 

exonuclease EXO1 resects the damaged strand, and polymerases and ligases 

synthesize new DNA and close the nick respectively (Jiricny, 2013). 

 

- Base excision repair (BER) removes modified bases and repair 

apurinic/apyrimidinic (AP) abasic sites. The first event in BER consists on 

the recognition and cleavage of the modified base from the sugar by a DNA 

glycosylase. This is followed by excision of the backbone by short-patch or 

long-patch repair(Krokan and Bjoras, 2013). In short-patch repair, a single 

nucleotide is removed, and the gap is filled by DNA polymerase β and 

ligated by ligase 1 or 3. In long-patch repair, 2 to 10 nucleotides are removed, 

and the process requires FEN1, PCNA, DNA polymerase β, σ or ε, and 

ligase 1.  
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- Nucleotide excision repair (NER) removes bases modified by 

products of metabolism, UV light and environmental mutagens. It plays a 

critical role in the repair of UV-damaged bases. CPDs and 6-4PPs typically 

produced by UV light disturb the double helix and are a physical impediment 

to DNA and RNA polymerases. These lesions are recognized via the XPC-

RAD23 or DDB complexes. They then recruit other XP proteins that 

promote unwinding of the DNA, excision of the damaged strand and 

resynthesis (Scharer, 2013). Tanscription-coupled NER (TC-NER) is 

activated when the RNA polymerase stalls during transcription. In TC-NER 

is the RNA polymerase II itself, and not XPC-RAD23 or DDB1-DDB2 

complexes, which recognize the damage (Hanawalt and Spivak, 2008). 

 

5.2. DSB repair pathways. 

DSBs are the most catastrophic DNA lesions and their inefficient repair 

might result in cell death or cellular transformation. DSBs can be produced 

directly by ROS, IR and chemicals, or indirectly by SSBs produced during 

replication (Barnum and O'Connell, 2014). During HR, DNA is 

resynthesized using the sister chromatid as a template and because of this, it 

is restricted to the S and G2 phases of the cell cycle. In G1, DSBs are 

repaired via NHEJ. NHEJ does not require activation of the cell cycle 

checkpoints, although they can be activated by ATM if the DNA damage 

persist (Lopez-Contreras and Fernandez-Capetillo, 2012). Repair by any of 

these pathways leads to the formation of intermediate structures different 

from double-stranded DNA that can be recognized as damage and activate a 

different repair pathway. Hence, repair can begin through a pathway and be 

shunted into another via a common intermediate (Barnum and O'Connell, 

2014). 
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5.3. DNA-PK regulates NHEJ repair. 

DNA-PK promotes DSB repair by NHEJ, which involves ligation of two 

broken DNA ends without needing a sister chromatid as template. For this 

reason, it can be active at any phase of the cell cycle (Lopez-Contreras and 

Fernandez-Capetillo, 2012). DNA-PK is activated when recruited to DSBs 

by Ku70/80 [Figure 8; (Gell and Jackson, 1999, Singleton et al., 1999)].  

 

 

Figure 8 ǀDNA-PK promotes DNA repair via NHEJ. DNA-PK is activated in response 
to DSB. Its recruitment and activation depends on the interaction with Ku70/80. DNA ends 
are processed by ARTEMIS and DNA polymerase, and ligated by the action of 
XRCC4/LigIV with the help of the stimulatory factor XLF (Kanungo, 2013). 
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DNA-PK plays a critical role in stabilizing DSB ends and preventing end 

resection through a series of phosphorylation reactions (Meek et al., 2008). 

Following DNA binding DNA-PK is autophosphorylated, which results in 

the destabilization of its interaction with DNA ends. This provides access of 

processing proteins. At this point, XRCC4/LigIV is recruited and promotes 

the re-ligation of the broken ends with the help of the stimulatory factor 

XLF (Mahaney et al., 2009). DNA termini that contain non-ligable end 

groups are processed by ARTEMIS prior to DNA ligation (Ma et al., 2002). 

 

5.4. ATM activates the cellular response to DSBs. 

ATM is responsible of promoting DSBs repair via HR and the activation of 

the cell cycle checkpoints through the mechanisms previously explained. 

The mechanism for ATM activation is not completely understood yet. It has 

been proposed that ATM activation in response to DSBs includes a dimmer 

to monomer dissociation and recruitment to the damage site. Dissociation is 

produced by ATM autophosphorylation in response to DNA lesions 

(Bakkenist and Kastan, 2003, Kozlov et al., 2006). Recruitment of ATM to 

DSBs depends on the assembly of the MRN complex, comprising MRE11, 

Rad50 and NBS1 [Figure 9; (Lee and Paull, 2005)]. Rad50 associates to the 

DSB ends and recruits MRE11 via its ATPase containing domain. Then, 

NBS1 associates with ATM and promotes its recruitment to DSBs by 

interacting with MRE11.  

 

Once activated, ATM promotes HR. Repair is initiated by nucleolytic 

resection of the two 5´ strands from the DSBs (Symington, 2014). DNA 

end resection is regulated by ATM through CtIP, which interacts with 

BRCA1 and MRN in the BRCA1-C complex. The resection reaction helps 

to commit the DBS to be repaired by HR and eliminates the possibility of 

NHEJ (Daley and Wilson, 2005). After resection, the 3´ tails are bound by 
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Replication Protein A [RPA; (Raderschall et al., 1999)]. Then, several 

recombination mediator proteins, such as BRCA2, facilitate the replacement 

of RPA by Rad51 recombinase. This Rad51-ssDNA complex is required for 

homology identification in the sister chromatid. Once homology is located, 

the 3´ end of the complex invade the sister chromatid producing a DNA 

joint known as displacement loop. Finally, the new DNA is synthesized 

using the invading strand as primer. 

 

 
Figure 9 ǀ Activation of ATM and ATR in response to DNA damage. A) ATM is 
activated by DSB. The MRN complex, composed by MRE11, RAD50 and Nsb1, recruits 
ATM to the sites of damage and activates it by phosphorylation. B) ATR is activated in 
response to SSB. RPA-ssDNA recruits ATR to the lesion interacting with ATRIP. Activation 
of ATR depends on its phosphorylation by TOPBP1, which is recruited independently by the 
9-1-1 complex.  

 

 

5.5. ATR coordinates the DDR to replication stress. 

ATR activates the DDR in response to RS and, unlike ATM and DNA-PK, 

it is essential in proliferating cells (Brown and Baltimore, 2000). ATR 

participates in HR repair after resection of DSB ends via phosphorylation of 

Rad51 and BRCA2 (Lopez-Contreras and Fernandez-Capetillo, 2012). In 
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addition, ATR prevents replication fork collapse and participates in the 

stabilization of replisomes. 

 

ATR activation is promoted by RPA-coated single stranded DNA (ssDNA) 

typically generated by collapsed replication forks (Byun et al., 2005) or 

during DSB ends resection during HR promoted by ATM (Raderschall et 

al., 1999). Activation of ATR by ATM-dependent resection is an example of 

ATM and ATR signaling pathways overlapping at some point during DDR 

activation (Cuadrado et al., 2006). The opposite case occurs when a 

replication fork collapse at a SSB, resulting in the formation of a DSB and 

the activation of the ATM pathway (Ward and Chen, 2001). RPA-ssDNA 

recruits ATR to DNA lesions via direct interaction with the ATR interacting 

protein (ATRIP), which forms a complex with ATR [ATR/ATRIP 

complex. Figure 9; (Zou and Elledge, 2003)]. ATR/ATRIP complex 

recruitment to RPA-ssDNA is not sufficient for ATR activation. The best 

known activator of ATR is the topoisomerase binding protein 1 (TopBP1), 

which contains an ATR-activation domain that stimulates ATR kinase 

activity (Kumagai et al., 2006). TopBP1 is recruited to RPA-ssDNA by the 

9-1-1 complex independently of ATR (Delacroix et al., 2007, Lee et al., 

2007). Recently, a second ATR-activator protein, ETAA1, was identified 

and found to contain an ATR-activation domain similar to that of TopBP1 

(Haahr et al., 2016). Unlike TopBP1, ETAA1 is recruited to RPA-ssDNA 

via direct binding to RPA. 

 

6. Chromatin based DDR- signaling. 

One of the first proteins phosphorylated by ATM, ATR and DNA-PK in 

response to DSBs is H2AX, a histone H2A variant, on serine 139 [γH2AX; 

(Fernandez-Capetillo et al., 2004)]. γH2AX spreads for distance up to 1-2 

megabases around DSBs and is required for DNA damage signal 
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amplification and subsequent accumulation of numerous DDR proteins at 

DSB sites, to form so called ionizing radiation induced foci [IRIF; (Ciccia 

and Elledge, 2010)]. γH2AX signal intensity increases as cells progress 

through the cell cycle, reaching maximal levels at metaphase (McManus and 

Hendzel, 2005). In addition, γH2AX is needed for proper chromosome 

segregation during mitosis (Eliezer et al., 2014). H2AX signal amplification 

starts with the binding of MDC (Stucki et al., 2005). Then Nsb1 promotes 

MDC1-MRN retention on γH2AX-chromatin containing sites (Spycher et 

al., 2008). MDC1-MRN recruits and phosphorylates ATM, leading to 

further γH2AX formation and MDC1-MRN-ATM recruitment, thus 

spreading the assembly along chromatin and amplifying  DDR signal [Figure 

10, (Stucki and Jackson, 2006, Blackford and Jackson, 2017)]. In turn this 

results in the increasing accumulation of repair factors to the site of DNA 

damage, including BRCA1 and 53BP1 (Sobhian et al., 2007, Bekker-Jensen 

et al., 2005). BRCA1 and 53BP1 proteins present antagonist functions and 

compete at the DSB sites to promote DNA repair via HR or NHEJ during 

S/G2 (Shibata, 2017). 53BP1 promotes NHEJ by preventing end resection. 

However, BRCA1 promotes HR by relocating 53BP1 from the foci center 

to the periphery. 53BP1 is also involved in maintain γH2AX marked 

chromatin transcriptionally inactive by retained damaged DNA in the so 

called 53BP1 nuclear bodies [NBs; (Fernandez-Vidal et al., 2017)]. 53BP1 

NBs are formed in G1 phase around DNA lesions produced in the previous 

cell cycle due to RS and disappear as cells enter into the S phase. 

Interestingly, the presence of 53BP1 NBs has been shown to be associated 

with G1 arrest and cellular senescence (Feng and Jasin, 2017). 

 

Finally, γH2AX also plays an important role in chromatin remodeling in 

response to DNA damage. DDR factor recruitment by γH2AX is 

influenced by the action of a network of chromatin modifying enzymes 

regulating ubiquitination, sumoylation, acetylation and methylation (Bekker-
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Jensen and Mailand, 2010). In addition, chromatin remodeling enzymes 

recruited by γH2AX stimulate chromatin relaxation at DSB sites to facilitate 

the interaction of DDR proteins with the lesion, thus promoting its repair 

(Lee et al., 2010, van Attikum and Gasser, 2009).  

 

 
Figure 10 ǀγH2AX promotes DNA damage signal amplification. ATM phosphorylates 
H2AX at the sites of DNA damage. γH2AX leads to further recruitment of MRN-ATM via 
interaction with MCD1, and this in turn spreads the γH2AX signal. Finally, repairing proteins 
such as BRCA1 and 53BP1 are also recruited and complete the formation of the IRIF.  
 

 

7. DDR and cell fate. 

As explained in this section, cells have developed a DDR to manage with 

DNA lesions in order to avoid propagation of mutations to the next 

generation that could lead to genomic instability, disruption of homeostasis 

and disease. DDR includes cell cycle checkpoints and mechanisms to repair 

DNA lesions. Finally, in response to permanent DNA damage, DDR is 

known to end in apoptosis, senescence or differentiation in order to avoid 
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proliferation of damaged cells (Lopez-Contreras and Fernandez-Capetillo, 

2012). 

 

Apoptosis or programmed cell death is an irreversible and highly regulated 

process that results in the physical loss of the damaged cells (Matt and 

Hofmann, 2016).  The most important regulator of DNA damage-induced 

apoptosis is p53, which transactivate the expression of pro-apoptotic factors 

such as Puma, Noxa and Bax (Miyashita and Reed, 1995, Nakano and 

Vousden, 2001, Oda et al., 2000). These factors promote the 

permeabilization of the mitochondrial membrane and allow the release of 

cytochrome c, Smad and HtrA2/Omi to the cytosol (Chinnaiyan, 1999). 

These proteins activate the caspase cascade, which results in fragmentation 

of the cellular components, including nuclear membrane. Apoptosis is 

essential in some developing tissues to maintain homeostasis and cell 

population balance (Abud, 2004). Very interestingly, it has been shown that 

DDR activation precedes regression of the inter-digital tissue in vertebrate 

embryos (Montero et al., 2016) and during postnatal development of retina 

(Martin-Oliva et al., 2015). 

 

An alternative outcome for cells with irreparable DNA damage is 

senescence. Cellular senescence is a permanent cell-cycle arrest that 

participates both in the developmental program and in normal ageing and 

age-related disease (McHugh and Gil, 2018). Senescence is accompanied by 

altered gene expression and morphological changes that distinguish it from 

terminal differentiation (Gandarillas, 2000). p53 is responsible of the 

activation of the DNA-damage induced senescence via its target p21Cip1. 

Increased p21Cip1 expression inhibits the cyclin/Cdk complexes causing a 

permanent G1 arrest (Tonnessen-Murray et al., 2017). p16INK4A is also 

responsible for inhibition of the cyclin/Cdk complexes, preventing the 
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phosphorylation of Rb (Sherr and Roberts, 1995). This allows the Rb family 

of proteins to recruit chromatin modifiers that silence expression of genes 

driving cell cycle progression, thus turning cell cycle arrest irreversible 

(Narita et al., 2003). Different cellular stresses can induce DDR-mediated 

senescence. Telomere shortening was the first identified cause of the 

senescence response (Harley et al., 1990). ROS also promote the activation 

of the DDR and senescence (Parrinello et al., 2003). Finally, oncogene-

induced replication stress is another important cause of cellular senescence, 

which acts as a barrier against cellular transformation and prevents tumor 

formation (Serrano et al., 1997).  

 

Recently, DDR activation in response to extensive DNA damage has been 

related to the activation of the differentiation program in melanocytes, 

neurons and keratinocytes (Inomata et al., 2009, Tedeschi and Di Giovanni, 

2009, Zanet et al., 2010, Freije et al., 2012). The mechanism by which DDR 

triggers differentiation has not been elucidated. It has been proposed to be 

mediated by p53-dependent promotion of stem cell asymmetric division 

(Lopez-Contreras and Fernandez-Capetillo, 2012). Despite its importance in 

genome stability and tissue homeostasis maintenance, the mechanism by 

which the DDR and p53 decides between apoptosis, senesce or 

differentiation is unknown. However, this might depend on the cellular 

context and the source or type of the DNA lesion (Sherman et al., 2011). 
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EPIDERMIS AS AN ADULT DEVELOPING TISSUE 

 

8. Structure and function of the skin. 

The skin constitutes a barrier that covers the external surface of the 

organism. Its main function is to act as first line of defense of the body 

against environmental aggressions; mainly UV radiation but also toxic 

chemicals, microorganism and mechanical trauma. It plays an important role 

in the prevention of water and electrolytes loss and is a sensitive and 

secretory organ directly involved in body temperature regulation. The skin is 

composed by three layers: the epidermis, the dermis and the hypodermis 

(OpenStax, 2016). 

 

The epidermis is a squamous stratified epithelium that constitutes the 

outermost layer of the skin. The cellular unit of the epidermis is the 

keratinocyte but other cellular types are also found: melanocytes, 

Langerhans cells and Merkel cells. Keratinocytes are cells characterized by 

the production and storage of keratins. Keratins are intracellular proteins 

that provide skin its harness and water-resistant properties and compose 

accessory structures, such as hair and nails. The function of melanocytes is 

the production of melanin, the pigment responsible of blocking UV 

radiation. Merkel cells are mechanoreceptors that confers the sensation of 

touch and Langerhans cells are involved in the immunological response 

(Leigh et al., 1994). The epidermis acts as a protective interface with the 

external environment and also maintains the lubrication of the skin with 

lipids and thermoregulation by hairs and sweat. 

 

The dermis is placed immediately below the epidermis and its function is to 

provide mechanical strength, elasticity and nutrient supply (OpenStax, 
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2016). It is composed by connective tissue enriched with elastin and 

collagen fibers produced by fibroblasts. The epidermis and the dermis are 

separated by the basement membrane (BM), an extracellular matrix mainly 

composed by laminins and type IV collagens, which ensure firm adhesion 

between dermis and epidermis. It also controls the traffic of cells and 

bioactive molecules in both directions and is able to bind a variety of 

cytokines and growth factors (Breitkreutz et al., 2009). The hypodermis or 

subcutaneous tissue is the innermost layer of the skin composed by 

connective and adipose tissue, and connects to the underlying fascia of the 

bones and muscles (OpenStax, 2016). It provides anchorage and lipid 

storage. 

 

9. Structure of the epidermis. 

The epidermis is composed by keratinocytes at different stages of 

differentiation distributed in different layers (Figure 11). Keratinocytes at 

the innermost layer of the epidermis, the basal layer or stratum basale, 

proliferate attached to the BM. During the differentiation process 

keratinocytes modify their biochemical characteristics, migrate throughout 

the different layers of the epidermis and are finally eliminated from the 

tissue via shedding (OpenStax, 2016). Terminally differentiated cells must be 

replaced by new cells produced in the basal layer, which means that the 

epidermis is a tissue that presents high self-renewal capacity (Watt et al., 

2006). During this process the balance between keratinocyte proliferation in 

the basal layer and differentiation is essential for the maintenance of 

epidermal homeostasis. This is the reason why the epidermis is considered 

as an adult developing tissue and a good model for the study of the 

mechanisms that regulates proliferation and differentiation. 
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9.1. Basal keratinocytes. 

Within the basal layer of the epidermis, keratinocytes can be distinguished in 

two different proliferative states. On the one hand, we found the stem cells 

(SC) which possess self-renewal unlimited proliferative capacities. However, 

epidermal SCs are mainly quiescent and very rarely divide (Niemann and 

Watt, 2002). On the other hand, we found the transient amplifying cells 

(also known as TACs) in an active proliferative state. Transition from SC to 

TAC implies commitment to differentiation. TACs block mitosis after 4 or 

5 rounds of fast cell division, loss attachment to the BM and initiate the 

process of terminal differentiation (Gandarillas and Freije, 2014).  Adhesion 

of keratinocytes to the BM is mediated by integrins, which play an 

important role in the regulation of differentiation (Adams and Watt, 1989, 

Watt et al., 1993). Epidermal SCs and TACs can be distinguished by their 

expression of β1-integrins (Watt and Jones, 1993), given that SCs express 

higher levels. 

 

Figure 11 ǀ Structure of the epidermis. Keratinocytes proliferate within the basal layer of 
the epidermis and migrate throughout the strata granulosum, spinosum and corneum during the 
process of terminal differentiation. They are finally eliminated from the tissue via shedding 
(Watt 2014). 
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9.2. The differentiation program of keratinocytes. 

Once keratinocytes in the basal layer of the epidermis loss the attachment to 

the BM, they activate the differentiation program. During differentiation 

keratinocytes migrate throughout the different layers and undergo profound 

morphological and biochemical changes, which mainly consist on changes in 

the expression of keratins (OpenStax, 2016). Within the basal layer, 

keratinocytes express keratin K5 (K5) and keratin K14 (K14). However, as 

the differentiation initiates they switch on the expression of keratin K1 (K1) 

and keratin K10 [K10; (Fuchs and Green, 1980)]. Keratin filaments 

composed by K1/K10 form thicker bundles than those formed by basal 

keratins and provide mechanical integrity to the epidermis (Moll et al., 

2008). K1 and K10 are also known as anti-proliferative keratins because 

they physically prevent proliferation of keratinocytes (Kartasova et al., 

1992).  

