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RESUMEN 

El gen MCPH1 es uno de los implicados en el síndrome de microcefalia primaria (MCPH), una 

enfermedad rara consecuencia de una alteración en la neurogénesis que determina una reducción 

drástica en el tamaño cerebral, con el consiguiente retraso mental asociado. A diferencia de los 

otros genes MCPH identificados, los pacientes por mutaciones en MCPH1 muestran una alteración 

en el ciclo celular que afecta a todos los tipos celulares analizados. Por tanto, la importancia de este 

gen trasciende su papel como regulador de la neurogenésis humana, siendo un elemento clave para 

la coordinación del proceso de condensación cromosómica con el resto de mecanismos que 

participan de la mitosis. Además, su función también es importante en la respuesta celular frente al 

daño en el ADN. Por todo ello el síndrome asociado al gen MCPH1 es un modelo experimental 

interesante para el estudio de las bases moleculares de la división mitótica, y su importancia en los 

mecanismos reguladores que controlan el desarrollo cerebral humano. En esta tesis doctoral se 

presentan nuevos resultados sobre la función específica del gen MCPH1 durante la mitosis y su 

contribución en las vías moleculares que controlan su puesta en marcha en células humanas.  

En primer lugar, se ha demostrado que la estructura de los cromosomas metafásicos está alterada de 

manera específica en ausencia de función para el gen MCPH1. En concreto, en células de pacientes 

MCPH1 con diferentes tipos de mutaciones el análisis detallado de la morfología cromosómica 

identificó varias alteraciones, como ejes cromatídicos hiperenrollados con morfología ondulada 

distintiva (denominada “twisted”), cromátidas hermanas de menor longitud y con problemas de 

resolución, así como pérdida de la cohesión centromérica. Estos defectos podrían ser consecuencia 

de un superenrollamiento extremo de los ejes cromatídicos centrales. Estos resultados confirman 

que la función de MCPH1 es importante en el mecanismo que controlan la organización y 

formación del cromosoma mitótico. En concreto, algunas de las alteraciones identificadas - 

resolución de las cromátidas y cohesión centromérica – sugieren la existencia de una nueva función 

molecular para este gen, aún por definir. 

Otro aspecto estudiado ha sido la contribución de MCPH1 en la dinámica de condensación 

cromosómica y la progresión del ciclo celular en ausencia de daño en el ADN. Este análisis era de 

importancia ya que los estudios previos similares se habían focalizado principalmente en el 

contexto de daño en el ADN. Los resultados obtenidos demuestran que cuando falta la función de 

este gen la progresión a través de la fase G2 del ciclo celular y la posterior entrada en mitosis no se 

ve retrasada. Esto concuerda también con otros resultados que muestran que las células con 

condensación cromosómica prematura en pacientes MCPH1, denominadas PLCs, no son positivas 
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para varios marcadores mitóticos. Además, la tasa de entrada en mitosis sigue dinámicas similares 

tanto en controles sanos como en células de pacientes MCPH1. En conjunto, estos resultados 

confirman que las PLCs corresponden a células en las fases G2 o G1 del ciclo, que surgirían como 

consecuencia de una descoordinación entre la condensación cromosómica y la progresión normal 

del ciclo celular. 

Además, se ha puesto de manifiesto un nuevo fenotipo celular asociado a la falta de función de este 

gen. Así, el alineamiento cromosómico completo en la placa metafásica está significativamente 

retrasado en células sin función para MCPH1, lo que indica que este gen es esencial para una 

eficiente biorientación cromosómica durante mitosis. Este descubrimiento también resulta de 

especial interés al demostrar que la duración total de la mitosis está incrementada en células sin 

función para MCPH1. Esto podría ser un factor a considerar en el mecanismo patogénico 

responsable del síndrome de microcefalia primaria. En concreto, un incremento en la duración de la 

mitosis podría tener un gran impacto en la neurogénesis y afectar a la producción final de neuronas, 

mientras que en otros tipos celulares dicha alteración no tendría consecuencias tan importantes. 

Diversos estudios previos habían demostrado que MCPH1 participa en las vías de señalización del 

daño en ADN dependientes de ATR, además de en el proceso mismo de reparación del daño. Sin 

embargo, su importancia en otros puntos de control del ciclo celular que regulan la transición G2/M 

no había sido analizada hasta ahora. En concreto, hemos investigado la contribución de MCPH1 en 

el denominado “decatenation checkpoint” (DC), punto de control operativo durante la fase G2 del 

ciclo que monitoriza la actividad de Topoisomerasa II sobre el ADN. Los resultados obtenidos 

demuestran que MCPH1 no participa en la activación de este punto de control; sin embargo, su 

función si es requerida para la adaptación celular al mismo. Así, cuando carecen de la función de este 

gen las células no son capaces de adaptarse espontáneamente al DC e iniciar la división celular, 

permaneciendo paradas en G2 de modo permanente. Además, la habilidad de cafeína, un conocido 

inhibidor de las quinasas ATR/ATM, para inducir una adaptación celular forzada al DC también está 

comprometida. 