 

Differentiating keratinocytes from the basal layer are pushed to stratify by 

the newly proliferating cells and migrate throughout the more superficial 

layers of the epidermis [Figure 11; (OpenStax, 2016)]. First, keratinocytes 

enter into the spinous layer or stratum spinosum which is immediately above 

the basal layer. Terminal differentiation is accompanied by an increase in cell 

size that correlates with the expression of Involucrin, a precursor of the 

cornified envelope (Sun and Green, 1976, Watt and Green, 1981). Then, 

keratinocytes continue migration to the granular layer or stratum granulosum. 

In this layer, keratinization continues and keratinocytes present keratohyalin 

granules mainly containing Involucrin, profilaggrin and loricrin. Finally, as 

keratinocytes migrate to the outermost layer of the epidermis, the horny 

layer or stratum corneum, keratohyalin granules break up. Their contents are 

processed to form the cornified envelope just inside the plasma membrane. 

Keratinocytes in the horny layer are known as corneocytes and become 
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flatten and polygonal, and lack nuclei and cellular organelles. In this layer, 

keratinocytes are released from the epidermis via shedding. 

 

10. The epidermis: an endoreplicative tissue. 

It has been demonstrated that keratinocytes differentiate in the presence of 

an active cell cycle (Zanet et al., 2010). Keratinocytes continue DNA 

synthesis in suprabasal layers of the epidermis (Penneys et al., 1970, Lavker 

and Sun, 1983, Weinstein et al., 1984, Pierard-Franchimont and Pierard, 

1989). While basal keratinocytes are mostly found in G0/G1, suprabasal 

keratinocytes can be found in any phase of the cell cycle. Notably an 

increased proportion of differentiating cell is found displaying 4N DNA 

content, characteristic of the G2 or M phases (Zanet et al., 2010). In 

addition, mitotic cells are frequently found in suprabasal epidermis. Given 

that keratinocyte proliferation is restricted to the basal layer of the 

epidermis, the presence of an active cell cycle in differentiating cell is only 

explained by endoreplication (Gandarillas and Freije, 2014). Endoreplication 

consists in DNA re-replication in the absence of cell division (Fox and 

Duronio, 2013). This can occur via mitosis bypass or mitosis slippage. In the 

case of mitosis bypass, cell cycle is arrested by the G2 checkpoint and the 

cell skips mitosis, re-entering in a new phase of DNA synthesis. Mitosis 

bypass occurs when Cdk1 is inhibited in G2, and requires Cdk2 activity 

(Kim et al., 2010). During mitosis slippage, however, the cell cycle is 

arrested at mitosis and exit of mitosis and completion of cytokinesis are 

inhibited (Andreassen and Margolis, 1994). Progression to anaphase by 

cyclin B degradation in the presence of an active SAC that impedes 

chromosome segregation and cytokinesis is necessary for mitotic slippage to 

occur (Brito and Rieder, 2006). After mitotic slippage, cells do not re-enter 

into G1 but are maintained in a special G2/M state (Zanet et al., 2010, 

Mantel et al., 2008). Regardless of the occurring mechanism, endoreplication 
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arises from the incapability of the cell to maintain an effective G2/M arrest 

and results in increased DNA content and polyploidy. Although the exact 

mechanisms triggering endoreplication has not been elucidated yet, turning 

from a proliferative to an endoreplicative cell cycle seems to rely on a switch 

in the expression of cell cycle regulators. Endoreplicating cells that do not 

express Cdk1 or its activators, cyclin B, cyclin A and Cdc25C, but exhibit 

expression of Cdk2, cyclin E and p-Rb (Edgar and Orr-Weaver, 2001). In 

concordance, expression of mitotic regulators is loss in suprabasal layer, 

while expression of S phase regulators is maintained (Zanet et al., 2010). 

Expression of cyclin E occurs in all the layers of the epidermis but while in 

the basal layer it is moderate and patchy, it increases and spreads in 

differentiated layers. Regarding mitotic cyclins A and B, the most positive 

cells are detected within the first suprabasal layer. Here, cyclins A and B are 

co-expressed with the terminal differentiation keratins K1 and K10, known 

anti-proliferative keratins (Kartasova et al., 1992). No cyclin A or B is 

detected in more superficial layers that markedly express cyclin E. 

 

Endoreplication in the skin might play relevant biological functions and 

collaborate in the maintenance of tissue homeostasis in many ways (Freije et 

al., 2012). Indeed, it has been proposed that mitotic slippage is an alternative 

to apoptosis induced by a prolonged mitotic arrest (Blagosklonny, 2007). 

Endoreplication allows keratinocytes to increase in size, improving the 

resistance of skin to mechanical tension. The larger size reduces the number 

of cells that are needed for a given body surface, limiting the number of cell 

division within the basal layer and thus the probability of gene mutations 

due to environmental hazard such as UV light. In addition, amplifying gene 

copy number renders more efficient the production of mRNA and proteins. 

Finally, endoreplication acts as an anti-oncogenic barrier that allows 

proliferating keratinocytes to differentiate when the mitosis checkpoints are 

activated.  
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10.1. The differentiation-mitosis checkpoint. 

In the epidermis, active proliferation and terminal differentiation are linked 

by a molecular mechanism that is essential for the maintenance of tissue 

homeostasis. However, this mechanism is not completely understood yet. 

Our laboratory has described that keratinocytes possess a checkpoint that 

activates the differentiation program in response to a prolonged G2/M 

arrest: the differentiation mitosis checkpoint [DMC; Figure 12; (Gandarillas 

and Freije, 2014)]. Blocking mitosis by inhibiting Cdk1 or components of 

the spindle checkpoint, such as Aurora B or Polo-like kinases, activates the 

DMC and triggers a rapid increase in cell size and expression of 

differentiation markers (Freije et al., 2012). Activation of the G2/M 

checkpoints by causing genotoxic insult by doxorubicin or bleomycin also 

induces this response (Zanet et al., 2010). 

 

Figure 12 ǀ A prolonged mitotic arrest activates the differentiation-mitosis checkpoint 
(DMC) and triggers terminal differentiation. Active proliferating keratinocytes suffer a 
mitotic arrest that results in the loss of adhesion to the BM. As a consequence keratinocytes 
undergo mitotic slippage, endoreplication and terminal differentiation (Gandarillas & Freije, 
2014). 
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The DMC is also activated in response to S phase deregulation by 

oncogenic alterations, such as MYC or cyclin E overexpression (Gandarillas 

and Watt, 1997, Freije et al., 2012). The transcription factor MYC is an 

oncogene found upregulated in many types of human cancer. Its oncogenic 

activity relies on its capacity of promote cell cycle entry and progression. 

MYC activates the expression of essential proteins for G1/S progression 

such as E2F, Cdk2, Cdk4, Cdk6, cyclin D and cyclin E (Bretones et al., 

2015). MYC also represses the expression of the Cdk inhibitors p21Cip1 and 

p27Kip1 (Claassen and Hann, 2000, Yang et al., 2001). Due to the DMC, 

overexpression of MYC or cyclin E in keratinocytes does not lead to 

uncontrolled proliferation, but to terminal differentiation (Gandarillas and 

Watt, 1997, Freije et al., 2012). These alterations produce the deregulation of 

cell cycle and the accumulation of DNA damage due to RS, and activate the 

G2/M checkpoints (Gorgoulis et al., 2005, Hills and Diffley, 2014). A 

prolonged G2/M arrest brings about the activation of the DMC, and 

keratinocytes undergo endoreplication and differentiation (Figure 12). 

Hence, the DMC contributes to maintain homeostasis by linking 

proliferation with differentiation and is part of an oncogene-induced 

differentiation response (OID) that protects the epidermis from oncogenic 

alterations (Gandarillas, 2012). The OID ensures that dangerous DNA 

mutations do no longer have undesirable effects, given that cell division is 

irreversibly blocked. Thus, additional alterations directly involved in mitosis 

control disrupting the DMC might be needed for carcinogenesis. Indeed, 

defects in the DMC has been shown to increase genomic instability and 

malignant progression of squamous cell carcinoma (Alonso-Lecue et al., 

2017). Thus, the role of OID in the epidermis might be similar to that of 

apoptosis or senescence in other systems (Evan and Littlewood, 1998, 

Halazonetis et al., 2008).  
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OBJECTIVES 

 

The objectives established in this Thesis were directed to the study of the 

molecular regulation of the Differentiation-Mitosis Checkpoint of epidermal 

keratinocytes in response to DNA damage. The specific objectives were:  

 

1. To study the role of tumour suppressor p53 in the Differentiation-

Mitosis Checkpoint of human primary keratinocytes. 

 

2. To determine if a cell division block is responsible for squamous 

terminal differentiation. 

 

3. To analyze the role of the DNA damage response in the normal 

program of squamous differentiation. 

 

4. To search for the molecular signals that triggers squamous 

differentiation in response to DNA damage. 
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MATERIALS & METHODS 

 

1. Cell cultures 

Ethical permission for this study was requested, approved and obtained 

from the Ethical Committee for Clinical Research of Cantabria Council, 

Spain. In all cases, human tissue material discarded after surgery was 

obtained with written consent presented by clinicians to the patients, and it 

was treated anonymously. 

 

1.1. Primary cell culture 

Primary human keratinocytes were cultured under high or low calcium 

concentration conditions. For high calcium concentration (1.2 mM Ca2+) 

keratinocytes were cultured in the presence of a mouse fibroblast feeder layer 

J2-3T3 containing the pBabe-PURO plasmid, which confers resistance to 

puromycin (Rheinwald and Beckett, 1980, Rheinwald, 1989, Gandarillas and 

Watt, 1997). J2-3T3 cells were inactivated by mitomycin C (feeders, 6µg/ml. 

Sigma-Aldrich; ref. M0503). Keratinocytes and feeders were co-cultured in 

Rheinwald FAD medium: DMEM/Ham’s F12 (3:1 v/v, DMEM: Dulbecco’s 

Modified Eagle Medium. Lonza; ref. BE12-604F. Ham’s F12: Lonza; ref. 

BE12-615F) containing 10% of fetal bovine serum (FBS. Lonza; ref. DE14-

8001F), 0.5ng/ml hydrocortisone (Sigma-Aldrich; ref. H0888), 0.01 ng/ml 

epidermal growth factor (EGF. Sigma-Aldrich; ref. E9644), 0.08 ng/ml 

cholera toxin (Sigma-Aldrich; ref. C8052), 1.8x104 M adenine (Sigma-Aldrich; 

ref. A2786), 5µg/ml insulin (Sigma-Aldrich; ref. I5500), 2 mM L-glutamine 

(Lonza; ref. BE17-605E), 0.75 mM sodium pyruvate (Lonza; ref. BE13-

115E) and 100 U/ml penicillin-streptomycin (PenStrep. Lonza; ref. BE17-

602E). For low calcium concentration (< 0.1 mM Ca2+) keratinocytes were 

cultured on Keratinocyte Growth Medium 2 (Promocell; ref. C-20111) or 

Defined Keratinocyte-SFM (Thermo-Fisher; ref. 10744019). Cells were 
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cultured at 37ºC and 5% CO2 . Culture medium was replaced three times per 

week. 

 

Before keratinocyte harvesting, dishes were washed with PBS-EDTA 

(250uM. EDTA: Sigma-Aldrich; ref: E7889; PBS: Lonza; ref. BE17-517Q). 

In high-calcium cultures, the feeders were first removed by pipetting PBS-

EDTA insistently. Keratinocytes were detached with PBS-EDTA and trypsin 

(2:1 v/v, 0.25% Trypsin-EDTA. Thermo-Fisher; ref. 25200-056). 

Keratinocytes were resuspended and disaggregated by pipetting the cell 

suspension in Rheinwald FAD medium insistently. Cells harvested were 

counted using a neubauer counting chamber and centrifuged at 1,000 rpm 

for 5 minutes. The supernatant was discharged and the cellular pellet 

resuspended in FAD medium at a density of 1 x 106 cells per milliliter. When 

replated under high calcium conditions 4 x 105 keratinocytes in 100 mm 

dishes were plated. Under low calcium conditions, this number was raised up 

to 2 x 106 keratinocytes in 100 mm dishes. In this project three strains of 

keratinocytes from different individual were used: KSH, KSJ and KSP. 

 
 
1.2. Cell lines. 

In addition to primary cells, cell lines used in this project were 3T3-J2, 

HEK293T and AM12. All of them were cultured in DMEM medium 

supplemented with 10% donor bovine serum (DONOR. Thermo-Fisher: 

ref. 16030074), PenStrep and L-glutamine. Telomerase-immortalized 

N/TERT-2G keratinocytes (Dickson et al., 2000) were grown in Rheinwald 

FAD medium as primary keratinocytes above. 
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2. Treatment with chemical inhibitors. 

Primary human keratinocytes grown under high calcium conditions were 

treated with chemical inhibitors for different aims (Table 1). After 

treatment, keratinocytes were harvested at the lengths of times and the 

analyses indicated in the assays.  

 

Table IǀChemical inhibitors and used concentrations. 

 

Compound Effect Company Reference Concentration 

AZ20 ATR inhibition Selleckchem S7050 3 µM 

BI 2536 Plk inhibition Axon Medchem 1129 10 nM 

Doxorubicin Massive DNA 
damage Sigma-Aldrich D1515 0.5 µM 

0.1 µM 
KU 5593 ATM inhibition Tocris 3544 1 µM 

Nocodazol 
Inhibition of 
microtubules 

polymerization 
Sigma-Aldrich M1404 20 µM 

NU 7441 DNA-PK 
inhibition Selleckchem S2638 1 µM 

ZM 44739 AurB inhibition Tocris 2458 2 µM 

 

 

3. Cell infections. 

For gene delivery in primary human keratinocytes two different methods 

were used. 

 

3.1. Retroviral infections. 

This method was chosen for stable expression in primary human 

keratinocytes of the retroviral vectors pBabe-empty,  pBabe-MYCER (MYC 

fusion protein containing the ligand binding domain of a mutant estrogen 

receptor that responds to 4-OH-hydroxytamoxifen (Freije et al., 2014, 
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Gandarillas et al., 2000, Gandarillas and Watt, 1997), pMXPIE-empty and 

pMXPIE-TopBPER [TopBP1 activating domain fused to a mutant estrogen 

receptor that responds to 4-OH-hydroxytamoxifen (Toledo et al., 2008)]. 

AM12 producer cells were grown to confluence and treated with mitomycin 

C for 2 hours. AM12 cells and primary keratinocytes were co-cultured under 

high calcium conditions for 2 days. AM12 cells were then removed from the 

cultures by pipetting PBS-EDTA and feeders were added to the keratinocyte 

culture. Puromycin (1µg/ml. Sigma-Aldrich; ref. P8833) was added for 

selection of vector expressing keratinocytes. 

 

3.2. Lentiviral infections. 

The following lentiviral vectors were expressed in primary human 

keratinocytes: pLKO1-empty, pLKO1-shp53-427, pLKO1-shH2AX, 

pLKO1-shATR, pLVHTM-GFP, pLVHTM-shp53-GFP, pLVX-empty, 

pLVX-proAREG, pLVX-FOXM1, pLenti4/Block-iT-DEST-shEGFP and 

pLenti4/Block-iT-DEST-shAREG (constructs expressing shEGFP or 

shAREG under the control of a tetracycline (TET)-regulated histone H1 

promoter). Lentiviral production was performed by transient transfection of 

HEK293T cells. HEK293T cells were transfected at 70% percent of 

confluence with a plasmid expressing the protein envelope of the virus pCl-

VSVG (3µg. Addgene; ref. 11653), the packing plasmid psPAX2 (7.5 µg. 

Addgene; ref. 12260) and the plasmid of interest (10 µg). jetPEI (VWR, ref. 

101-01) was used as transfection reagent. 5x108 HEK293T cells were plated 

in 100 mm dishes the day before transfection. 90 µl of jetPEI were diluted 

in 660 µl of NaCl 150 mM. The three plasmids described above were 

resuspended in a final volume of 750 µl of NaCl 150 mM. JetPEI and 

plasmid solutions were mixed and incubated for 20 minutes at room 

temperature. The mix was then added to the HEK293T cultures.  
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For keratinocyte infection under high calcium concentration conditions, 

HEK293T cells were incubated with the transfection mix for 8 hours and 

fresh medium was added (DMEM 10% DONOR serum). 8 hours before 

keratinocyte infection HEK293T cells medium was replaced by Rheinwald 

FAD medium for keratinocytes. 5x105 primary human keratinocytes were 

plated in 10 mm dishes in the presence of feeders and Rheinwald FAD 

medium. 6 hours later HEK293T supernatant was collected and filtered 

through 22 µm filters (Merk-Millipore; ref. SLGP033RB). Polybrene 

infection reagent (8 µg/ml, Sigma-Aldrich; ref. H9268) was added to the 

filtered supernatant. The supernatant was added to keratinocyte cultures. 

The infection was performed at 37ºC and 5% CO2 overnight. Supernatant 

was removed and fresh Rheinwald FAD medium was added to the cultures.  

 

For keratinocyte infection under low calcium concentration conditions 2 x 

106 primary human keratinocytes were plated in 10 mm dishes the day 

before infection in Keratinocyte Growth Medium 2. HEK293T cells were 

incubated with the transfection mix overnight and then fresh medium was 

added (DMEM 10% DONOR serum). 8 hours later, Keratinocyte Growth 

Medium 2 was added to the HEK293T cultures and cells were incubated 

overnight. Supernatant was collected, filtered and supplemented with 

polybrene infection reagent. Keratinocytes were incubated with supernatant 

for 8 hours at 37ºC and 5% CO2. Supernatant was removed and Defined 

Keratinocyte-DSF medium was added. 

 

4. Clonogenicity assays. 

For clonogenicity assays keratinocytes were plated at low densities (5,000 

cells per well) with feeders and Rheinwald FAD medium in 6 well plates. 

After 12-14 days, wells were washed with cold PBS and fixed with 

formaldehyde (3.7%, Sigma-Aldrich; ref. F8775) for 10 minutes. Wells were 
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then washed again with cold PBS and stained with Rodamine-Nile Blue 

solution (Rodanile: 1% Rodamine B, Sigma-Aldrich; ref. R6626, 1% 

NileBlue. Sigma-Aldrich; ref. N5632) in distilled water (Watt and Jones, 

1993). Wells were washed with distilled water three times. 

 

5. Flow cytometry 

Flow cytometry was performed on a Becton Dickinson BD FACS CantoTM 

cytometer (Franklin Lakes, NJ, USA) and analyzed by BD FACS Canto 

software. To minimize the presence of aggregated cells each sample was 

resuspended and filtered through 70 µm filters. For each sample a total of 

10,000 events were acquired excluding cell debris. Specifications about 

primary and secondary antibodies can be found in Table 2 and 3. 

 

5.1. DNA content. 

DNA content analysis was performed as described (Freije et al., 2012). 

Harvested cells were washed with cold PBS and centrifuged twice at 1,000 

rpm for 5 minutes at 4ºC. Cells were then fixed in 1 ml 70% cold ethanol 

(ETOH. Sigma-Aldrich; ref. 02860) and vortexed vigorously for 1 minute. 

Fixed cells were maintained at 4ºC for at least 30 minutes. Cells were washed 

with 2 mL PBS 0.5% FBS and centrifuged 5 minutes at 2,000 rpm at 4ºC. 

Cells were then resuspended in 500 µl of the solution RNAsa (100 µg/ml, 

Thermo-Fisher; ref. 12091-021), propidium iodide (PI. 25 µg/ml, Thermo-

Fisher; ref. P3566) and PBS. Cells were incubated overnight at 4ºC. 

 
 
5.2. DNA synthesis. 

Cells were treated with Bromodesoxyuridine (BrdU. 10 uM, Sigma-Aldrich; 

ref. B5002) for 1.5 hours before harvest. BrdU untreated negative controls 

were also carried out. Once harvest cells were washed twice, centrifuged and 
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fixed in 70% cold ethanol. Cells were then washed with washing buffer, PBS 

5% FBS and 0.5% Tween 20 (Sigma-Aldrich; ref. P1379) and centrifuged 5 

minutes at 2,000 rpm at 4ºC (Zanet et al., 2010). The supernatant was 

removed and cells were treated with 2 M HCl (Merk-Millipore; ref. 100319) 

at room temperature for 20 minutes. Cells were washed twice with 0.1 M 

sodium tetraborate (NaB4O7, Sigma-Aldrich; ref. 221732) and once with the 

washing buffer described above. Cells were incubated with primary antibody 

anti-BrdU for 1 hour at room temperature. Cells were washed twice with 

washing buffer and incubated with the secondary antibody AlexaFluorR 488 

anti-mouse IgG for 1 hour at room temperature in darkness. Cells were 

washed twice with washing buffer and stained with PI as described above. 

 
 

5.3. Protein expression. 

The expression of the epidermal differentiation markers Involucrin, K1 and 

K16 and the DNA damage marker γH2AX was analyzed by flow cytometry.  

 

For Involucrin expression analyses cells were harvested and fixed in 3.7% 

paraformaldehyde (PFA, Sigma-Aldrich; ref: STBB5309) for 10 minutes. 

Cells were then washed twice with PBS containing 0.5% FBS and 

permeabilized with 0.3% saponin (Sigma-Aldrich; ref. S4521) for 20 minutes 

at room temperature. Samples were washed twice with washing buffer PBS 

containing 5% FBS and 0.1% saponin and centrifuged at 2,000 rpm. Cells 

were incubated for 1 hour at room temperature with primary antibody anti-

Involucrin. After washed twice, cells were incubated for 1 hour at room 

temperature with corresponding secondary antibody. 

 

For keratins K1, K16 and γH2AX cells were harvest, fixed with 70% cold 

ethanol and vortex vigorously for 1 minute. Cells were washed twice with 

washing buffer PBS, 5% FBS and 0.5% Tween 20 and centrifuged at 2,000 

rpm. Cells were incubated for 1 hour with primary antibody at room 
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temperature. After washed twice, cells were incubated for 1 hour at room 

temperature with corresponding secondary antibody. 

 

6. Immunofluorescence. 

6.1. Immunofluorescence on cultured cells. 

Cells were cultured on round glass coverslips and fixed with methanol 

(MeOH) at -20ºC for 10 minutes. For Involucrin detection cells were fixed 

with 3.7% formaldehyde (FHO) for 10 minutes and permeabilized with -

20ºC MeOH for 5 minutes. After fixation, samples were washed with PBS 

twice and for the last wash with PBS 0.05% Tween 20 (PBS-Tween). 

Samples were incubated with the primary antibody (Table 2) for 1 hour at 

room temperature. Samples were washed twice with PBS and once with 

PSB-Tween, and incubated with the corresponding anti-mouse or anti-rabbit 

secondary antibody for 1 hour in darkness at room temperature (Table 3). 

Nuclear DNA was stained with DAPI (0.2 µg/ml. Sigma-Aldrich; ref. 

D9542) for 10 minutes.  Coverslips were mounted using Prolong Gold 

antifade mountant reagent (Thermo-Fisher; ref. P36934) and visualized with 

the fluorescence microscope Zeiss Imager D2 with Axio Cam MRm camera 

and light source for fluorescence illumination HXP 120C Ku;bler codex. 

 
 
6.2. Immunofluorescence on frozen tissue. 

Fat and connective tissue were removed from neonatal foreskin samples 

before their inclusion in O.C.T. compound (Sakura Tissue-TEK; ref. 4583). 

After inclusion samples were frozen in isopentane (ITW; ref. 123501) and 

submerged in liquid nitrogen. Frozen samples were stored at -80ºC. Samples 

were sectioned with a cryostate in 10-12 µm sections, which were collected 

in Superfrost Plus microscope slides (Thermo-Fisher; ref. J1800AMNZ). 

For immunofluorescence detection sections were fixed 10 minutes with 
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MeOH -20ºC, or 10 minutes with 3,7% FHO and permeabilized with 

MeOH -20ºC for 5 minutes or 0.5% Triton X-100 (Sigma-Aldrich; ref: 

9002-93-1). Samples were then washed and incubated with primary and 

secondary antibodies as described in section 6.1. Nuclear DNA was stained 

with DAPI.  Slides were mounted using Prolong Gold antifade mountant 

reagent. Specifications about primary and secondary antibodies can be 

found in Table 2 and 3. 

 

Table IIǀPrimary antibodies used by flow cytometry (FACS), immunofluorescence (IF) or 
western blot (WB). *IgG used as negative controls. ** Negative controls are used at the same 
concentration of the corresponding primary antibody. *** Unknown. **** Provided by 
Oskar Fernandez-Capetillo. 

 

Primary antibodies 

Antibody Host Company  Reference 
Dilution 

FACS  IF  WB  

* IgG Mouse 
Sigma-
Aldrich 

I-5381 ** - - 

* IgG Rabbit 
Sigma-
Aldrich 

R9133 ** - - 

53BP1 Rabbit Bethyl A300-272A - 1:200 - 

β1-integrin 
(P5D2) 

Mouse *** *** - 1:50 - 

BrdU Mouse 
Benton-

Dickinson 
347580 4µ - - 

BrdU Mouse Sigma B8434 - 1:50 - 

Cyclin A (H-432) Mouse Santa Cruz sc-751 - 1:50 1:500 

Cyclin B (GNS1) Mouse Santa Cruz sc-245 - 1:100 1:500 

Cyclin E (HE12) Mouse Santa Cruz sc-247 - 1:50 1:100 

ER  (MC20) Rabbit Santa Cruz sc-542 - - 1:500 

ER (Mouse 
Estrogen 
cret94D:H9) 

Mouse **** **** - Pure 1:10 

FOXM1 Rabbit Santa Cruz sc-502 - 1:100 1:500 

GAPDH (0411) Mouse Santa Cruz sc-47724 - - 1:200 
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ɣH2AX Mouse 
Merk-

Millipore 
05-636 1:250 1:1000 1:500 

ɣ-tubulin (GTU-
88) 

Mouse 
Sigma-
Aldrich 

T 6557 - 1:300 - 

H2AX (C20) Mouse Santa Cruz sc-54606 - 1:1000 1:500 

Involucrin (SY5) Mouse 
Sigma-
Aldrich 

I-9018 1:50 1:100 1:5000 

Keratin 1  (AF87) Rabbit BioLegend PRB-149P 1:60 1:100 - 

Keratin 5 (C-
terminal) 

Rabbit 
Sigma-
Aldrich 

ESAB4501651 - 1:100 - 

Keratin 8  (M20) Mouse 
Sigma-
Aldrich 

C5301 - 1:100 1:500 

Keratin 16 Mouse Santa Cruz sc-53255 1:100 - - 

p21  (CP47) Mouse 
Sigma-
Aldrich 

P1484 - - 1:1000 

p53 (FL393) Mouse Santa Cruz sc-6243 - 1:100 1:1000 

p-ATM:ATR 
substrates 

Rabbit 
Cell 

Signalling 
2851S - 1:100 - 

p-H3  (Ser10) Rabbit Santa Cruz sc-8656-R - - 1:500 

 

 

6.3. Immunofluorescence on paraffin-embedded tissue 

Paraffin-embedded skin sections on Superfrost Plus microscope slides were 

deparaffinated by incubation at 55ºC during 15 minutes. For rehydratation 

prior to staining, samples were immersed 3 times in xylol for 5 minutes each 

time, 3 times in pure ethanol for 5 minutes each time, 5 minutes in 90% 

ethanol, 5 minutes in 50% ethanol and washed 5 minutes with distilled 

water. For antigen retrieval, samples were immersed in retrieval buffer 

(distilled water containing 1.8% of 100 mM monohydrate citric acid and 

8.2% of 100 mM dehydrate sodium citrate) and boiled in a microwave at 

900 W. Then, samples were incubated at 150 W for 15 minutes and chilled 

at room temperature for 20 minutes. Samples were next washed with 

distilled water. 
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For autofluorescence blocking, sections were incubated for 30 minutes at 

room temperature in 100 mM NH4Cl and washed with PBS 3 times for 5 

minutes each time. Samples were then incubated for 1 hour in PBS 

containing 8% of goat serum (Thermo-Fisher; ref. 16210064) and 1% 

bovine albumin serum (BSA. Sigma-Aldrich; ref. A6003). Samples were 

washed twice with PBS and once with PBS 0.05% Tween 20, and incubated 

with primary antibodies diluted in 2% BSA over night at 4ºC. Samples were 

then washed twice with PBS and once with PBS 0.05% Tween 20, and 

incubated with secondary antibodies diluted in 2% BSA 1 hour at room 

temperature in darkness. After washing 3 times with PBS, samples were 

incubated 10 minutes with DAPI as in section 6.1. Slides were mounted 

using Prolong Gold antifade mountant reagent. Specifications about primary 

and secondary antibodies can be found in Table 2 and 3. 

 
6.4. Run-on transcription assay. 

For detection of nascent RNA in cellula, primary human keratinocytes were 

cultured on coverslips and incubated for 20 minutes with 5’-fluorouridine (5-

FU, Sigma-Aldrich; ref. F5130) to a final concentration of 2 mM. Cells were 

then washed with HEPEM buffer (30 mM Hepes, 65 mM Pipes, 2 mM 

EGTA and 2 mM MgCl2) and fixed with 3.7% PFA in HEPEM buffer 

containing 0.5% Triton X-100 for 10 minutes. The incorporation of 5’-FU 

into nascent RNA was detected with and antibody against halogenated UTP 

for 1 hour at room temperature. Samples were washed twice with 0.05% 

Tween 20 in PBS and incubated with corresponding secondary antibody 

(Table 3) for 1 hour at room temperature.  

 

For double detection of nascent RNA and cyclin A expression, samples 

were co-incubated for 1 hour at room temperature with anti-BrdU and anti-

cyclin A primary antibodies. After washing, samples were co-incubated for 1 
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hour at room temperature with corresponding secondary antibodies. DNA 

was stained with DAPI as described in section 6.1. Specifications about 

primary and secondary antibodies can be found in Table 2 and 3. 

 

7. Protein analysis by Western Blotting. 

Cells were harvested by PBS-EDTA and trypsin and were centrifuged at 

12,000 rpm for 30 seconds. Cell pellets were stored at -20ºC until the 

moment of lysis. Lysis buffer [150 mM NaCl 4M, 50 mM Tris 1M pH 8, 20 

mM NaF 1M, 1% Np40, 1 mM EDTA 0.5M pH 8, 0.2% SDS 10%, 1X 

phosphatases inhibitor (Thermo-Fisher; ref. 88667)] and protease inhibitor 

(1:100. Merk-Millipore; ref. 539131) were added directly to the cell pellets 

and mixed by pipetting. Cells were incubated with lysis buffer for 10 

minutes on ice and mechanical lysis was performed by pipetting. This 

process was repeated three times, up to 30 minutes. Lysates were 

centrifuged at 12,000 rpm for 15 minutes at 4ºC, supernatants were 

collected and stored at -80ºC. Protein quantification was performed using 

the fluorometric system Qubit 4.0 (Life Technologies).  

 

Samples (50-80 µg of protein) were mixed with loading buffer [4X Laemli 

buffer (BioRad; ref. 1610747), 100 nM Tris-HCl 1M pH 6.8, 4% SDS, 20% 

glycerol, 8% B-mercaptoethanol and 0.1% blue bromophenol] and heated at 

95ºC for 5 minutes. Samples were then loaded into polyacrylamide-SDS 

gels. The percent of polyacrylamide was adjusted to 10% for proteins with 

molecular weight higher than 40 kDa, and to 12% for proteins with lower 

molecular weight. Vertical electrophoresis was performed using Mini-

Protean II (Bio-Rad) with 1XTris/Glycin electrophoresis buffer (Bio-Rad; 

ref. 161-0771) in distilled water containing 0.1% SDS. Proteins were then 

transferred to a PROTANR nitrocellulose membrane (GE healthcare; ref. 

10600002) for 2 hours and 15 minutes at 260 mA/cm2, or for 30 minutes at 
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400 mA/cm2 in the case of proteins with molecular weight lower than 40 

kDa. Transference was performed using Mini-Protein II with 1X 

Tris/Glycin transfer buffer in distilled water containing 10% MeOH and 

0.01% SDS. After transference, the membrane was stained with Ponceau 

red [0.1% Ponceau red (Sigma-Aldrich; ref. P3504), 5% acetic acid (ITW; 

ref. 141008) in distilled water] for protein detection. The membrane was 

then washed first with NaOH 0.1 M (Sigma-Aldrich; ref. S8045) and finally 

with distilled water. For blocking non-specific binding, the membrane was 

incubated for 1 hour at room temperature in TTBS containing 5% milk 

(TTBS: 120 mM NaCl, 20 mM Tris 1M pH 7.5, 0.1% Tween-20 in distilled 

water). The membrane was then incubated with primary antibody at 4ºC 

over-night. Primary antibodies used are listed in Table 2. 

 

Table IIIǀSecondary antibodies used by flow cytometry (FACS), immunofluorescence (IF) 
and western blot (WB).  

 

Secondary antibodies 

Antibody Host Company  Reference 
Dilution 

FACS IF WB 

Alexa  Fluor®  
488-
conjugated 

Mouse 
Jackson 

ImmunoResearch 
115-547-

003  
1:100  1:100  -  

Alexa  Fluor®  
488-
conjugated 

Rabbit 
Jackson 

ImmunoResearch 
111-547-

003  
1:100  1:100  -  

DylightTM   
594-
conjugated 

Mouse 
Jackson 

ImmunoResearch 
115-517-

003  
-  1:100  -  

DylightTM   
594-
conjugated 

Mouse 
Jackson 

ImmunoResearch 
111-517-

003  
-  1:100  -  

DylightTM   
800-
conjugated 

Mouse Thermo-Fisher 35521  -  -  1:100000  
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DylightTM   
800-
conjugated 

Rabbit Thermo-Fisher 35521  -  -  1:100000  

H+L 
horseradish  
peroxidase 
conjugated 

Mouse Biorad 170-6516  -  -  1:100000  

H+L 
horseradish 
peroxidase 
conjugated 

Rabbit Biorad 170-6516  -  -  1:100000  

 

 

The membrane was washed twice with TTBS for 15 minutes and incubated 

with the corresponding anti-mouse or anti-rabbit secondary antibody for 1 

hour at room temperature (Table 3). Protein exposure was performed by the 

Odyssey Infrared Imaging System (Li-cor), specifically for the detection of 

γH2AX, or by the Chemiluminiscence Imaging System Fusion Solo 

(VilberLourmat). 

 

8. mRNA analysis by Quantitative Real-Time PCR (Q-RT-PCR) 

Cells were harvested and centrifuged as for western blotting. Cell pellets 

were stored at -20ºC until the moment of RNA extraction. The RNA 

isolation NucleoSpinR kit (Macherey-nagel; ref. 740955) was used, according 

to the instructions of the manufacturer. RNA quantification was performed 

by spectrophotometry by Gen 5TM with the accessory for RNA Take 3 

micro-volume (Biotek) or by fluorometry using Qubit 4.0. For assessing 

RNA integrity, an electrophoresis gel was performed. 1µg of each sample 

stained with loading buffer (Sigma-Aldrich; ref. G2526-5ML) was applied 

onto a 1% agarose gel in distilled water containing 0.05% Tris-borate-

EDTA buffer (TBE. Thermo-Fisher; ref. T/P050/15). Electrophoresis was 

performed with ENDUROTM Gel XL Electrophoresis System (Labnet) at 

100V for 15 minutes. The RNA obtained was stored at -80ºC. 
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Given the instability of RNA, it is necessary an intermediate step before 

quantification where complementary DNA (cDNA) is generated by retro-

transcription. For this aim, the iScriptTM cDNA Synthesis Kit (Bio-Rad) was 

used. Retro-transcription was performed using 1µg of RNA in the presence 

of deoxynucleotides and reverse transcriptase RNase H+. Oligonucleotides 

random hexamers were used as primers. The thermocycler (Mj mini Bio-

Rad) was programmed for a first incubation of 5 minutes at 25ºC, a second 

incubation of 30 minutes at 42ºC, a third incubation of 5 minutes at 85ºC 

and a final incubation of 10 minutes at 25ºC. The cDNA obtained was 

stored at -20ºC. 

 

9. Comet assay 

Alkaline comet assay for detection of DNA strand breaks was performed as 

described (Ritchie et al., 2009). Glass slides must be previously treated to 

ensure optimal adhesion of agarose. Slides were first immersed in ether-

ethanol (1:2) for 1 hour and then in ethanol 70% for 30 minutes. They were 

dried and covered with 0.5% normal melting agarose (CondaLab; ref. 8016) 

in distilled water. Slides were then dried at 65ºC for 5 minutes.  

 

Cells were harvested by PBS-EDTA and trypsin in darkness. 50,000 cells 

were resuspended in 20 µl of PBS and 75µl of 0.5% low-melting agarose 

(LMA, Thermo-Fisher; ref: 15517-014) in distilled water previously melted 

and maintained at 37ºC. 90µl of this mix were pipetted on the slide and 

covered with a coverslip. Slides were incubated for 10 minutes at 4ºC. The 

coverslip was then removed. 75 µl of LMA 0.5% were added to the slide 

and this was covered with a new coverslip. Slides were incubated for 10 

minutes at 4ºC. The coverslip was removed and samples were incubated for 
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1 hour at 4ºC in darkness in cold lysis solution containing 10% DMSO, 1% 

Triton X-100 and 89% lysis buffer pH=10 (NaCl 2.5M, EDTA 100 mM, 

Tris 10 mM, NaOH 200 mM). Samples were then incubated in cold 

electrophoresis buffer (83% EDTA 0.1 M, 17% NaOH 300 mM) for 20 

minutes in darkness. Electrophoresis was performed at 25V for 20 minutes 

in electrophoresis buffer at 4ºC in darkness. Samples were washed twice 

with neutralizing buffer (Tris 400 mM; pH = 7.5) and fixed with pure 

ethanol.  Once dried, samples were stained with RedSafe 1:500 (JHSience; 

ref. 21141). 

 

10. Transcriptome analysis 

Total RNA was isolated from keratinocytes collected 30 hours after 

infection with shp53-427 or the corresponding empty vector, or 16h after 

treatment with Doxorubicin, ZM 447439 or BI 2536. In the case of shp53-

427 experiments, the RNA isolation NucleoSpinR kit was used and RNA 

samples were sent to the Centro Nacional de Análisis Genómico (CNAG) 

for their quantification and quality control. DNA libraries were prepared 

and sequenced by CNAG procedures. Each library was sequenced in paired-

end mode with a read length of 2x76bp. At least, 40 million paired-end 

reads were generated. RNA from the remaining samples (Doxorubicin, ZM 

and BI) was isolated using DNA/RNA Mini Kit (Quiagen). These samples 

were sent to the Sequencing core of the University of Michigan for library 

preparation and sequencing. Each library was sequenced in single-end mode 

with a read length of 2x76bp. At least, 400 million single-end reads were 

generated.   

 

Reads were mapped using STAR (Dobin et al., 2013) and gene expression 

levels were measured and normalized by HTSeq (Anders et al., 2015) and 

DESeq2 (Love et al., 2014). This was done in collaboration with the Group 
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of JT Elder at the University of Michigan (laboratory of Genetics of 

psoriasis and psoriatic arthritis, Department of Dermatology) where I spent 

an EMBO short-term stay. Differentially expressed genes (DEGs) were 

identified based on their p value < 0.05. The Database for Annotation, 

Visualization, and Integrated Discovery (DAVID, 

http://david.abcc.ncifcrf.gov/) was used to classify the DEGs according to 

their biological functions by using the Gene Ontology (GO) Consortium 

Reference [http://www.geneontology.org/; (Ashburner et al., 2000, Huang 

da et al., 2009)]. 
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ROLE OF p53 IN THE DIFFERENTIATION-MITOSIS 
CHECKPOINT OF HUMAN KERATINOCYTES. 

 

In our aim to elucidate the mechanism that activates the DMC in human 

keratinocytes, we focused on the tumor suppressor protein p53. p53, also 

known as “the guardian of the genome”, is a transcription factor with an 

important role in the regulation of the cell cycle (Lane, 1992). It responds to 

DNA damage by activating the G1 and G2 cell cycle checkpoints via its 

transcriptional targets (Giono and Manfredi, 2006). In addition, it also 

activates the apoptotic pathway in case DNA damage cannot be repaired 

(Canman et al., 1994). Hence, we hypothesized that p53 might be mediating 

the differentiation response of primary keratinocytes. This work constituted 

in part my Master project and continued during the first year of my Thesis. 