A la vista de estos resultados, se realizaron más análisis experimentales para caracterizar en detalle 

la vía de señalización que regula esta respuesta adaptativa y el papel concreto de MCPH1 en la 

misma. En este contexto, se ha demostrado que la función de CHK1 es necesaria para que la 

activación del DC de lugar a una parada del ciclo celular en G2 eficiente. Además, CHK1 estaría 

localizado por debajo de MCPH1 en la vía de señalización que controla la adaptación celular a este 

punto de control. La función de PLK1, al igual que MCPH1, también es esencial para esta respuesta 

adaptativa. En ausencia de función para PLK1 el DC produce una parada permanente en G2 tanto 
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en células control como en células sin función para MCPH1 y/o CHK1, lo que emplazaría a PLK1 

por debajo de MCPH1 y CHK1 en la vía de señalización que controla la adaptación celular. WEE1 

también es otro factor que confiere robustez a la parada del ciclo celular inducida por el DC, aunque 

aún está por discernir cuál es su papel concreto en la vía de señalización comentada.  

 

En conjunto, estos resultados ayudan a comprender mejor cuales son los factores genéticos que 

confieren adaptación celular a los puntos de control, un proceso aún no bien entendido y que tiene 

una implicación importante, entre otros, en la biología del cáncer. La participación de MCPH1 en 

este mecanismo, así como su contribución en la señalización y reparación del daño en el ADN son 

de importancia también en este contexto y podrían explicar en parte las evidencias recientes que 

señalan a MCPH1 como posible diana terapéutica en cáncer.  
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ABSTRACT 

MCPH1 is one of the genes mutated in primary microcephaly, a rare syndrome consequence of 

alterations during neurogenesis that result in a drastic reduction of brain size and mental retardation. 

Unlike the rest of MCPH genes identified, patient cells with mutations in MCPH1 show alterations 

during the cell cycle observable in all cell types. Therefore, the importance of this gene goes beyond 

its role as regulator of human neurogenesis, being a key element for coupling chromosome 

condensation with other processes involved in mitosis. In addition, MCPH1 function is important 

for the cellular response to DNA damage. According to these evidences, MCPH1 syndrome is an 

interesting model to get new insights into the molecular basis of mitotic cell division and its 

importance for human brain development. In this Phd. thesis it is presented new data about the 

specific functions of MCPH1 during mitosis and its contribution into the molecular pathways 

controlling mitosis onset in human cells.  

First it is demonstrated that the organization and structure of mitotic chromosomes is altered in a 

specific manner when MCPH1 function is loss. In particular, the detailed analyses of chromosome 

morphology in MCPH1 patients with different type of mutations led to the identification of several 

alterations as hypercoiled chromatid axes of distinctive morphology (named as “twisted”), sister 

chromatids with length reduction and resolution problems, as well as loss of centromeric cohesion. 

These defects might be consequence of an extreme hypercoiling of central chromatid axes. These 

results confirm that MCPH1 function is important for the mechanism controlling the shaping of 

mitotic chromosomes. In particular, some of these alterations – sister chromatids resolution and 

centromeric cohesion – point to a novel molecular function of this gene that remains to be 

elucidated.  

Other investigated issue was how MCPH1 contributes to chromosome condensation dynamic and 

cell cycle progression during undamaging cell division cycles. This analysis was important to 

establish since previous studies were focused into the role of MCPH1 during cell cycle progression 

under conditions where DNA is damaged. Our results clearly demonstrate that cells lacking 

MCPH1 function progress through G2 phase of cell cycle and enter into mitosis without delay 

compared with controls. These data agree with others results showing that cells with premature 

chromosome condensation, characteristic of MCPH1 syndrome and named as PLCs, are negative 

for mitotic markers. Moreover, the rate of mitosis onset follows similar dynamics in both healthy 

controls and MCPH1 patient cells. Altogether, these results confirm that PLCs correspond with 
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cells in G2 or G1 phase of cell cycle that arise as consequence of chromosome condensation being 

uncoupled from normal cell cycle progression.  

Our analyses have revealed a new cellular phenotype linked to MCPH1 loss of function. Thus, full 

chromosome alignment in the metaphase plate is significantly delayed in cells lacking the function 

of this gene, pointing out its importance for the process of chromosome biorentation during mitosis. 