The results obtained were published in Cell Reports (Freije et al., 2014) and 

the publication is included in this Thesis as an annex. 

 

1. Inactivation of a temperature-sensitive p53 mutant protein 
promotes differentiation, whereas its inactivation attenuates it. 

My participation in this work consisted in the overexpression of a retroviral 

construct carrying a conditional mutant form of p53 (p53ts), whose 

conformation state can be regulated by temperature (Michalovitz et al., 

1990). At 32ºC, p53ts displays the wild-type conformation, whereas at 39ºC 

it adopts an inactive conformation and behaves as a dominant-negative 

mutant. Primary human keratinocytes were efficiently infected with the 

p53ts construct and the protein was overexpressed, as detected by western 

blot and immunofluorescence 48h after the temperature switch to 32ºC or 

39ºC (Figure 13.A and B). Interestingly, we found that p53 accumulated in 

binucleated differentiating keratinocytes when cultured at 39ºC (Figure 13.B, 

white arrow). In addition, by western blotting we observed that p53ts failed 
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to transactivate its target p21Cip in response to Doxorubicin (DOXO) when 

keratinocytes were cultured at 39ºC (Figure 13.C). Doxorubicin is a 

molecule that produces severe DNA damage during DNA replication by 

intercalation and inhibition of the progression of topoisomerase II (Fornari 

et al., 1994, Momparler et al., 1976). In keratinocytes DOXO induces 

terminal differentiation within 48h (Freije et al., 2012). This indicated that 

the conformational change to the inactive p53ts form was efficiently 

induced by temperature. 

 

Figure 13 ǀ p53ts is efficiently overexpressed and inactivated in primary keratinocytes 

at 39ºC. A) Detection of p53 by western blotting in keratinocytes expressing control vector 

(CT) or the thermosensitive mutant p53 (p53ts) 48h after the temperature switch to 32ºC or 

39ºC. Bottom histogram shows quantification of p53 western blot normalized to the loading 

control GAPDH. B) Immunofluorescence for p53 (green) on p53ts expressing keratinocytes 

as in A. White arrow: p53 accumulates in binucleated differentiating keratinocytes when 

cultured at 39ºC. Nuclear DNA by DAPI. Scale bar: 50 µm. C) Detection of p21Cip (p21) by 

western blot in CT and p53ts keratinocytes cultured at 39ºC, treated for 24h with 
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Doxorubicin (DOXO) or DMSO. Bottom histogram shows quantification of p21 western 

blot normalized to the loading control GAPDH. 

 

Once we confirmed that the inactivation of p53 was efficiently achieved, we 

analysed its effect in the differentiation response of keratinocytes. 

Proliferative and differentiating keratinocytes can be distinguished by flow 

cytometry based on their light scatter parameters (Jones and Watt, 1993). As 

they differentiate, keratinocytes increase in size (forward scatter) and 

complexity (side scatter). As measured by flow cytometry, induction of the 

active p53ts conformation at 32ºC increased the proportion of cells with 

basal-like low-scatter parameters and diminished the proportion of cells 

expressing the differentiation markers Involucrin and Keratin K16 (K16; 

Figure 14.A), suggesting that wild type p53ts retains keratinocytes in the 

proliferative compartment. Conversely, inactivation of p53ts by the 39ºC 

temperature switch resulted in increased differentiation, as measured by the 

increase in the light scatter parameters typical of differentiation and the 

expression of Involucrin and K16 (Figure 14.B). By immunofluorescence, 

we observed that while p53 was absent from suprabasal keratinocytes at 

32ºC, it accumulated in suprabasal Involucrin-positive cells at 39ºC (Figure 

15.A).It is well established that active p53 is degraded when terminal 

differentiation initiates, probably by an auto-regulatory feedback loop with 

MDM2 (Dazard et al., 2000, Haupt et al., 1997). Most p53 mutations avoid 

its degradation and result in protein accumulation (Lane, 1992, Aylon and 

Oren, 2011). Hence, accumulation of p53 in differentiating keratinocytes 

further indicated that the protein was inactive at 39ºC.Consistently with the 

induction of differentiation, the inactive p53ts form decreased the 

proliferative colony forming potential of keratinocytes at 39ºC (Figure 15.B, 

top). The loss of clonogenic capacity was not rescued once cells were 

returned to 37ºC (Figure 15.B, bottom), confirming that inactivation of p53 

irreversibly triggers squamous differentiation (Freije et al., 2014). 
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Figure 14 ǀ Inactivation of p53ts induces terminal differentiation of primary 

keratinocytes. A) Left: analyses of light scatter parameters (top; SSC: side scatter, FCS: 
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forward scatter), Involucrin (middle; Involucrin: Invol) or Keratin K16 expression (bottom; 

K16: Keratin 16) of CT and p53ts keratinocytes cultured at 32ºC for 6 days, detected by flow 

cytometry (+, positive cells according to negative isotype antibody control, red broken line). 

Red broken line in top dot plot histogram represents cells with high scatter parameter (HS). 

Bar histograms (right) represent the percent of cells with HS parameters, Involucrin or K16 

expression (top, middle and bottom, respectively). B) Left: analyses of light scatter 

parameters (top), Involucrin (middle) or K16 expression (bottom) of CT and p53ts 

keratinocytes cultured at 39ºC for 6 days, detected by flow cytometry. Bar histograms (right) 

represent the percent of cells with HS parameters, Involucrin or K16 expression (top, middle 

and bottom, respectively). p value: *<0.05, **<0.01. 

 

2. The differentiation response induced by loss of p53 is 
unaffected by ectopic AREG expression. 

NTERT is an immortalized epidermal cell line that ectopically expresses the 

human telomerase (hTERT) catalytic subunit and is deficient in p16INK4A 

expression (Dickson et al., 2000). p16INK4A negative cells appeared 

stochastically from the hTERT cultures and are likely to have a clonal 

origin.  NTERT escape from senescence but retain the expression of normal 

keratinocytes differentiation markers in organotypic cultures.AREG is an 

EGF-related factor whose silencing has been shown to inhibit NTERT 

keratinocyte proliferation by inducing differentiation through mitotic failure. 

As results, cells accumulated in the polyploid compartment of the cell cycle 

(Stoll et al., 2016). This effect was rescued by the ectopic expression of 

FOXM1 (Stoll et al., 2016), suggesting that AREG controls keratinocytes 

cell division.It has been reported that AREG is directly activated by p53 in 

response to DNA damage (Taira et al., 2014). Thus, we wondered whether 

the activation of the DMC by p53 loss could be rescued by overexpression 

of AREG. To elucidate this question we first inhibited AREG expression in 

primary human keratinocytes and analysed the effect. Keratinocytes were 

infected with a lentiviral construct expressing tetracycline (TET)-inducible 

short-hairpin RNA (shRNA) against AREG or EGFP (CT). By quantitative 
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RT-PCR we checked that AREG expression was efficiently silenced after 

addition of TET (1 µg/ml) to the culture medium (Figure 16.A). As 

expected, AREG silencing inhibited cell proliferation and increased cell size 

(Figure 16.B and C). Notably, we observed that keratinocytes became 

binucleated (Figure 16.B). By quantitative RT-PCR, we observed that 

AREG silencing increased the expression of the differentiation marker 

Keratin K1 (K1; Figure 16.D). Hence, our results confirmed that AREG 

silencing inhibited proliferation of primary keratinocytes by activating the 

squamous differentiation program. 

 

Figure 15 ǀ Inactivation of p53ts irreversibly inhibits the colony forming potential of 

primary keratinocytes. A) Immunofluorescence for Involucrin (Invol; green) and p53 (red) 

on p53ts keratinocytes cultured at 32ºC or 39ºC for 4 days. White arrow: suprabasal 

involucrin-positive keratinocytes accumulate p53. Nuclear DNA by DAPI. Scale bar: 50 µm. 

B) Top: Clonogenic capacity of p53ts keratinocytes cultured at 37ºC or 39ºC. Bottom: 

Clonogenic capacity of p53ts keratinocytes cultured at 37ºC or 39ºC for 5 days and returned 
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to 37ºC. Right histogram represents the number of growing or differentiated colonies after 

the temperature switch to 39ºC (top) and after temperature release to 37ºC (bottom). p value: 

*<0.05. 

 

We next ectopically expressed AREG in primary keratinocytes after 

silencing p53 and analysed its effect in the activation of the DMC. 

Keratinocytes were infected with a lentiviral construct carrying full length 

AREG (proAREG) or the corresponding empty vector (CT1). Cells stably 

expressing the construct were then selected with puromycin and 

subsequently infected with a lentiviral construct carrying shRNA against p53 

(shp53), or the corresponding empty vector (CT2). p53 silencing inhibited 

keratinocyte proliferation and induced cell shedding as described [(Figure 

17.A; (Freije et al., 2014)].  

 

 

Figure 16 ǀ AREG silencing induces terminal differentiation of primary keratinocytes. 
A) Detection of AREG expression in primary human keratinocytes infected with an shRNA 
against AREG (shAREG) or EGFP (CT), 5 days after addition of tetracyclin (+TET). B) 
Phase contrast images from primary keratinocytes infected with shAREG or CT, 5 days after 
addition of TET. Scale bar: 50µm. C) Bar histogram representing the number of primary 
keratinocytes infected with shAREG or CT that were collected 5 days after addition of TET. 
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D) Detection of Keratin 1 (K1) expression in primary keratinocytes infected with shAREG 
or CT, 5 days after addition of TET. p value **<0.01. 

 

By flow cytometry we confirmed an increase in the expression of the 

differentiation marker K1 (Figure 17.B and C). Hence, as we expected, p53 

silencing activated the DMC of keratinocytes. Overexpression of proAREG 

did not inhibit this response. Keratinocytes lacking p53 and expressing 

proAREG stopped proliferation, started shedding, and increased the 

expression of K1 even further than cells non-expressing proAREG (Figure 

17). We concluded that forcing AREG expression was not sufficient for the 

inactivation of the DMC in the absence of p53. 

 

 

Figure 17 ǀ AREG does not inhibit the DMC in the absence of p53. A) Phase contrast 
images from primary keratinocytes stably expressing full length AREG (proAREG) or the 
corresponding empty vector (CT1), 5 days after infection with shp53 or the corresponding 
empty vector (CT2). White arrows indicate cells shedding from the culture. B) Histograms 
representing the expression of Keratin 1(K1) as measured by flow cytometry (+, positive 
cells according to negative isotype antibody control, red broken line). C) Bar histogram 
representing the percent of cells expressing K1, as measured by flow cytometry. p value 
**<0.01. 
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ROLE OF FOXM1 OVEREXPRESSION IN THE 
DIFFERENTIATION-MITOSIS CHECKPOINT OF 

HUMAN KERATINOCYTES. 

 

Cell cycle deregulation by MYC overexpression or p53 loss triggers 

squamous differentiation of primary keratinocytes by the activation of the 

mitotic checkpoints (Gandarillas and Watt, 1997, Freije et al., 2014). 

Activation of the DMC is part of an oncogene-induced differentiation 

response (OID) protecting the epidermis from oncogenic deregulation. We 

hypothesized that additional alterations directly involved in the mitosis 

control and promotion of cell division are need for epidermal carcinogenesis 

to occur (Freije et al., 2014).Based on this hypothesis, we decided to force 

mitosis after activating the DMC by MYC overexpression or p53 silencing. 

To promote mitosis, we overexpressed the transcription factor FOXM1. As 

explained in Introduction, FOXM1 plays a major role in the G2/M 

transition by the transactivation of mitosis and cytokinesis regulators 

(Laoukili et al., 2005). The results obtained from these experiments, 

described below, were published in 2017 in Oncogene (Molinuevo et al., 2017). 

The publication is included in this Thesis as an annex. 

 

3. FOXM1 rescues the proliferative block and attenuates the 
squamous differentiation response caused by inactivation of p53. 

We first investigated whether FOXM1 affected the loss of proliferation 

observed in primary keratinocytes when p53 was silenced. To this aim, we 

infected keratinocytes with a lentiviral construct carrying an shRNA against 

p53 (shp53) or the corresponding empty vector (CT1). These cells were also 

infected with a lentiviral construct that overexpressed FOXM1 or the 

corresponding empty vector (CT2). Gene delivery was efficiently performed 
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as detected by immunofluorescence, western blotting or quantitative RT-

PCR (Figure 18). p53 silencing also inhibited p21Cip1 (Figure 18.B).  

 

Figure 18 ǀ Inhibition of p53 and overexpression of FOXM1 in primary keratinocytes. 
Detection of FOXM1 and p53 in primary keratinocytes infected with shRNA for p53 
(shp53) or the corresponding empty control vector (CT1) and FOXM1 (FOX) or the 
corresponding empty control vector (CT2) by A) immunofluorescence (FOXM1: green; p53: 
red; Nuclear DNA by DAPI. Scale bar: 50 µm), B) western blot and C) real-time (RT) PCR 
(fold change with respect to control CT1/CT2). Detection of the p53 target p21Cip (p21) is 
also shown by western blot (B). GAPDH was used as loading control. p value: **<0.01. 

 

As described previously (Freije et al., 2014), although cell number did not 

decrease due to an initial phase of fast proliferation permitted by the 

absence of p53, 5 days after gene delivery keratinocytes lacking p53 

(Kshp53) stopped proliferation (Figure 19.A and B). However, keratinocytes 

overexpressing FOXM1 and lacking p53 (Kshp53/FOXM1) continue 

proliferating even further than control cells or cells overexpressing FOXM1 

only. This observation was confirmed by the striking increase in cell count 

of keratinocyte cultures (Figure 19.B). We next investigated whether 
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FOXM1 affected the clonogenic capacity of keratinocytes by performing a 

clonogenicity assay 5 days after infection (Figure 19.C and D). 

 

 

Figure 19 ǀ FOXM1 rescues the proliferative capacity of human epidermal 
keratinocytes lacking p53. A) Phase contrast images of keratinocytes 5 days after infection 
as in Figure 18. Scale bar: 50 µm. B) Bar histogram represents the differences in the number 
of cells collected relative to control (CT1/CT2=100%) 5 days after infection as indicated. C) 
Clonogenic capacity of cells plated 5 days after infections with CT-GFP or shp53-GFP and 
CT2 or FOXM1 (FOX). D) Bar histogram (left) represents the differences in large colonies, 
medium size colonies or small and differentiated colonies relative to control cells (CT-
GFP/CT2=100%). Circle histograms (right) show the proportion of actively growing or 
differentiated colonies. p value: *<0.05, **<0.01. 

 

FOXM1 alone increased the clonogenic potential of keratinocytes, 

consistently with previous observations in keratinocytes from oral 

epithelium (Gemenetzidis et al., 2010). On the contrary, the number of total 

and proliferative colonies formed by Kshp53 cells was reduced, whereas the 
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number of abortive differentiated colonies was increased (Figure 19.C and 

D). In contrast, FOXM1 rescued and improved the potential of Kshp53 

cells when compared to control (Figure 19.C-D). It is interesting that 

FOXM1 in combination with shp53 further increases the proliferative 

potential. This indicates that the mitosis checkpoints limit uncontrolled 

proliferation upon inactivation of p53. The size and the number of large 

colonies generated by putative stem cells were greatly increased in 

Kshp53/FOXM1 cells. Interestingly, the size of small colonies, formed by 

TACs, was also increased (Figure 19.D). Thus, FOXM1 rescues the 

proliferative and clonogenic capacity of primary Kshp53 cells.  

 

Figure 20 ǀ FOXM1 inhibits the expression of differentiation markers induced by p53 
loss. Immunodetection of the epidermal differentiation markers Involucrin (Invol; top 
panels) or Keratin 1 (K10; bottom panels) in keratinocytes 3 days after infection as indicated. 
DAPI for DNA in blue. Scale bar: 50 µm.  

 

Since FOXM1 improved the proliferative capacity of Kshp53 cells, we 

investigated whether it also affected their differentiation response. By 

immunofluorescence we observed a decrease in the expression of the 

differentiation markers Involucrin and K1 in Kshp53/FOXM1 cells 3 days 

after infection (Figure 20). By quantitative RT-PCR we confirmed the 

inhibition of Involucrin expression and detected a decrease in the 
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expression of the late differentiation marker Filaggrin (Figure 21.A). We also 

confirmed the inhibition of Involucrin and K1 expression by flow cytometry 

(Figure 21.B). In concordance, the percent of Kshp53/FOXM1 cells 

displaying high scatter parameters typical of differentiation was decreased 

(Figure 21.B). 

 

Figure 21 ǀ FOXM1 inhibits the differentiation response to p53 loss. A) Real-time (RT)-
PCR for the expression of the differentiation markers Filaggrin (Filag) and Involucrin (Invol), 
2 days after infections as indicated (fold changes relative to control CT1/CT2). B) Left: 
Histograms representing the expression of K1 as measured by flow cytometry (+, positive 
cells according to negative isotype antibody control, red broken line). Right: Bar histogram 
shows cells with high scatter parameters, or positive for Invol or K1 relative to control cells 
(CT1/CT2=100%) as measured by flow cytometry. p value: *<0.05. 

 

It is important to mention that differentiation of primary keratinocytes 

increases at cell confluence (Borowiec et al., 2013), when keratinocytes are 

pushed to stratify and detach. Kshp53/FOXM1 cells reached confluence 

faster and stratified more than controls and certainly than Kshp53 cells 

(Figure 19.A). In spite of a higher cell density, FOXM1 inhibited the 
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initiation of differentiation at confluence as the proportion of cell shedding 

into the medium was attenuated (Figure 22.A). Increased confluence and 

decreased shedding in Kshp53/FOXM1 populations might be related to 

increased expression of β1-integrins as detected by western blot (Figure 

22.B). Therefore, although FOXM1 did not abolish stratification and 

differentiation of Kshp53 cells, it significantly rescued their proliferative 

potential. 

 

Figure 22 ǀ FOXM1 inhibits cell shedding in the absence of p53. A) Shedding cells 
collected from the culture supernatant due to differentiation 5 days after infections as 
indicated, relative to control (CT1/CT2=100%). B) Detection by western blot of β1-integrin 
5 days after infections as indicted. GAPDH as loading control. p value: *<0.05, **<0.01. 

 

The expression of FOXM1 in normal human skin was unknown and we 

aimed to identify it. As shown in Figure 23, FOXM1 was found by 

immunofluorescence of frozen epidermis to strikingly accumulate in cells 

expressing mitotic cyclins A and B. This further suggests that the main 

function of FOXM1 in epidermal keratinocytes is related to mitosis.  

 

 

Figure 23 ǀ FOXM1 is expressed in mitotic keratinocytes in the epidermis. 
Immunodetection of endogenous FOXM1 (FOX, green), CycA (red, left panel) and CycB 
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(red, right panel) in normal human epidermis by immunofluorescence. DAPI for DNA in 
blue. White arrows: cells coexpressing FOXM1 and CycA or CycB. Broken line for the 
basement membrane. Scale bars: 50µm. 

 

4. FOXM1 allows keratinocytes to proliferate in spite of genomic 
instability. 

Loss of p53 in epidermal keratinocytes induces early hyperactivation of the 

cell cycle that results in a G2/M block and endoreplication via mitotic 

bypass or slippage (Freije et al., 2014). The analysis of cell cycle regulators 

by western blotting suggested that Kshp53/FOXM1 cells did not 

accumulate as much in G2/M (Figure 24.A). Although the expression of the 

S/G2/M marker phospho-retinoblastoma (p-Rb) was increased in Kshp53 

cells compared with controls, it was decreased upon FOXM1 

overexpression indicating that this protein did not activate the cell cycle 

further. The expression of cyclin B, reduced when p53 was absent, increased 

upon FOXM1 overexpression. However, the expression of cyclin E and 

cyclin A remained unchanged, suggesting that the main action of FOXM1 in 

keratinocytes takes place in mitosis. We also observed changes in the cell 

cycle by analyzing keratinocytes DNA content 3 days after infection. The 

percent of Kshp53/FOXM1 cells in G2/M and in the polyploid 

compartment of the cell cycle decreased when comparing to Kshp53 cells 

(Figure 24.B and C). In concordance, the proportion of cells in G1 was 

increased. DNA synthesis was also measured in these cells by 5-

bromodeoxyuridine (BrdU) incorporation (Figure 24.D). Similarly to the 

changes observed in the cell cycle, the percent of Kshp53/FOXM1 cells 

incorporating BrdU that bypassed mitosis and became polyploid decreased. 