This finding is of special interest since, as consequence, the timing of mitosis is increased in cells 

without MCPH1 function. A lengthened mitosis is an important factor to consider for the current 

discussions about the pathogenic mechanisms of MCPH1 primary microcephaly. Even a subtle 

increase in the duration of mitosis could deeply impact the final production of neurons during 

neurogenesis, while in other tissues types it would not induce noticeable alterations. 

Several studies demonstrate that MCPH1 is involved in the ATR- dependent pathway signaling 

DNA damage, as well as in the DNA repair process itself. However, its importance for others cell 

cycle checkpoints regulating G2/M transition is less known. In particular, we have investigated 

MCPH1 contribution to the decatenation checkpoint (DC), a less understood pathway which 

monitors Topoisomerase II activity on the DNA during G2 phase of cell cycle. The results obtained 

clearly demonstrate that MCPH1 is not involved in the DC activation pathway; however, its 

function is required during cellular adaptation to this checkpoint. Thus, cells lacking MCPH1 

function have no capacity of spontaneously adapt to the DC, being permanently arrested in the G2 

phase of the cell cycle. Moreover, the ability of caffeine, a well-known inhibitor of ATM/ATR 

kinases, to induce adaptation is strongly perturbed in MCPH1 depleted cells 

Considering these evidences we have performed further analyses in order to get a detailed 

characterization of the pathway regulating this adaptive response as well as the exact role of 

MCPH1 within it. In this context, our analyses have demonstrated that CHK1 function is required 

for the DC to achieve an efficient cell cycle arrest in G2. Furthermore, CHK1 might act downstream 

of MPCH1 in the pathway that controls cellular adaptation to this checkpoint. PLK1 function, 

similarly to MCPH1, is also essential for the adaptive response. If PLK1 is inhibited, the DC 

triggers a permanent G2 arrest in control and either MCPH1 and/or CHK1 depleted cells. These 

results suggest that PLK1 is downstream of MCPH1 and CHK1 in the pathway that controls cellular 

adaptation to the DC. WEE1 is another factor that restrains spontaneous adaptation to the 

decatenation checkpoint; however its specific role in this pathway is still not well characterized.  

Taking together, these results are of importance to better understand the genetic requirements of 

cells to allow adaptation to G2 checkpoints, a poorly understood process with direct implications in 
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cancer biology. The contribution of MCPH1 to this mechanism, as well as its importance for DNA 

damage signaling and repair, might explain recent evidences pointing to MCPH1 as therapeutic 

target in cancer.  
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INTRODUCCIÓN 

 

1. Microcefalia primaria autosómica recesiva (MCPH) 

1.1 Bases clínicas 

El síndrome de microcefalia primaria (MCPH, OMIM 606858) es una enfermedad con patrón de 

herencia autosómica recesivo caracterizada por un trastorno en el desarrollo neuronal que produce 

una pronunciada microcefalia y retraso mental moderado, estando ausentes en la mayoría de los 

casos otras malformaciones congénitas severas o déficits neurológicos significativos (Jackson et al., 

2002; Woods, 2004). La reducción en el tamaño cerebral, que es aproximadamente un tercio del 

tamaño normal, afecta principalmente a la región del córtex mientras que la arquitectura del cerebro 

se mantiene aparentemente inalterada (Bond et al., 2002). La microcefalia suele ser evidente a partir 

de la 32ª semana de gestación, se observa claramente desde el nacimiento y no es progresiva, a 

diferencia de la microcefalia secundaria, en la cual el tamaño del cerebro es el esperado al nacer, 

pero falla en su crecimiento posterior (Woods, 2004). 

 

El síndrome MCPH pertenece al grupo de las enfermedades raras, con una incidencia estimada en 

las poblaciones que varía entre 1/30,000 a 1/250,000 (Van Den Bosch, 1959; Mochida et al., 2001; 

Kumar et al., 2002). Sin embargo, este síndrome es mucho más frecuente en poblaciones con un 

elevado grado de consanguineidad, como ocurre en algunas regiones de Turquía, Norte de 

Paquistán e India (incidencia 1/10,000) (Suri, 2003; Kaindl et al., 2010). Entre los criterios para su 

diagnóstico clínico se incluyen una circunferencia occipital-frontal reducida (-3 SD, al menos tres 

unidades por debajo de la desviación estándar de la media correspondiente por edad y sexo), cara de 

tamaño normal y frente muy inclinada, cerebro de pequeño tamaño con patrón gyral normal o 

simplificado, retraso mental medio o moderado a partir del primer año de vida y personalidad afable 

(Woods, 2004). En la mayoría de los casos no existen reseñas en estos pacientes de otras 

alteraciones clínicas que afecten al crecimiento o metabolismo, si bien algunos pueden presentar 

cierto retraso en el crecimiento (Trimborn et al., 2004; Woods et al., 2005; Mahmood et al., 2011; 

Liu et al., 2016).  