Consistently, the percent of BrdU cells in G1/S phases increased as 

compared to Kshp53 cells. However, keratinocytes overexpressing FOXM1 

only displayed an increase in the percent of BrdU-positive cells in G2/M 

(Figure 24.D). This suggested that FOXM1 with the loss of p53 accelerated 

the transition from G2/M to G1. Altogether, the results are consistent with 
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a role of FOXM1 in potentiating keratinocytes cell division downstream of 

p53. In addition, the number of binucleated cells within the 

Kshp53/FOXM1 polyploid population was increased, as scored by staining 

nuclei with DAPI (Figure 24.E). This suggested that FOXM1 pushes nuclei 

to divide even when the cell cannot divide anymore, consistent with the role 

of FOXM1 in mitotic spindle assembly, chromosome alignment and nuclear 

division (Laoukili et al., 2005, Costa, 2005).  

 

Figure 24 ǀ FOXM1 suppresses the mitotic block caused by loss of p53 in primary 
keratinocytes. A) Expression of cell cycle regulators p-Rb, cyclin E (CycE), cyclin A (CycA) 
and cyclin B (CycB) by western blotting, 3 days after infections as indicated. GAPDH was 
used as loading control. B) Histograms representing the DNA content of keratinocytes 3 
days after infection, as measured by flow cytometry. C) Percent of cells in the G1 (2N), S, 
G2/M (4N) or polyploid (pol; <4N) phases of the cell cycle, as determined by flow 
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cytometry. D) Percent of BrdU-positive cells in G1 (2N), S, G2/M (4N) or polyploid (pol; 
<4N) phases in the cell cycle. E) Binucleated keratinocytes (white arrows) bearing shp53 and 
CT2 or FOXM1 as indicated, stained with DAPI for DNA. White numbers are the percent 
of polyploid cells (nuclei <15µm) that are binucleated. Scale bar: 50 µm. p value: *<0.05, 
**<0.01. 

 

It is worth noting that ectopic expression of FOXM1 reduced the intensity 

of nascent RNA foci as measured by incorporation of 5′-fluorouridine 

(5´Flu; Figure 25.A). This observation suggested that FOXM1 function 

might have a relationship with the inhibition of transcription required for 

the initiation of mitosis. Therefore, we performed double labeling for cyclin 

A, which accumulates mainly in G2/M. The analyses showed that, as 

expected, in control keratinocytes transcription was strong in cyclin A-

negative cells and weak in mitotic cells. However, transcription was as weak 

in interphasic, nonmitotic FOXM1-overexpressing cells (Figure 25.B). 

 

Figure 25 ǀ FOXM1 might play a role in global transcription regulation. A) Detection 
of nascent transcription by 5´-fluorouridine (5´-Flu; green) incorporation 2 days after 
infections as indicated (nucleolar foci are indicated on representative photographs by white 
arrows). Dot plot on the right represents quantitation of the fluorescence intensity of 5´-Flu 
incorporating single foci. Black bars represent the mean. B)  Detection of 5´-Flu 
incorporation (green) and CycA expression (red) by immunofluorescence, 2 days after 
infections as indicated. Dot plot on the right represents quantitation of the fluorescence 
intensity of 5´-Flu incorporating single foci in CycA negative (white) and positive (black) 
cells. Black bars represent the mean. Scale bars: 50µm. 
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The role of FOXM1 in the inhibition of transcription has not been studied. 

FOXM1 gene encodes three different protein isoforms by alternative 

splicing: FOXM1a, FOXM1b and FOXM1c (Wierstra and Alves, 2007). 

Although we have made use of a DNA construct bearing the FOXM1b 

isoform, it has been shown that this protein can induce the expression of 

the other two variants (Halasi and Gartel, 2009) and we confirmed by 

western blotting that this was the case in FOXM1 infected keratinocytes 

(Figure 26.A). Whereas FOXM1b and FOXM1c are considered 

transcriptionally active, FOXM1a lacks the transactivation domain and has a 

negative regulatory function on transcription (Kong et al., 2013). The 

expression of the three isoforms might be important for the correct 

regulation of mitosis.  

 

Figure 26 ǀ Keratinocytes overexpressing FOXM1 displayed a lower optical density. 
A) Western blot for FOXM1 isoforms a, b and c in keratinocytes infected with CT2 or 
FOXM1 (FOX). B) Phase contrast images of keratinocytes infected with CT2 or FOX. Note 
that the cytoplasm of keratinocytes displays a lighter optical density (black arrows). C: 
Immunodetection of FOX (green) in keratinocytes infected with FOX. DAPI in blue for 
DNA. Note that exogenous FOXM1 accumulates in the nucleolus (white arrows). D) Dot 
plots show side and forward scatter parameters (SSC and FSC, respectively) for cell 
complexity and size by flow cytometry of keratinocytes infected as indicated. Red oval 
represents the basal proliferative population. Bar histogram indicates basal cells (red oval) 
with high FSC (according to gate in E, hF) relative to cells infected with shp53 and CT2 
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(shp53/CT2 = 100%). E) Forward (FSC; left) or side (SSC, right) scatter profiles of basal 
keratinocytes infected as indicated and gated by red oval in D (hF: high forward scatter; hS: 
high side scatter). Analyses by flow cytometry. Scale bars: 50 μm. 

 

Consistent with a global transcription decrease, we found that keratinocytes 

overexpressing FOXM1 displayed a lighter optical density (Figure 26.B). In 

addition, by immunofluorescence we observed FOXM1 in the nucleolus, 

centre of ribosomal RNA transcription (Figure 26.C). Nucleolar localization 

has been previously proposed to have a FOXM1 inhibitory role (Costa, 

2005). By flow cytometry we detected that proliferative Kshp53/FOXM1 

cells increased in size (measured by their forward scatter parameter), in spite 

of reduced cellular complexity (Figure 26.D and E). Cells enlarge in G2 in 

order to produce two daughters of the same size before cell division, and 

therefore the mitosis block provokes differentiating keratinocytes to 

increase in size. This process is stimulated by p53 loss (Freije et al., 2014). 

The higher size of proliferative Kshp53/FOXM1 cells suggested that this 

protein pushed cell division even though the mitosis arrest had initiated. 

 

The deregulation of the cell cycle by p53 inhibition in keratinocytes leads to 

the accumulation of DNA damage because of replication stress (Freije et al., 

2014). We studied whether FOXM1, by alleviating the mitosis block, 

allowed keratinocytes to divide in spite of irreparable damage. Expression of 

the DNA damage marker γH2AX was evaluated by western blotting and 

flow cytometry in Kshp53/FOXM1 cells 5 days after gene delivery. We 

found a significant increase of γH2AX with respect to control cells (Figure 

27.A). In Kshp53 cells the increase in γH2AX was detected both in basal 

and differentiating keratinocytes, according to light scatter parameters 

(Figure 27.B). However, in Kshp53/FOXM1 cells the accumulation of 

γH2AX signal was mainly detected in the basal low scatter cell population 

(Figure 27.B). To assess for actual DNA breaks typical of replication stress 
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we performed comet assays. This technique consists on a single cell 

electrophoresis that allows quantification of DNA fragmentation. As shown 

in Figure 27.C, inactivation of p53 caused a striking increase of DNA breaks 

that augmented even further in combination with FOXM1. Interestingly, 

Kshp53/FOXM1 cells augmented significantly the DNA breaks in smaller 

nuclei (<15 μm), typical of proliferative cells. These results suggested that 

ectopic expression of FOXM1 allowed damaged cells lacking p53 to keep 

dividing and amplifying. 

 

Figure 27 ǀFOXM1 allows accumulation of DNA damage in proliferative 
keratinocytes upon p53 inactivation. A) Western blot for γH2AX in keratinocytes 5 days 
after infections as indicated. GAPDH was used as loading control. B)  Dot plots for FSC 
(top) or SSC (bottom; y axis) and γH2AX (x axis) 3 days after infections as indicated, 
measured by flow cytometry. Red squares represent the main γH2AX-positive populations 
(blue, according to negative isotype antibody control) of differentiating (D) or basal (B) cells. 
C) DNA damage monitored by comet assays. Left: scoring assigned for damage according to 
the size and intensity of the nuclear tails of keratinocytes (0–3) 5 days after infections. Centre:  
bar histogram showing the quantitation of DNA damage according to the 4 levels of 
intensity. Right: bar histogram represents only the percent of small nuclei (<15 μm) with 
maximum DNA damage intensity level 3. p value: **<0.01 
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5. Overexpression of FOXM1 drives MYC-induced differentiation 
into proliferation. 

As explained in Introduction, the proto-oncogene MYC drives the cell cycle 

and subsequently epidermal differentiation due to activation of the DMC 

(Gandarillas et al., 2000, Gandarillas and Watt, 1997, Freije et al., 2014). We 

hypothesized that activation of the DMC by MYC could be inhibited by 

forcing cell division, as in the case of shp53. We investigated the effect of 

overexpressing FOXM1 in keratinocytes carrying a retroviral conditional 

form of human MYC (MYCER) whose protein product is regulated by 4-

hydroxytamoxifen [OHT, (Littlewood et al., 1995)]. Keratinocytes efficiently 

expressed exogenous FOXM1 and MYCER as detected by western blot 

(Figure 28.A).  

 

 

Figure 28 ǀ increases the proliferative capacity of MYCER keratinocytes and inhibits 
squamous differentiation. A) Detection of FOXM1 (FOX) and MYCER by western blot 
in MYCER keratinocytes infected with CT2 or FOX and in the presence (+) or absence (-) 
of OHT as indicated. GAPDH used as loading control. B) Phase contrast images of MYCER 
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keratinocytes infected as indicated and cultured in the presence or absence of OHT for 3 
days. Scale bar: 50µm. C) Bar histograms represent the number of harvested MYCER cells 
infected as indicated and after 5 days in the presence or absence of OHT. D) Dot plots 
showing light scatter parameters of MYCER keratinocytes infected as indicated and cultured 
for 5 days in the presence or absence of OHT. Red represents cells with high scatter 
parameter (HS). Right histogram represents the percent of cells with HS relative to control 
(MYCER cells infected with CT2, non-treated with OHT; -OHT/CT2=100%). E) 
Histogram represents the percent of cells positive for K1 expression as measured by flow 
cytometry, relative to control (MYCER cells infected with CT2, non-treated with OHT; -
OHT/CT2=100%). p value: *<0.05, **<0.01. 

 

As expected, cells expressing MYCER differentiated when treated with 

100mM OHT for 5 days (Figure 28.B). However, the number of MYCER 

cells collected was doubled in the presence of FOXM1 (Figure 28.B and C). 

As in the case of p53 loss, flow cytometry showed that FOXM1 significantly 

suppressed MYC-induced differentiation as monitored by the decrease in 

light scattering parameters and the expression of the post-mitotic squamous 

terminal marker K1 (Figure 28.D and E).  

 

 

Figure 29 ǀ FOXM1 alleviates the mitotic arrest induced by MYC. A) Histograms 

representing the DNA content of MYCER keratinocytes infected with CT2 or FOXM1 

cultured for 5 days in the presence (+) or absence (-) of OHT. B) Bar histograms represent 

the proportion of cells in the polyploid compartment of the cell cycle relative to control (cells 

infected with CT2, non treated with OHT; CT2/-OHT =100%). C) Western blotting for p-

Rb (a, activated; i, inactivated), cyclin E (CycE), cyclin A (CycA), cyclin B (CycB) and γHA2X 
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in MYCER keratinocytes infected as indicated and in the presence or absence of OHT. 

GAPDH used as loading control. p value: *<0.05, **<0.01. 

 

We also observed that FOXM1 influenced the cell cycle parameters of 

MYCER cells. Analysis of DNA content showed that induction of MYCER 

with OHT drove keratinocytes into the polyploid compartment, whereas 

ectopic expression of FOXM1 significantly decreased the polyploid 

population (Figure 29.A and B). As detected by western blot, the expression 

of the cell cycle regulators cyclin E, cyclin A and cyclin B detected by 

western blots was reduced in the presence of MYCER, consistent with 

mitotic arrest [Figure 29.C; (Freije et al., 2012)]. However, ectopic 

expression of FOXM1 in MYCER cells recovered the expression of cyclin 

E and the mitotic cyclins A and B (Figure 29.C).  

 

 

Figure 30 ǀ FOXM1 allows MYC overexpressing keratinocytes to proliferate in spite of 

genomic instability. A) DNA damage monitored by comet assays in MYCER keratinocytes 
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infected with CT2 or FOXM1 after 5 days in the presence or absence of OHT as indicated. 

Left bar histogram shows the quantitation of DNA damage according to the 4 levels of DNA 

damage intensity described in Figure 27.C. Right bar histogram shows the percent of small 

nuclei (<15 μm) with maximum DNA damage intensity level 3. B) Clonogenicity assays of 

MYCER keratinocytes infected as indicated and cultured in the presence of OHT for 10 

days. Right bar histograms represent large growing colonies when FOX is ectopically 

expressed relative to control (CT2/+OHT=100%). p value: *<0.05, **<0.01. 

 

MYC deregulation causes replication stress and DNA damage (Freije et al., 

2014). We observed by western blotting a stronger accumulation of the 

DNA damage marker γH2AX when FOXM1 was overexpressed (Figure 

29.C). Consistently, MYCER small nuclei typical of proliferative cells 

contained strikingly more damage in comet assays in the presence of 

FOXM1 (Figure 30.A). FOXM1 also recovered the colony-forming 

potential of keratinocytes that was lost by MYC activation (Figure 30.B). 

Altogether, the results strongly indicate that FOXM1 switched the activation 

of the cell cycle by MYC from differentiation to proliferation in spite of 

increased replication stress and DNA damage. 
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CHARACTERIZATION OF THE DIFFERENTIATION-
MITOSIS CHECKPOINT IN IMMORTALIZED NTERT 

KERATINOCYTES. 

 

Most of the immortalized cell lines present defects in the cell cycle control 

pathways. We hypothesized that the DMC might be a limiting factor in 

keratinocyte self-renewal. For this reason, we considered studying the DMC 

in the human immortalized epidermal cell line NTERT (Dickson et al., 

2000).Given that inhibition of G2/M progression is sufficient to activate the 

differentiation response in primary human keratinocytes (Freije et al., 2012, 

Zanet et al., 2010,Gandarillas et al., 2000), we decided to treat NTERT with 

different mitotic drugs and analyse the effect in differentiation. 

 

6. The immortalized cell line NTERT presents defects in the 
differentiation-mitosis checkpoint. 

We treated NTERT with nocodazol (NOCO) with the aim of blocking 

mitosis progression. NOCO induces a G2/M arrest by inhibiting the 

polymerization of microtubules and is known to activate the DMC of 

primary keratinocytes (Gandarillas et al., 2000). Treatment with NOCO for 

3 days increased in cell size (Figure 31.A). The analysis by flow cytometry 

confirmed a striking increase in the light scatters parameters (Figure 31.B 

and D), typically presented by differentiated cells. The analysis of DNA 

content showed that cells underwent mitotic slippage, becoming polyploid, 

mostly octaploid (8N; Figure 31.C and D). 
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Figure 31 ǀ NTERT increase cell size and become polyploid in response to 
Nocodazol. A) Phase contrast images of NTERT treated with DMSO (CT) or Nocodazol 
(NOCO) for 3 days. Scale bar: 20µm. B) Dot plots representing the light scatter parameters 
of NTERT treated as indicated. Red box represents cell displaying high scatter parameters 
(HS). C) Histograms representing the DNA content of NTERT treated as indicated, as 
measured by flow cytometry. D) Bar histograms represent the proportion of NTERT with 
high scatter parameters (HS in B, left histogram) or in the polyploid (<4N, right histogram) 
compartment of the cell cycle. p value **<0.01. 

 

Although this response is consistent with the activation of the DMC, 

analyses by flow cytometry showed that NOCO did not induced the 

expression of the differentiation marker Involucrin (Figure 32.A). In 

addition, clonogenicity assays confirmed that NOCO failed to activate the 

DMC in NTERT (Figure 32.B). While NOCO completely abolished the 

colony forming potential of primary keratinocytes when returned to normal 

growing conditions, colony forming potential of NTERT was barely 

affected. 
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Figure 32 ǀ NTERT continue proliferating after Nocodazol treatment. A) Histograms 
representing the expression of Involucrin (Invol) in NTERT treated with DMSO (CT) or 
Nocodazol (NOCO) for 3 days, as measured by flow cytometry (+, positive NTERT 
according to negative isotype antibody control). Right: Bar histogram shows the percentage 
of NTERT expressing Involucrin, as measured by flow cytometry. B) Clonogenicity assays of 
human keratinocytes (HK) or NTERT treated as indicated in A and returned to normal 
conditions (released). p value **<0.01. 

 

After these observations we decided to analyse NTERT cells growing after 

the release from NOCO treatment (NTERT-R1 from now on). 

Proliferating NTERT-R1 increased cell size comparing to CT (Figure 33.A). 

Flow cytometry analyses of light scatter parameters confirmed this 

observation (Figure 33.B and C). However, NTERT-R1 displayed lower 

light scatter parameters than NTERT collected just after NOCO treatment 

and before the release (Figure 33.B and C). Despite the changes in cell size 

and complexity typical of epidermal differentiation, we did not detect 

induction of Involucrin expression in NTERT-R1 when comparing to 

control (Figure 34.A and C). By analyzing their DNA content, we observed 

that NTERT-R1 accumulated at G2/M more than control (Figure 34.B and 

C). In addition, NERT-R1 presented a higher proportion of polyploid, but 
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not as many as cells just after the NOCO treatment. Taken together, the 

results demonstrated that NTERT did not respond to the G2/M arrest 

induced by NOCO in the same way that primary keratinocytes did. NTERT 

were able to continue dividing in spite of becoming polyploid, hence 

avoiding the activation of the DMC and the terminal differentiation 

program. 

 

 

Figure 33 ǀ Proliferating NTERT-R1 undergo morphological changes. A) Phase 
contrast images of NTERT released (R1) after treatment with DMSO (CT) or Nocodazol 
(NOCO) for 3 days. Scale bar: 20µm. B) Dot plots representing the light scatter parameters 
of NTERT collected after treatment with DMSO (CT) or NOCO (top panels) or after the 
release (R1, bottom panels). Red box represents cell displaying high scatter parameters (HS). 
C) Bar histograms represent the proportion of NTERT with HS after treatment or release 
(R1) as indicated in B. p value **<0.01. 

 
 

After observing the effect of NOCO we wanted to assess whether NTERT 

completely lacked the DMC. To this aim, we treated NTERT with chemical 

inhibitors specific for the mitotic kinases Polo-like (Plk) and Aurora B 

(AurB). Both Plk and AurB regulate chromosome segregation and entry into 

anaphase. While Plk contributes to the control of the APC activity (Hansen 

et al., 2004), AurB regulates chromosome segregation by associating with 
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microtubules at the centromeric region during metaphase (Ditchfield et al., 

2003). 

 

 

Figure 34 ǀ NTERT-R1 proliferate in spite of becoming polyploid. A) Histograms 
representing the expression of Involucrin (Invol) in NTERT released (R1) after treated with 
DMSO (CT) or Nocodazol (NOCO) for 3 days, as measured by flow cytometry (+, positive 
NTERT according to negative isotype antibody control). B) Histograms representing the 
DNA content of NTERT R1, as measured by flow cytometry. C) Bar histograms represent 
the proportion of NTERT R1 expressing Involucrin (left histogram) or in the G2/M (4N, 
middle histogram) or polyploid (<4N, right histogram) compartments of the cell cycle. p 
value **<0.01. 

 

Chemical inhibition of AurB kinase activity with ZM 447439 (ZM) for 3 

days increased the light scatter parameters of NTERT, as detected by flow 

cytometry (Figure 35.A and C). The same effect was observed when we Plk 



RESULTS 
 

116 
 

kinase activity was inhibited by BI 2536 (BI; Figure 35 A and C). Analyses of 

DNA content revealed that both treatments increased the proportion of 

cells arrested at G2/M and slipping into the polyploid compartment of the 

cell cycle (Figure 35.B and C). 

 

 
Figure 35 ǀ Inhibition of Aurora B or Polo-like kinases induce morphological changes 
in NTERT. A) Dot plots representing the light scatter parameters of NTERT after 
treatment with DMSO (CT), AurB (ZM) or Plk (BI) inhibitors for 3 days. Red box represents 
cell displaying high scatter parameters (HS). B) Histograms representing the DNA content of 
NTERT treated as indicated in A. C) Bar histograms represent the proportion of NTERT 
presenting HS (left panel) or in the G2/M (4N, middle histogram) or polyploid (<4N, right 
histogram) compartments of the cell cycle, after treated as indicated in A. p value **<0.01. 

 

So far, the results obtained after treating NTERT with ZM or BI were 

consistent with those obtained after NOCO treatment. However, by flow 

cytometry we detected that the expression of the differentiation marker 

Involucrin was strongly induced by ZM or BI (Figure 36.A and B). In 

addition, NTERT completely loss their colony forming potential when 



RESULTS 
 

117 
 

returned to normal growing conditions (Figure 36.C). Hence, our results 

demonstrate that NTERT present defects in the activation of the DMC. 

 

Figure 36 ǀ Inhibition of anaphase progression induces terminal differentiation of  
NTERT. A) Histograms representing the expression of Involucrin (Invol) in NTERT 
treated with DMSO (CT) AurB (ZM) or Plk (BI) inhibitors for 3 days, as measured by flow 
cytometry (+, positive NTERT according to negative isotype antibody control). B) Bar 
histograms representing the percent of NTERT expressing Involucrin after treatment with 
DMSO, ZM or BI for 48h. p value **<0.01. C) Clonogenicity assays of NTERT treated as 
indicated in A and released. 
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DNA DAMAGE AS PART OF THE NATURAL SQUAMOUS 
DIFFERENTIATION PROGRAM OF KERATINOCYTES. 

 

The epidermis is a tissue that presents high self-renewal capacity and is 

continuously exposed to mutagenic hazard. These characteristics imply the 

existence of powerful mechanisms that regulate the balance between 

proliferation and differentiation, and ensure skin homeostasis. Despite its 

relevance, these mechanisms remain obscure. Given that keratinocytes 

under normal conditions undergo a phase of rapid proliferation prior to 

differentiation, we questioned whether accumulation of DNA damage due 

to RS might be a signal that activates the squamous pathway in normal 

healthy epidermis. To elucidate this question, we performed functional 

experiments to study the role of the DDR in the activation of the 

differentiation program of keratinocytes. 

 

7. DNA damage signaling is detected in normal keratinocytes. 

Several observations demonstrated that DNA damage occurs in 

keratinocytes. By immunofluorescence we detected the DNA damage 

marker γH2AX in the proliferative border of keratinocyte colonies in vitro 

(Figure 37.A). Strongly positive γH2AX keratinocytes were found stratifying 

into the differentiated layer of the colonies (Freije et al., 2014). In addition 

to γH2AX, 53BP1 was also detected by immunofluorescence in 

keratinocytes growing in vitro (Figure 37.B). Nuclear spots of 53BP1 are 

known to be associated with persistent DNA damage foci (PDDF), which 

are kept silenced in order to avoid aberrant transcription (Mata-Garrido et 

al., 2016, Fernandez-Vidal et al., 2017). Interestingly, 53BP1 foci were 

present in keratinocytes expressing high levels of cyclin E, but not cyclin A 

or cyclin B (Figure 37.B). Accumulation of cyclin E is detected in 

keratinocytes that have already started terminal differentiation and 
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endoreplication (Zanet et al., 2010). However, although coincident, 53BP1 

and cyclin E did not co-localize within the nucleus (Figure 37.B), further 

suggesting that PDDF were excluded from replication. 

 

 

 

Figure 37 ǀ DNA damage signaling is detected in primary keratinocytes in vitro. A) 
Detection of γH2AX (red) in primary keratinocytes by immunofluorescence. Note that 
γH2AX is present in the proliferative border of the colony. B) Detection of 53BP1 (green) 
and cyclin A (CycA, red; top left), cyclin B (CycB, red; top right) or cyclin E (CycE, red; 
bottom left) by immunofluorescence. Bottom right panels: augmentation from bottom left 
panel (white box). Note that CycE and 53BP1 do not co-localize (white arrow). Nuclear 
DNA by DAPI. Scale bar: 50 µm. 

 

By using an antibody that recognized substrates phosphorylated by ATM 

and/or ATR, we could confirm that the DDR is activated in normal 
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keratinocytes (Figure 38). A strong nuclear staining was found in cells 

expressing the differentiation marker Involucrin (Figure 38.A, left panel, 

white arrows). However, proliferating keratinocytes negative for Involucrin 

expression presented substrates phosphorylated by ATM and/or ATR in 

single foci (Figure 38.A, right panel). By performing a double 

immunofluorescence we observed that these foci co-localized with the 

expression of γtubulin in interphasic and mitotic cells (Figure 38.B and C). 

Given that γtubulin is a main component of the centrosomes this result 

suggests that the DDR might have a function on centrosome and therefore, 

somehow regulate cell division in proliferating keratinocytes. 

 

Figure 38 ǀ The DDR is active in primary keratinocytes in vitro. A) Left: Detection of 
substrates phosphorylated by ATM and/or ATR (p-ATM/ATR, green) and Involucrin 
(Invol, red) by immunofluorescence. White arrows indicate big nuclei positive for Involucrin 
that accumulate substrates phosphorylated by ATM and/or ATR. Scale bar: 50 µm. Right: 
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Augmentation from left panel (white box). White arrows point to cells negative for 
Involucrin with foci of substrates phosphorylated by ATM and/or ATR. Scale bar: 20 µm. 
B) Detection of substrates phosphorylated by ATM and/or ATR (red) and γtubulin (green) 
by immunofluorescence. White arrows show the co-localization of γtubulin expression and 
the presence of substrates phosphorylated by ATM and/or ATR. Scale bar: 20 µm. C) 
Detection of substrates phosphorylated by ATM and/or ATR (red) and γtubulin (green) by 
immunofluorescence in a metaphasic cell. Scale bar: 20 µm. Nuclear DNA by DAPI. 

 

8. ATR signaling activates the squamous differentiation program 
of primary keratinocytes. 

To further study the role of DNA damage in keratinocyte physiology we 

chose to ectopically activate the DDR ATR pathway. These experiments 

were performed in collaboration with Ana Freije. ATR activation has been 

shown to be sufficient to induce senescence even in the absence of DNA 

damage (Toledo et al., 2008). Hence, we hypothesized that ATR signaling 

could be mediating the activation of the squamous differentiation program 

in keratinocytes. To test this hypothesis, we infected primary keratinocytes 

with a retroviral construct carrying the domain of TopBP1 that is able to 

stimulate the kinase activity of ATR in the absence of DNA damage, and 

which intracellular localization can be controlled by 4-hydroxytamoxifen 

[OHT; (Toledo et al., 2008)]. 
 

 

Figure 39 ǀ TopBPER translocates to the nucleus in response to OHT. A) Detection of 
TopBPER (ER, red) by immunofluorescence in keratinocytes infected with TopBPER, 48h 
in the presence or absence of OHT as indicated. Nuclear DNA by DAPI. Scale bar: 50 µm. 
B) Detection of TopBPER (ER) and γH2AX by western blotting in keratinocytes infected 
with CT or TopBPER vectors, 48h in the presence or absence of OHT as indicated. 
Keratinocytes treated for 24h with doxorubicin (DOXO) were used as positive control for 
γH2AX detection. GAPDH was used as loading control. 
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As detected by immunofluorescene, the chimeric protein (TopBPER from 

now on) was mainly cytoplasmatic until the addition of 500nM OHT to the 

culture medium (Figure 39.A). 48 hours after OHT addition, the protein 

translocated to the nucleus (Figure 39.A). By performing western blot, we 

also detected that OHT increased TopBPER protein levels (Figure 39.B), 

possibly by preventing its degradation in the cytoplasm.  

 

 

Figure 40 ǀ TopBPER nuclear translocation increases γH2AX signal. Left: Histograms 
representing the expression of γH2AX in keratinocytes infected with control vector (CT) or 
TopBPER, 48h in the presence or absence of OHT, as measured by flow cytometry (+, 
positive keratinocytes according to negative isotype antibody control). Right: Bar histogram 
shows the percentage of keratinocytes positive for γH2AX relative to CT (CT +OHT = 
100%), as measured by flow cytometry. Treatment with doxorubicin (DOXO) for 24h was 
used as positive control for γH2AX detection. p value: *<0.05. 

 

We determined that TopBPER translocation to the nucleus was sufficient 

for ATR activation. H2AX is an ATR substrate that is rapidly 

phosphorylated (γH2AX) in response to RS and, therefore, we used it as a 

read-out (Fernandez-Capetillo et al., 2004, Ward and Chen, 2001). In 

response to OHT treatment, we observed an increase in the γH2AX signal 

by western blot and flow cytometry (Figures 39.B and 40). The increase in 

γH2AX signal after OHT treatment was commensurable to the signal 

detected after treating cells with DOXO for 24h. In addition to its well 
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known role in ATR activation, TopBP1 participates in the regulation of 

DNA replication (Makiniemi et al., 2001, Kumagai et al., 2010). Hence, in 

order to check that increased γH2AX signal was specifically induced by 

ATR and not by any perturbation during DNA replication by TopBPER, we 

performed cometassays to detect actual DNA breaks. We did not detect any 

increase in DNA fragmentation 48 hours after OHT treatment, as measured 

by comets tail length (Figure 41). However, DOXO greatly increased DNA 

breaks and was used as a positive control. The results demonstrate that 

γH2AX increase upon TopBPER was directly produced by ATR activation 

and not by real DNA damage. 

 

 

Figure 41 ǀ TopBPER activates ATR in the absence of DNA damage. A) 
Quantification of comets tail length of keratinocytes infected with control vector (CT) or 
TopBPER, 48h in the presence or absence of OHT as indicated. Treatment with doxorubicin 
(DOXO) for 24h was used as positive control. Black lines represent the tail length average in 
each case. p value: **<0.01. B) Illustration of comets average length for each condition. 

 

Finally, we studied the effect of activating ATR signaling in the 

differentiation of keratinocytes. First, we observed that 4 days after OHT 

treatment keratinocytes stopped proliferating and increased in cell size 

(Figure 42.A and B), as measured by light scatter parameters by flow 

cytometry. In addition, we observed an increase in the expression of the 
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differentiation marker Involucrin (Figure 42.B). Clonogenicity assays 

demonstrated that ATR induces terminal differentiation irreversibly (Figure 

42.C). Induction of TopBPER with OHT for 4 days dramatically decreased 

the clonogenicity potential of keratinocytes when returned to normal 

conditions. Taken together, the results show that ATR signaling was 

sufficient for the activation of the squamous differentiation program of 

keratinocytes, even in the absence of actual DNA damage. However, it 

remains unclear whether ATR was directly responsible for triggering 

differentiation. 

 

Figure 42 ǀ ATR promotes squamous differentiation in primary keratinocytes. A) 

Phase contrast images of keratinocytes infected with control vector (CT) or TopBPER, 4 

days in the presence of OHT. B) Histograms representing the expression of Involucrin 

(Invol) in keratinocytes infected with CT or TopBPER, 4 days in the presence of OHT, as 

measured by flow cytometry (+, positive keratinocytes according to negative isotype antibody 

control). Right: Bar histogram shows the percentage of keratinocytes with high scatter 
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parameters or Involucrin (Invol) expression relative to CT (CT +OHT = 100%), as 

measured by flow cytometry. C) Clonogenicity assays of keratinocytes infected with CT or 

TopBPER and released after 4 days cultured in the presence of OHT. Right bar histograms 

represent the percent of large growing colonies, relative to CT (CT +OHT = 100%).p value:  

**<0.01. 

 

9. ATR inactivation leads to DNA damage accumulation and 
differentiation. 

Given that hyperactivation of ATR signaling triggered squamous 

differentiation, we decided to assess whether its silencing would inhibit this 

response. To this aim we infected keratinocytes with a lentiviral construct 

carrying an shRNA against ATR (shATR), or with the corresponding empty 

vector. By quantitative RT-PCR we confirmed that ATR expression was 

efficiently silenced 4 days after infection (Figure 43.A). At that time, we 

observed by immunofluorescence that ATR silencing induced an increase in 

the γH2AX signal (Figure 43.B), blocked G2/M progression and increased 

the percent of cells entering the polyploid compartment of the cell cycle, as 

measured by flow cytometry (Figure 44.A). In addition, we detected an 

increase in the percent of cells displaying high scatter parameters (Figure 

44.B). Consistently with the increase in cell size, we observed by 

immunofluorescence and flow cytometry an increase in the expression of 

the differentiation marker K1 (Figures 43.B and 44.C). 

 

Figure 43 ǀ shATR induces the accumulation of γH2AX. A) Detection of ATR 
expression in keratinocytes infected with shRNA against ATR (shATR) or corresponding 
empty control vector (CT),  by quantitative (Q) real-time (RT) PCR (fold change with respect 
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to control empty vector, CT). B) Detection of Keratin 1 (K1; green) and γH2AX (red) by 
immunofluorescence in keratinocytes, 4 days after infection with shATR or CT. Right bar 
histogram represents the percent of keratinocytes positive for γH2AX detected by 
immunofluorescence, relative to CT (CT = 100%). Nuclear DNA by DAPI. Scale bar: 50 
µm. p value:  **<0.01. 

 

Contrary to our initial hypothesis, inhibition of ATR activated the squamous 

differentiation response of keratinocytes. This apparent contradiction could 

be explained by the main role that ATR plays in DNA repair during 

replication: its silencing might led to the accumulation of DNA damage due 

to RS and in turn activate alternative DDR via ATM or DNA-PK. 

Activation of DDR might trigger squamous differentiation. The results 

point to a direct relationship between the DDR and the terminal 

differentiation response activation, and suggest that this relation is not ATR 

specific. 
 

 

Figure 44 ǀ shATR triggers squamous differentiation of primary keratinocytes. A) 
Histograms representing the DNA content of keratinocytes infected with shATR or CT for 4 
days, as measured by flow cytometry. Right bar histograms represent the proportion of 
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keratinocytes in G2/M (4N) or the polyploid (<4N) compartment of the cell cycle relative to 
CT (CT = 100%). B) Dot plots representing the light scatter parameters of keratinocytes 4 
days after infection with shATR or CT. Red box represents cell displaying high scatter 
parameters (HS). Bottom bar histogram represents the percent of keratinocytes with HS 
relative to CT (CT = 100%). C) Histograms representing the expression of Keratin 1 (K1) in 
keratinocytes 4 days after infection with shATR or CT, as measured by flow cytometry (+, 
positive keratinocytes according to negative isotype antibody control: red broken line). 
Bottom bar histogram represents the percent of keratinocytes expressing K1 relative to CT 
(CT = 100%). p value:  **<0.01. 

 

10. Inhibition of the DDR impairs terminal differentiation of 
keratinocytes. 

As explained previously, although ATR, ATM and DNA-PK respond 

primarily to different types of DNA damage they cooperate actively in the 

phosphorylation of common substrates and in the activation of the DDR 

(Lopez-Contreras and Fernandez-Capetillo, 2012). We decided to inhibit 

ATR, ATM and DNA-PK simultaneously to impede the activation of the 

DDR. Given the difficulty to perform triple lentiviral infections with 

shRNAs against each of these proteins; we decided to use commercially 

available chemical inhibitors.  

 

To assess the effect of the inhibitors in the activation of the DDR we 

checked again H2AX phosphorylation, a common substrate of ATR, ATM 

and DNA-PK in response to DNA damage (Fernandez-Capetillo et al., 

2004). We measured γH2AX signal by flow cytometry. Treatment with 

ATM (ATMi) or DNA-PK inhibitors (DNA-PKi) did not display any effect 

on γH2AX signal (Figure 45.A and B, left panels). In addition, ATMi and 

DNA-PKi did not affect γH2AX signal or the differentiation response of 

keratinocytes, as measured by Involucrin expression by flow cytometry 

(Figure 45, A and B, right panels). Interestingly, a 5 hours short treatment 

with ATR inhibitor (ATRi) decreased the γH2AX signal in keratinocytes 

(Figure 46.A). Unfortunately 5h is too early to measure differentiation and a 
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3 days inhibition of ATR drastically induced H2AX phosphorylation (Figure 

46.A). As expected, ATRi induced terminal differentiation of keratinocytes 

measured by light scatter parameters and Involucrin expression as detected 

by flow cytometry (Figure 46.B and C). This was in concordance with the 

results previously obtained by silencing ATR.  
 

 

Figure 45 ǀ ATM or DNA-PK inhibition does not affect the differentiation response of 
primary keratinocytes. Detection of γH2AX signal (left) or Involucrin expression (Invol; 
right) in keratinocytes treated with A) ATM inhibitor (ATMi) or B) DNA-PK inhibitor 
(DNA-PKi) for 3 or 5 days as indicated, measured by flow cytometry (+, positive 
keratinocytes according to negative isotype antibody control: red broken line). DMSO was 
used as control (CT). Right bar histograms represent the percent of keratinocytes expressing 
γH2AX (left) or Invol (right) relative to CT (CT = 100%).  
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We conclude that ATR inhibition early impaired H2AX phosphorylation at 

the sites of DNA lesions generated by RS and γH2AX signal decreased. 

Later, inactivation of ATR brought as a consequence the accumulation of 

DNA damage due to insufficient DNA repair. Finally, accumulated DNA 

damage was detected by ATM and DNA-PK, which activated the DDR and 

compensated ATR lost by phosphorylating H2AX. As a result, γH2AX 

signal drastically increased and terminal differentiation was induced. 
 

 

Figure 46 ǀ ATR inhibition drastically induces H2AX phosphorylation. A) Detection of 
γH2AX signal in keratinocytes treated with DMSO as control (CT) or with ATR inhibitor 
(ATRi) for 5 hours or 3 days as indicated, measured by flow cytometry (+, positive 
keratinocytes according to negative isotype antibody control: red broken line). Right bar 
histogram represents the percent of keratinocytes positive for γH2AX relative to CT (CT = 
100%). B) Dot plots representing the light scatter parameters of keratinocytes treated as 
indicated for 3 days. Red box represents cell displaying high scatter parameters (HS). Bottom 
bar histogram represents the percent of keratinocytes with HS relative to CT (CT = 
100%).C) Histograms representing the expression of Involucrin (Invol) in keratinocytes 5 
days after treatment as indicated, measured by flow cytometry (+, positive keratinocytes 
according to negative isotype antibody control: red broken line). Bottom bar histogram 
represents the percent of keratinocytes expressing Invol relative to CT (CT = 100%). p value:  
*<0.05, **<0.01. 
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With the aim of successfully inhibit DDR activation we treated 

keratinocytes simultaneously with ATRi and ATMi (ATRi+ATMi) and 

observed by immunofluorescence and flow cytometry that the γH2AX 

signal increased even further than when only ATRi was used (Figure 47.A 

and B). This suggested that ATM partially compensated for the lack of ATR 

repair activity. However, when we performed a triple inhibition by adding 

DNA-PK inhibitor to the mix (ATRi+ATMi+DNA-PKi) H2AX 

phosphorylation decreased (Figure 47.A and B). Triple inhibition also 

impaired γH2AX signal in metaphasic chromosomes, at the point of the cell 

cycle at which this signal is known to peak [Figure 47.C; (McManus and 

Hendzel, 2005)]. The results indicate that treatment with 

ATRi+ATMi+DNA-PKi inhibited DDR at least partially. 

 

Next, we examined the effect of inhibiting the DDR in the squamous 

differentiation response. By flow cytometry, we detected that treatment with 

ATRi+ATMi induced a dramatic increase in keratinocyte light scatter 

parameters, typical of terminal differentiation (Figure 48.A), which was 

accompanied by an increase in the expression of the terminal differentiation 

marker Involucrin (Figure 48.B and C), as detected by flow cytometry and 

immunofluorescence. Treatment with ATRi+ATMi+DNA-PKi did not 

display any effect on light scatter parameters (Figure 48.A) but inhibited the 

expression of Involucrin with respect to the double inhibition (Figure 48.B 

and C). This was consistent with the decrease observed above in γH2AX. In 

addition, clonogenicity assays showed that while ATRi+ATMi drastically 

abolished the colony forming potential of keratinocytes returned to normal 

conditions 5 days after treatment, it was partially rescued by 

ATRi+ATMi+DNA-PKi (Figure 48.D). Taken together, the results suggest 

that inhibition of DDR activation and γH2AX signaling impaired the 

differentiation response of keratinocytes.  
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Figure 47 ǀ Effect of ATR, ATM and DNA-PK inhibition in the DNA damage 
response. A) Detection of γH2AX signal in keratinocytes treated with DMSO as control 
(CT), ATR inhibitor (ATRi), ATR and ATM inhibitors (ATRi+ATMi) or ATR, ATM and 
DNA-PKi (ATRi+ATMi+DNAPKi) for 3 days, measured by flow cytometry (+, positive 
keratinocytes according to negative isotype antibody control: red broken line). Right bar 
histogram represents the percent of keratinocytes positive for γH2AX relative to CT (CT = 
100%). p value: *<0.05. B) Detection of γH2AX (top; red. Scale bar: 50 µm.) or 53BP1 
(bottom; green. Scale bar: 25 µm.) by immunofluorescence in keratinocytes treated as 
indicated. C) Detection of γH2AX (red) in metaphasic keratinocytes treated as indicated. 
Scale bar: 25 µm. Nuclear DNA by DAPI. 
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To elucidate whether the decrease in the DNA damage signaling was due to 

DDR inhibition and not to an increase in DNA repair produced by an 

unknown compensatory mechanism, we performed cometassays (Figure 49). 

The results showed that DNA fragmentation was increased when 

keratinocytes were treated with ATRi+ATMi and that this level of 

fragmentation was maintained when treated with ATRi+ATMi+DNA-PKi 

(Figure 49), supporting the idea that simultaneous inhibition of ATR, ATM 

and DNA-PK impaired γH2AX signal in the presence of DNA damage. 
 

 

Figure 48 ǀ Inhibition of the DNA damage response impairs the squamous 
differentiation program. A) Dot plots representing the light scatter parameters of 
keratinocytes 5 days after treatment with DMSO as control (CT), ATR and ATM inhibitors 
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(ATRi+ATMi) or with ATR, ATM and DNA-PK inhibitors (ATRi+ATMi+DNA-PKi), 
measured by flow cytometry. Red box represents cell displaying high scatter parameters (HS). 
Right bar histogram represents the percent of keratinocytes with HS relative to CT (CT = 
100%). B) Histograms representing the expression of Involucrin (Invol) of keratinocytes 
treated for 5 days as indicated, measured by flow cytometry (+, positive keratinocytes 
according to negative isotype antibody control: red broken line). Right bar histogram 
represents the percent of keratinocytes expressing Involucrin relative to CT (CT = 100%). C) 
Detection of Involucrin (Invol, red) in keratinocytes treated for 5 days as indicated, by 
immunofluorescence. Nuclear DNA by DAPI. Scale bar: 50 µm. D) Clonogenicity assays of 
keratinocytes released after 5 days as of treatment as indicated. p value:  *< 0.05; **<0.01. 

 

Immunofluorescence also showed an interesting result. ATRi induced the 

formation of 53BP1 foci as detected by immunofluorescence, whereas 

ATRi+ATMi impaired it (Figure 47.B). This effect can be explained by the 

fact that 53BP1 recruitment to DNA lessions is dependent on ATM kinase 

activity (Lee et al., 2009, Schmidt et al., 2014). Adding DNA-PKi to the mix 

did not display any effect in the capability of 53BP1 foci formation in the 

absence of ATM (Figure 47.B). 

 

 

Figure 49 ǀ Inhibition of ATR, ATM and DNA-PK impairs DDR in the presence of 
increased DNA damage. A) Quantification of comets tail length of keratinocytes treated 
with DMSO (CT) or ATR and ATM inhibitors (ATRi+ATMi) in the presence or absence of 
DNA-PK inhibitor (DNAPKi). Black lines represent the tail length average in each case.  p 
value: **<0.01. B) Illustration of comets average length for each condition. 
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In summary, these results suggest that although ATR is the main kinase 

involved in activation of the DDR to RS, ATM and DNA-PK can also 

compensate for genome stability maintenance in proliferative keratinocytes. 

Consistently, when keratinocytes were treated with ATRi+ATMi+DNA-

PKi γH2AX signaling decreased in the presence of high damage. Finally, we 

found that γH2AX signaling correlates with the differentiation response of 

keratinocytes, independently from actual DNA damage.  

 

11. Inhibition of the γH2AX signal impairs squamous 
differentiation and induces an epidermal to mesenchymal transition. 

Although a role of the DDR in squamous differentiation was strongly 

supported by our results, the exact molecular signal implicated in the 

activation of differentiation remained unknown. The three DNA damage 

pathways converge on phosphorylation of H2AX. Given that we found a 

direct correlation between DDR signaling and differentiation, we decided to 

silence the expression of H2AX altogether. To this aim we infected 

keratinocytes with a lentiviral construct carrying a specific shRNA against 

H2AX (shH2AX) or the corresponding empty vector. Infection with the 

construct efficiently silenced the expression of H2AX, as observed by 

immunofluorescence, quantitative RT-PCR and western blotting (Figure 

50.A, B and C). Consistently, western blot and flow cytometry showed that 

γH2AX levels were also reduced even when global DNA damage was 

induced with DOXO (Figure 50.C and D). By immunofluorescence, we 

observed that H2AX silencing affected the DDR. γH2AX signal is known 

to be necessary for the formation of the so called ionizing radiation-induced 

foci (IRIF) by the recruitment of repair factors such as 53BP1 (Ward et al., 

2003). Accordingly, H2AX silencing impaired the formation of 53BP1 foci 

(Figure 51.A).  
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Figure 50 ǀ Inhibition of H2AX expression in primary keratinocytes. Detection of 
H2AX expression in keratinocytes infected with an shRNA against H2AX (shH2AX) or the 
corresponding empty control vector (CT) by A) immunofluorescence (green), B) RT-PCR 
and C) western blotting.γH2AX is also detected by western blot. GAPDH was used as 
loading control. D) Detection of γH2AX in CT or shH2AX keratinocytes treated for 48h 
with DMSO or Doxorubicin (DOXO), measured by flow cytometry (+, positive 
keratinocytes according to negative isotype antibody control: red broken line). Right bar 
histogram represents the percent of keratinocytes positive for γH2AX relative to CT 
keratinocytes (CT/DMSO = 100%). Nuclear DNA by DAPI. Scale bar: 50 µm p value: 
**<0.01. 

 

Inefficient DNA repair due to H2AX silencing likely induced ATM and/or 

ATR and the phosphorylation of their substrates (Figure 51.B). In addition, 

higher levels of DNA fragmentation were detected by the comet assay in 

cells lacking H2AX (Figure 51.C). Hence, H2AX silencing brought as a 

consequence the accumulation of DNA damage. By western blot we 

detected that the expression of several cell cycle regulators changed (Figure 
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52.A). Depletion of H2AX decreased the expression of the S phase 

regulator cyclin E and increased expression of mitotic cyclin A and cyclin B. 

In addition, we observed an increase in the phosphorylation of the histone 

H3, which is a marker of metaphase. These results suggest that loss of 

H2AX impairs the activation of the G2/M checkpoints in response to DNA 

damage. 
 

 

Figure 51 ǀ shH2AX induces DNA damage. A) Immunofluorescence for the detection of 
H2AX (red) and 53BP1 (green) in keratinocytes infected with an shRNA against H2AX 
(shH2AX) or the corresponding empty control vector (CT). B) Detection of H2AX (red) 
and substrates phosphorylated by ATM and/or ATR (p-ATM/ATR; green) in control or 
shH2AX keratinocytes. Nuclear DNA by DAPI. Scale bar: 10 µm. C) Left: Quantification of 
comets tail length in control or shH2AX keratinocytes. Treatment with Doxorubicin 
(DOXO) was used as positive control. Black lines represent the tail length average in each 
case. Right: Illustration of comets average length for each condition. p value: **<0.01. 
 

Finally, we examined the effect of H2AX silencing in the squamous 

differentiation program of keratinocytes. By flow cytometry we analysed the 
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light scatter parameters of keratinocytes and the expression of Involucrin. 

We observed that H2AX silencing did not affect keratinocytes size or 

complexity, but inhibited the expression of Involucrin (Figure 52.B and C, 

top). Inhibition of Involucrin expression was also confirmed by western blot 

(Figure 53.A). In addition, H2AX silencing decreased cell size and 

Involucrin expression of keratinocytes after treatment with DOXO (Figure 

52.B and C, bottom). This is important because it shows that the 

keratinocyte differentiation response to DNA damage is mediated by 

γH2AX. The inhibition of differentiation produced by H2AX loss was also 

confirmed by the decrease in the expression of K1 as measured by 

quantitative RT-PCR (Figure 53.B). Taken together, the results suggest that 

γH2AX signal activates the differentiation response of keratinocytes. 
 

 

Figure 52 ǀ shH2AX impairs the differentiation response of keratinocytes. A) 
Detection of cyclin E (CycE), cyclin A (CycA), cyclin B (CycB) and phosphor-H3 (pH3) in 
control (CT) or shH2AX keratinocytes by western blot. GAPDH was used as loading 
control. B) Dot plots representing the light scatter parameters of keratinocytes infected with 
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shH2AX or the control vector (CT) and treated for 48h with DMSO or Doxorubicin 
(DOXO), measured by flow cytometry. Red box represents cell displaying high scatter 
parameters (HS). C) Histograms representing the expression of Involucrin (Invol) in control 
CT or shH2AX keratinocytes treated for 48h with DMSO or DOXO, measured by flow 
cytometry (+, positive keratinocytes according to negative isotype antibody control: red 
broken line). D) Bar histogram represents the percent of keratinocytes with HS (top) or 
expressing Involucrin (Invol; bottom) relative to CT keratinocytes (CT/DMSO = 100%). p 
value: **<0.01. 

 

H2AX depletion did not only inhibit in the expression of squamous 

differentiation markers. Very interestingly, we also observed an increase in 

the expression of molecular markers that are considered characteristic from 

an epithelia-to mesenchyma-transition (EMT). Western blotting, 

quantitative RT-PCR and immunofluorescence showed an increase in the 

expression of Keratin K8 (K8, Figure 53.A- B and Figure 54.B), which is a 

keratin typically expressed in simple epithelia and is gained in epidermoid 

carcinoma (Caulin et al., 1993, Tiwari et al., 2017). Accordingly, quantitative 

RT-PCR and immunofluorescence showed a decrease in the expression of 

Keratin 5 (K5, Figures 53.B and 54.A), which is expressed in the basal layer 

of stratified epithelia and is typically lost in epidermoid carcinoma (Caulin et 

al., 1993). 
 

 
 
Figure 53 ǀ shH2AX inhibits the squamous phenotype. A) Detection of Involucrin 
(Invol) and Keratin 8 (K8) in keratinocytes infected an shRNA against H2AX (shH2AX) or 
the corresponding empty vector (CT), by western blot. B) Detection of Keratin 1 (K1), 
Keratin 8 (K8) and Keratin 5 (K5) in CT or shH2AX keratinocytes, by real-time (RT) PCR 
(fold change with respect to control empty vector, CT). p value:  *< 0.05; **<0.01. 
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12. DNA damage signaling is detected in the epidermis in situ. 

Keratinocytes growing in vitro are stimulated by growth factors driving the 

cell cycle and this might cause RS. Indeed, lower concentrations of serum 

reduced the DNA damage marker γH2AX in vitro (not shown). It was 

important to determine whether proliferative keratinocytes in the skin 

accumulate DNA damage. This encountered strong technical difficulties 

likely due to difficult access of antibodies to the histone within the formalin 

fixed tissue. Finally we could found a method by which we could detect cells 

accumulating γH2AX by immunofluorescence in the epidermis in situ (see 

Material and Methods). 

 

Figure 54 ǀ shH2AX induces an epithelia to mesenchyma transition. A) Detection of 
Keratin 5 (K5, red) in keratinocytes infected with an shRNA against H2AX (shH2AX) or the 
corresponding empty control vector (CT) by immunofluorescence. B) Detection of Keratin 8 
(K8, green) and γH2AX (red) in CT or shH2AX keratinocytes by immunofluorescence. Note 
that K8 and γH2AX are excluding. Nuclear DNA by DAPI. Scale bar: 50 µm. 
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Positive cells were found as basal proliferative clones (Figure 55.A, left 

panel). Interestingly, γH2AX was also detected in peribasal cells that had 

started stratification and expressed the differentiation marker K1 (Figure 

55.A, right panel). It has been described that maximum γH2AX signal is 

detected during mitosis (McManus and Hendzel, 2005) and, accordingly, we 

detected a strong γH2AX signal in suprabasal metaphasic keratinocytes 

expressing K1 (Figure 55.B). Expression of K1 implies the incapability of 

cell division (Kartasova et al., 1992), and hence these cells might have 

undergo endoreplication. Hence, the results suggest that γH2AX signaling 

plays a role in both proliferation and differentiation of keratinocytes. 

 

 

Figure 55 ǀ DNA damage signaling is detected in the epidermis in situ. A) Detection 
of γH2AX (green) and Keratin 1 (K1; red) immunofluorescence. Note that γH2AX is 
detected in basal proliferative keratinocytes (left panel, white arrows) and suprabasal 
differentiating keratinocytes (right panel; white arrows). B) Detection of γH2AX (green) in a 
mitotic cell expressing K1 (red). White broken line indicates the basement membrane. 
Nuclear DNA by DAPI. Scale bar: 50 µm.
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SEARCH FOR NOVEL MOLECULES POTENTIALLY 
INVOLVED IN THE DIFFERENTIATION RESPONSE TO 

DNA DAMAGE. 

 

Our experiments demonstrating the role of DNA damage in the natural 

differentiation program of epidermal keratinocytes have provided new 

insight into the mechanisms that regulate skin homeostasis under normal 

healthy conditions. Activation of the DDR drove keratinocytes into 

differentiation in a γH2AX signal-dependent manner. Although inhibition 

of γH2AX signaling partially inhibited squamous differentiation, this 

response was not completely abolished. Hence, we concluded that, in 

addition to γH2AX, other molecules downstream of, or alternative to the 

DDR might control squamous differentiation and we aimed to identify 

them. To accomplish this objective, we performed RNA sequencing (RNA-

seq) to identify genes from the DDR whose expression is specifically up- or 

downregulated during DMC activation. 

 

The DMC is activated by a series of events comprising cell cycle 

deregulation, accumulation of DNA damage and mitosis arrest. Thus, we 

decided to use different treatments that activate the DMC by affecting the 

process at different stages. To determine the duration of each treatment, we 

performed time course experiments. The molecular signal that activates the 

differentiation response might be subsequent to the G2/M arrest. For this 

reason, we searched for the moment at which most cells were accumulating 

the cyclin A protein. In addition, the G2/M arrest must occur in the 

absence of differentiation markers expression, given that the signal might 

precede the response. Based on these hypotheses, the cells were collected at 

the moment at which cyclin A protein was accumulated but K1 mRNA was 

not expressed yet. 
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We first performed a set of experiments in which we inhibited the 

expression of p53 in keratinocytes by using an shRNA against the protein 

(shp53). By inhibiting p53 we induced the deregulation of cell cycle and the 

activation of the DMC as a response to RS. Control cells were infected with 

a construct carrying an empty vector. Cells were collected 30 hours post-

infection based on the premises previously exposed. Then, total RNA was 

isolated and sent to the Centro Nacional de Análisis Genómico (CNAG) in 

Barcelona for libraries preparation and sequencing. Next, we performed a 

second set of experiments treating keratinocytes with DOXO or 

commercially available chemical inhibitors against AurB or Plk kinases (ZM 

44739 and BI 2536, respectively). These experiments were performed during 

my EMBO short-term fellowship at the University of Michigan in 

collaboration with Dr. JT Elder. Control cells were treated with DMSO. 

Treatment with DOXO directly produces severe DNA damage and in turn 

activates the DMC. The effect produced by DOXO is more rapid and direct 

than shp53. Treatment with AurB or Plk inhibitors activates the DMC by 

directly blocking mitosis progression and thus, their effect must be 

downstream of shp53 and DOXO. It is worth noting that although ZM and 

BI act at a similar stage during mitosis, their effect are slightly different. 

While AurB inhibition (ZM) induces very high levels of polyploidy, this 

effect is more moderate when Plk is inhibited (BI). For this set of 

experiments cells were collected 16 hours after treatment, based on the 

premises explained previously. Total RNA was isolated and sent to the 

Sequencing Core of the University for libraries preparation and sequencing. 

Measurement and normalization of gene expression levels obtained from 

these experiments and from the experiment with shp53 was performed in 

collaboration with Dr. Alex Tsoi from the University of Michigan. 

 

All these treatments trigger squamous differentiation. Gene changes in every 

experiment was the first goal. In addition, by combining the differentially 
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expressing genes (DEGs) obtained from each treatment we could exclude 

genes involved in processes such as DDR, mitosis arrest, and identify 

common changes specific of the signal for differentiation.  

 

13. Transcriptome analyses reveal a list of genes potentially 
involved in the activation of the differentiation-mitosis checkpoint of 
keratinocytes. 

For each treatment, DEGs presenting a pvalue < 0.05 were selected. When 

we infected keratinocytes with shp53, 3,754 DEGs were identified. Among 

these, 1,957 genes were up-regulated and 1,797 were down-regulated. In the 

case of DOXO 8,392 DEGs were identified. From these, 4,240 were up-

regulated and 4,152 genes were down-regulated. In the case of AurB 

inhibition, we identified 1,280 DEGs. From these, 507 genes were up-

regulated and 773 were down regulated. Finally, when we inhibited Plk we 

identified 4,418 DEGs. From these, 2,300 were up-regulated and 2,118 were 

down-regulated (Figure 56). 

 

 

Figure 56 ǀ Identification of differentially expressed genes. Bar histogram representing 
the number of DEGs identified in primary keratinocytes collected 30h after infection with 
shRNA against p53 (shp53) or after treated for 16h with Doxorubicin (DOXO), AurB 
inhibitor (ZM) or Plk inhibitor (BI). Red bars represent DEGs up-regulated. Blue bars 
represent DEGs down-regulated. 
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We next performed Gene Ontology (GO) enrichment analyses, focused on 

biological processes, of the sets of DEGs found in each treatment. Up- and 

down-regulated DEGs were analysed independently (Figures 57-60). GO 

analyses revealed an over-representation of DEGs involved in mitosis and 

cell division. These changes were interpreted as an internal control of the 

generalized mitotic arrest induced in response to the treatments. However, 

while DEGs involved in mitosis and cell division are up-regulated after p53 

silencing or Plk inhibition (Figures 57 and 58), DEGs involved in these 

processes were down-regulated in DOXO and AurB inhibition (Figures 59 

and 60).  
 

 

Figure 57 ǀ GO enrichment analysis of DEGs identified after p53 silencing. Bar 
histogram representing p values (-log 10) of the most significant GO terms enriched by up- 
(red bars) or down-regulated (blue bars) DEGs identified in primary keratinocytes 30h post-
infection with shp53. 
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Figure 58 ǀ GO enrichment analysis of DEGs identified after Polo-like kinase 
inhibition. Bar histogram representing p values (-log 10) of the most significant GO terms 
enriched by up- (red bars) or down-regulated (blue bars) DEGs identified in primary 
keratinocytes treated with Polo-like kinase inhibitor (BI) for 16h. 
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Figure 59 ǀ GO enrichment analysis of DEGs identified after DOXO treatment. Bar 
histogram representing p values (-log 10) of the most significant GO terms enriched by up- 
(red bars) or down-regulated (blue bars) DEGs identified in primary keratinocytes treated 
with doxorubicin (DOXO) for 16h. 
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Figure 60 ǀ GO enrichment analysis of DEGs identified after Aurora B inhibition. Bar 
histogram representing p values (-log 10) of the most significant GO terms enriched by up- 
(red bars) or down-regulated (blue bars) DEGs identified identified in primary keratinocytes 
treated with Aurora B kinase inhibitor (ZM) for 16h. 

 

At a glance, we detected gene expression changes involved in cell cycle 

regulation and mitosis, protein ubiquitination, neuronal development and 

Notch signaling. Venn analyses of the DEGs identified in all treatments 

were performed next. Up- and down-regulated DEGs were analysed 

independently. We found that 15 DEGs were commonly up-regulated 

(Figure 61.A, a). After performing GO enrichment analyses of these 15 

DEGs, we found that biological processes involved in cell cycle regulation 

were significantly enriched (pvalue<0.01; Figure 61.B). We also found that 

40 DEGs were commonly down-regulated in all the treatments (Figure 

61.A, b). After performing GO enrichment analyses of these 40 DEGs, we 
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found that biological processes involved in lipid metabolism were 

significantly enriched (pvalue<0.01; Figure 61.B). 

 

 
Figure 61 ǀ GO enrichment analysis of common DEGs. A) Venn analyses of up- (left) or 
down-regulated (right) DEGs in the four treatments: infection with shRNA against p53 
(shp53, red), doxorubicin (DOXO, blue), AurB inhibition (ZM, yellow) and Plk inhibition 
(BI, green). Numbers indicate DEGs in each case. Letters in white boxes represent DEGs 
selected for Gene Ontology (GO) enrichment analysis in B. B) Bar histogram representing p 
values (-log 10) of the most significant GO terms enriched by commonly up- (red bars) or 
down-regulated (blue bars) DEGs in the treatments indicated. 

 

These 55 DEGs were considered potentially involved in the DMC and its 

role in this response will be analysed in future studies. In addition to this set, 

we also identified potentially interesting genes by performing GO 
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enrichment analyses of DEGs commonly up- or down-regulated in different 

combinations of treatments. By combining the 114 DEGs commonly up-

regulated in DOXO, AurB inhibitor and Plk inhibitor (Figure 61.A, c) we 

obtained an enrichment in biological processes involved in extracellular 

matrix organization and cell-cell adherent junctions (Figure 61.B). In the 

other hand, combination of the 223 commonly down-regulated in these 

treatments (Figure 61.A, d) resulted in enrichment in biological processes 

involved in mitosis and DNA replication (Figure 61.B). Combination of the 

84 DEGs commonly up-regulated when keratinocytes were treated with 

shp53, DOXO or Plk inhibitor (Figure 61.A, e) resulted in an enrichment in 

biological processes involved in cell cycle regulation (Figure 61.B), whereas 

the 95 DEGs commonly down-regulated with these treatments (Figure 

61.A, d) showed enrichment in processes involved in the negative regulation 

of transcription from RNA polymerase II promoter (Figure 59.B). 

 

In our laboratory the results continue to be analysed in collaboration with 

the Group of JT Elder in Michigan. Validation studies will be subsequently 

run in order to select genes with role in the initiation of squamous 

differentiation in response to DNA damage. Some of these genes might be 

squamous master genes that are currently unknown
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p53 PLAYS A DUAL ROLE IN EPIDERMAL 
HOMEOSTASIS. 

 

The role of p53 protein as a tumor suppressor has been extensively 

described. p53 is known to induce apoptosis in the epidermis in response to 

severe DNA damage produced by UV radiation (Ziegler et al., 1994). 

However keratinocytes have not been reported to undergo apoptosis in a 

steady-state situation (Gandarillas et al., 1999). The role of p53 in normal 

epidermis is still unclear. Its overexpression has been shown to reduced 

keratinocyte proliferation and altered the normal differentiation program in 

cell-reconstituted epidermis (Woodworth et al., 1993). In carcinoma cells it 

induces the expression of epidermal markers (Brenner et al., 1993). In 

addition, p53 expression has been reported to be downregulated in 

differentiating keratinocytes, concomitantly with an increase in the 

activity(Weinberg et al., 1995, Kallassy et al., 1998). The skin of mice 

knockout for p53 or overexpressing of a mutant p53 form appears 

unaffected (Donehower et al., 1992, Lavigueur et al., 1989, Harvey et al., 

1995). 

 

We propose that p53 might play a dual role in the maintenance of epidermal 

homeostasis. On the one hand, p53 might protect the proliferative capacity 

of epidermal stem cells by activating the cell cycle checkpoints to allow time 

for DNA repair (Figure 62). In agreement, p53 is downregulated at the 

onset of epidermal differentiation (Dazard et al., 2000). On the other hand, 

p53 might induce apoptosis in the event of acute DNA damage.  
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Figure 62 ǀ Model for the role of p53 in proliferation and differentiation of human 
epidermal keratinocytes. In response to cell cycle deregulation and DNA damage 
accumulation due to replication stress p53 activates the mitosis checkpoints to allow DNA 
damage repair. Cells with successful repair would re-enter the proliferative compartment, and 
cells with irreparable levels of DNA damage would undergo mitotic slippage, terminal 
differentiation, stratification and shedding. Loss of p53 avoids efficient activation of the 
DNA damage checkpoints and results in the impairment of proliferative potential (Freije et 
al., 2014). 
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A DIFFERENTIATION-MITOSIS CHECKPOINT MIGHT 
MAINTAIN THE BALANCE BETWEEN PROLIFERATION 

AND DIFFERENTIATION OF EPIDERMAL 
KERATINOCYTES. 

 

For a long time, epidermal keratinocytes have been thought to differentiate 

from a G1 arrest, also known as G0 or quiescence. However, previous 

results in our laboratory showed that keratinocytes differentiate from an 

active cell cycle (Zanet et al., 2010, Freije et al., 2012). They also suggested 

that; the limit to keratinocyte proliferation imposed by differentiation is 

established by mitotic checkpoints (Freije et al., 2014). The results presented 

in this Thesis functionally demonstrate this model.  

 

By overexpressing FOXM1, primary keratinocytes overcame the 

differentiation-mitosis checkpoint (DMC) that is activated by oncogenic 

alterations (overexpression of MYC, loss of p53). FOXM1 enforces the 

mitosis machinery by promoting the transcription of genes involved in cell 

division (Costa, 2005), what imbalanced the keratinocyte decision making 

towards proliferation. This demonstrates that mitosis checkpoints control 

terminal differentiation. The results are in concordance with the role of 

FOXM1 in driving proliferation of keratinocytes from oral epithelium 

(Gemenetzidis et al., 2010). Also noteworthy is the fact that FOXM1 rescues 

the proliferative capacity of keratinocytes after the depletion of the EGF-

related factor AREG (Stoll et al., 2016). The results obtained with the 

epidermal cell line NTERT point in the same direction. We showed that 

NTERT presents defects in the DMC that might contribute to 

immortalization. Interestingly, we have reported that the squamous cell 

carcinoma cell line SCC12F also presents defects in the activation of the 

DMC (Alonso-Lecue et al., 2017).  
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Altogether, the results support a key role of the DMC in coordinating 

keratinocyte proliferation with differentiation through mitosis checkpoints 

by limiting the keratinocyte lifespan. This mitotic checkpoint might also be 

relevant in the homeostasis of other developing self-renewal tissues, allowing 

proliferating cells to differentiate in the presence of an active cell cycle. 
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IMPLICATIONS OF THE DIFFERENTIATION-MITOSIS 
CHECKPOINT INTO EPIDERMAL CARCINOGENESIS 

 

p53 is the most mutated gene in human cancers (Petitjean et al., 2007). 

Mutations in this gene are present in 80-90% of skin squamous carcinomas 

(Brash, 2006). However, loss of p53 in primary keratinocytes led to 

squamous differentiation, what is consistent with an oncogene-induced 

differentiation response (OID). The same phenomenon was observed in the 

presence of oncogenic alterations such as MYC or Cyclin E overexpression 

(Gandarillas and Watt, 1997, Waikel et al., 2001, Freije et al., 2012). These 

results would explain why (1) p53 is not an initiating event of epidermal 

carcinogenesis; and (2) the DMC acts as a protective barrier against 

oncogenic alterations. Several observations support the first statement. Mice 

lacking p53 die of thymic lymphoma and do not develop early skin tumors 

(Donehower et al., 1992). Indeed, epidermal-specific p53 knockout mice 

develop spontaneous tumors only from 5 months onward (Martinez-Cruz et 

al., 2008) and are not more susceptible to chemically induced skin 

carcinogenesis (Donehower et al., 1992, Kemp et al., 1993). In human skin, 

frequent clones of p53 mutant cells that do not seem to lead to cancer are 

frequently found (Jonason et al., 1996, Ren et al., 1997, le Pelletier et al., 

2001). Consistently, Li-Fraumeni patients having one mutant p53 allele do 

not display a higher rate of skin carcinoma (Malkin et al., 1990, Srivastava et 

al., 1990). This apparent paradox can be explained by our second statement. 

We propose that the epidermis presents a powerful protective mechanism, 

the DMC that activates the squamous differentiation program in the event of 

cell cycle deregulation.  

 

This model also explains why keratinocyte hyperproliferation results in 

benign hyperkeratosis, such as psoriasis. Activation of the DMC renders the 

mitotic arrest irreversible and prevents proliferation of mutated cells 
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(Figure62). Indeed, we have shown that basal cell carcinoma cells (BCCs) 

presented an effective G2 arrest that allows DNA repair and genome 

stability maintenance (Alonso-Lecue et al., 2017). However, well 

differentiated SCC12F displayed a loose mitotic control that renders it more 

genomically instable and aggressive than BCC. 

 

Although loss of p53 does not have a role in early tumorgenesis in the skin, 

it accelerates cancer progression (Kemp et al., 1993, Bornachea et al., 2012). 

In addition, it seems to stimulate the development of skin tumors in mouse 

after UV radiation (Li et al., 1995, Jiang et al., 1999). Interestingly, genomic 

instability appears to contribute to the spontaneous tumors developed in 

p53 knockout mouse epidermis (Martinez-Cruz et al., 2009). Our results 

showed that terminal differentiation induced by p53 loss was preceded by 

DNA damage accumulation, activation of the mitotic checkpoints and 

endoreplication. This suggests that additional alterations stimulating cell 

division are needed for the development of skin cancer. By pushing mitosis, 

FOXM1 overexpression allowed p53 mutated cells to continue proliferating 

in spite of increasing DNA damage. The same result was obtained in the 

presence of MYC. In concordance, ectopic FOXM1 increased genomic 

instability of oral keratinocytes after exposure to nicotine (Gemenetzidis et 

al., 2009). Hence, the results suggest that impairment of the DMC by 

forcing cell division in the presence of oncogenic alterations might 

collaborate in the creation of a pool of genomically instable cells with the 

capacity to divide (Figure 63). This might fix precancerous mutations such 

as MYC amplification or p53 inactivation, and give rise to cell clones with 

malignant potential [Figure 63; (Molinuevo et al., 2017)]. The model would 

explain why p53 and FOXM1 are frequently deregulated in epithelial cancer.  
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Figure 63 ǀ Model of the action of mitotic FOXM1 in p53- or MYC- mutant 
keratinocytes. (a) Cells upon oncogenic alterations causing cell cycle deregulation and 
replication stress (ONC) and accumulation of irreparable DNA damage (red nuclei) block in 
mitosis unable to divide. Prolonged G2/M block allows cell size increase and triggers 
terminal epidermal differentiation, resulting in downregulation of integrins, irreversible 
suppression of cytokinesis and stratification. (b) Ectopic expression of FOXM1 pushes 
damaged keratinocytes to progress in mitosis and achieve cytokinesis in spite of an initial 
mitosis pause, giving rise to two slightly larger daughter cells that do not downregulate 
integrins. This leads to expansion of cells bearing genetic damage and to genomic instability 
(Molinuevo et al., 2017). 

 

Our results suggest two novel functions of FOXM1 that might further 

contribute to tumorigenesis. The possibility that this factor inhibits global 

RNA transcription in order to allow mitosis adds insight into the key 

function in cell multiplication. It is well established that keratinocyte 

differentiate terminally when they lose adhesion to the extracellular matrix 

(Adams and Watt, 1989). The rise of integrin cell adhesion molecules caused 

by overexpression of FOXM1 that we have observed, would allow 

keratinocytes to maintain their proliferative capacity.
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DNA DAMAGE AS PART OF THE NATURAL 
DIFFERENTIATION PROGRAM OF EPIDERMAL 

KERATINOCYTES. 

 

The DMC in response to DNA damage might play an essential protective 

role in the epidermis, a tissue continuously renewed and exposed to the 

mutagenic effects of UV irradiation. We have shown that normal 

keratinocytes in vitro displayed expression of proteins involved in the DDR. 

These samples were obtained from asymptomatic human foreskin non-

exposed to UV irradiation, suggesting that DDR activation was induced by 

an endogenous source. ATR is responsible for the repair of DNA lesions 

produced by RS (Lopez-Contreras and Fernandez-Capetillo, 2012). 

Consequently, its inhibition impedes the repair of this type of damage. 

Hence, the increase in γH2AX (DNA damage signal) detected after ATR 

inhibition (repair) suggests that RS might be an important source of 

endogenous DNA damage in proliferative keratinocytes. 

 

In addition, DDR signaling was detected in human epidermis in situ by 

means of γH2AX. Although keratinocytes in vitro are highly proliferative due 

to the stimulation of growth factors, SCs in the epidermis are mainly 

quiescent (Watt et al., 2006). Initiation of terminal differentiation is 

accompanied by the downregulation of p53 expression, the inactivation of 

cell cycle inhibitor Rb and the induction of Cyclin E. These changes are 

concomitant with the transition from SCs to active proliferating TACs 

(Zanet et al., 2010, Freije et al., 2012, Dazard et al., 2000). It is not 

unreasonable to suggest that loss of cell cycle control in TACs, by inducing 

RS, might in turn induce the activation of the DDR in the epidermis under 

normal conditions. In spite of their active proliferative state, TACs are 

committed to differentiate by unknown mechanisms (Watt et al., 2006). We 

have shown that inhibition of the DNA damage marker γH2AX impaired 
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squamous differentiation and induced an epithelial-mesenchymal transition. 

Loss of γH2AX in the squamous cell carcinoma cell line SCC1F has been 

shown to be related to inhibition of the squamous phenotype and 

aggressiveness (Alonso-Lecue et al., 2017).  Hence, the γH2AX signal seems 

to be mediating a DNA damage-induced differentiation response (DDDR; 

Figure 64). Our observations suggest that accumulation of DNA damage 

due to naturally programmed cell cycle deregulation might act as a clock and 

commit proliferative cells to differentiation. 
 

 

Figure 64 | Model for the role of the DDR in the natural differentiation program of 
epidermal keratinocytes. (A) In keratinocytes presenting high proliferative capacity ATR 
activates the mitosis checkpoint, allowing DNA repair and cell division. After a phase of 
rapid clonal expansion, keratinocytes with low proliferative potential (B) accumulate DNA 
damage due to replication stress (RS). RS activates the DDR and results in terminal 
differentiation, in a γH2AX-specific manner.  
 

Although we have found a strong correlation between γH2AX signaling and 

the epidermal differentiation response, H2AX depletion does not 

completely abolish squamous differentiation. By studying the role of the 

DNA damage pathways in the initiation of keratinocyte differentiation, we 

were aiming to identify molecules controlling the DMC. An alternative 

approach is to run gene searches. This strategy might identify squamous 

master genes that are currently unknown. 



DISCUSSION 
 

165 
 

THE DNA DAMAGE-INDUCED DIFFERENTIATION 
RESPONSE AS AN AUTOMATIC CELL-AUTONOMOUS 

LIMIT TO PROLIFERATION IN MORPHOGENESIS. 

 

The molecular mechanisms that coordinate proliferation and differentiation 

in developing tissues remain largely obscure. By studying the epidermis, we 

have identified the DDDR, which might be a cell-autonomous self-limiting 

mechanism linking proliferation with differentiation (Gandarillas et al., 

2018). 

 

In addition to its demonstrated relevance in epidermal homeostasis, it is 

tempting to speculate that the DDDR plays a role in the regulation of other 

developing tissues. Although it has been scarcely studied, there exists a 

bunch of other evidence supporting DDDR. It has been proposed the 

existence of a differentiation checkpoint induced by genotoxic stress 

inhibiting myogenesis in instable cells (Puri et al., 2002). On the contrary, 

loss of genome integrity has been shown to promote maturation of 

lymphoid and myeloid lineages (Mandal and Rossi, 2012, Wang et al., 2012, 

Santos et al., 2014). Other evidence for this response has been documented 

in neuron and hematopoietic differentiation (Sherman et al., 2011). 

Programmed induction of DSBs is required for the differentiation of B 

lymphoid lineage cells during the development of vertebrate immune 

system. In neurons, several observations suggest a link between DSBs-

dependent activation of the DDR and differentiation of neural precursor 

stem cells. In addition, ionizing radiation has been shown to promote 

terminal differentiation of mouse melanocytes and astrocytes (Inomata et 

al., 2009, Schneider et al., 2013).  Recent reports have shown that DNA 

damage can limit hematopoietic self-renewal and leukemic cancer via 

differentiation (Wang et al., 2012, Santos et al., 2014). We have obtained 
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evidence for a dual role of that RS-induced differentiation in squamous cells 

carcinoma (Alonso-Lecue et al., 2017). It limited uncontrolled proliferation 

when irreversible and contributed to malignancy when reversible, likely by 

promoting genomic instability.  

 

As extensively explained in this work, keratinocytes differentiate from a 

mitotic arrest resulting in mitotic slippage and endoreplication (Gandarillas, 

2012, Zanet et al., 2010). Based greatly on the results described in this 

Thesis, we are proposing that the DMC might be part of a key automatic 

control of homeostasis coordinating proliferation with differentiation in 

developing or regenerating tissues. The keratinocyte DMC results in 

endorepication. A growing body of evidence is boosting the potential 

importance of endoreplication in mammalian tissues. In human, 

endoreplication is known to occur in megakaryocytes (Ravid et al., 2002), 

hepatocytes (Gentric and Desdouets, 2014) and endometrium (Das, 2009). 

In last years, heart (Meckert et al., 2005, Senyo et al., 2013) and mammary 

gland (Rios et al., 2016) have been incorporated to the list. Endoreplication 

is emerging as a common mechanism in developing, and regenerating 

tissues, situations that require sustained and rapid proliferation (Gandarillas 

et al., 2018). Under these conditions the level of RS should be high. We 

propose that the DDDR might link cell multiplication with terminal 

differentiation in developing or expanding tissues, thereby controlling cell 

number and organ size and function (Figure 65).  
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Figure 65 ǀ The DNA damage differentiation response (DDDR) might link 
proliferation with differentiation in endoreplicating tissues. Cell cycle is hyperactivated 
by growth factors and cells undergo proliferation (1). Active proliferating cells accumulate 
DNA damage due to replication stress (RS; red nuclei. (2). The DDDR pathway is activated 
upon a prolonged G2/M arrest and irreparable damage. Finally, cells undergo differentiation 
and endoreplication (3). (Gandarillas et al., 2018). 

 

The limit to cell proliferation would be imposed by proliferation itself due 

to RS caused during hyperactivation of the cell cycle. Cells not having 

robust mitosis checkpoints, not undergoing apoptosis, would terminally 

differentiate, endoreplicate and start massive protein production. Cancer 

cells with defects in the DDDR would continue to proliferate in spite of 

accumulating unrepaired DNA damage, thus leading to genomic instability 

and malignant progression. 
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CONCLUSIONS 

 

1. p53 protects the proliferative potential of epidermal keratinocytes. 

2. p53 is dispensable for the activation of the differentiation-mitosis 

checkpoint. 

3. AREG does not suppress the differentiation-mitosis checkpoint 

(DMC) induced by p53 loss.  

4. FOXM1 increases the proliferative capacity and inhibits the DMC of 

human keratinocytes in the presence of oncogenic alterations, such 

as p53 loss or MYC overexpression 

5. FOXM1 allows proliferation of keratinocytes accumulating 

oncogene-induced DNA damage thus resulting in genome 

instability. 

6. The immortalized cell line NTERT present defects in the DMC. 

7. DNA damage signaling is detected in normally proliferating 

epidermal keratinocytes. 

8. The DNA damage response (DDR) controls keratinocyte 

differentiation via γH2AX signaling. 

9. Loss of H2AX favors an epithelial- mesenchymal phenotypic 

conversion. 
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