 

Se han propuesto varias hipótesis para explicar el desarrollo de este síndrome. Una de ellas plantea 

la existencia de algún tipo de alteración mitótica durante la neurogénesis como desencadenante de 

su desarrollo anómalo (Woods, 2004; Klingseisen y Jackson, 2011). En concreto, las células 

progenitoras neuronales siguen procesos de división diferenciales, uno simétrico, que da lugar a dos 
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nuevas células progenitoras, y otro asimétrico, en el que se origina una neurona postmitótica y una 

nueva célula progenitora (Finlay y Darlington, 1995; Rakic, 1988; Mochida et al., 2001; Woods y 

Bond, 2005). Según este escenario, pequeñas alteraciones en la ejecución coordinada de ambas 

divisiones durante el desarrollo podrían desembocar en una drástica disminución del número de 

neuronas y, consecuentemente, en una masa cerebral reducida (Thornton y Woods, 2009; Leroy y 

Frias, 2005). Otras hipótesis alternativas plantean incrementos en el nivel de apoptosis y/o 

senescencia celular como origen para la microcefalia en pacientes MCPH (Kumar et al., 2009). 

También se ha propuesto que la aparición de algún tipo de alteración en los mecanismos de 

reparación del ADN, frente a los cuales serían más sensibles las células neuroprogenitoras, podría 

contribuir al desarrollo de esta patología (O’Driscoll y Jeggo, 2008). Las causas propuestas en las 

distintas hipótesis no serían mutuamente excluyentes, y queda aún por demostrar la influencia real 

de cada una como desencadenantes de esta enfermedad. 

 

Hay una relación directa entre tamaño cerebral e inteligencia medible entre diferentes especies de 

homínidos y otros mamíferos (Evans et al., 2004A; 2004B; Mochida y Walsh 2001; Rushton et al., 

2007). En casi todas las condiciones en las que el tamaño del cerebro está reducido 

significativamente, la capacidad intelectual también se ve afectada, como es el caso de los pacientes 

MCPH. Una cuestión llamativa es que el cerebro de estos pacientes es similar en tamaño al que 

presentaban las primeras especies de homínidos (400 cm3), lo que ha llevado a algunos 

investigadores a considerar el síndrome MCPH como un modelo de estudio sobre los mecanismos 

reguladores responsables de la expansión cerebral en humanos (Evans et al., 2005; Ponting y 

Jackson 2005; Lancaster et al., 2013). En el linaje de las diferentes especies de homínidos hay 

evidencias descritas de selección evolutiva y cambios genéticos acumulados en el tiempo en la 

mayoría de los genes implicados en el síndrome de microcefalia primaria (Wang et al., 2008; Leroy 

y Frias, 2005; Roberts et al., 2002; Woods et al., 2005; Vallender y Lahn, 2004). Este proceso 

acumulativo podría haber determinado que en un intervalo de 3-5 millones de años el cerebro de 

algunos de nuestros ancestros triplicara su tamaño en comparación con otras especies cercanas 

(Thornton y Woods, 2009). 

 

1.2 Bases genéticas 

La microcefalia primaria es un síndrome monogénico con un elevado grado de heterogeneidad 

génica. El primero de los genes implicados, denominado MCPH1 (también conocido como 

MICROCEPHALIN o BRIT1), fue identificado en el año 2002 (Jackson et al., 2002). Desde esa 
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fecha hasta hoy se han identificado mutaciones en otros 19 genes más que dan lugar a la aparición 

de este síndrome (Tabla I-1).  

 

El síndrome MCPH es un ejemplo de cómo han evolucionado los métodos de identificación de 

genes implicados en enfermedades durante los últimos 20 años. Así, en los primeros genes MCPH 

la identificación se basaba en la localización primero del locus, mediante mapeo fino de 

homocigosidad con SNPs o microsatélites. Posteriormente, los genes incluidos en el locus eran 

priorizados y analizados por secuenciación “Sanger” hasta encontrar alguna mutación patogénica. 

Esta estrategia, de elevado coste y esfuerzo, empezó a reemplazarse a finales de la primera década 

del siglo XXI por otras, que no requieren de un mapeo previo del locus, basadas en técnicas NGS 

(“Next Generation Sequencing”), principalmente la secuenciación exómica masiva (WES, “Whole 

Exome Sequencing”). En el caso del síndrome MCPH, mientras que en 2010 solo cinco de los genes 

habían sido identificados, actualmente el número de genes MCPH caracterizados alcanza los 20.  

 

1.2.1 Genes MCPH y fenotipo clínico 

El fenotipo clínico que presentan la mayoría de los pacientes con mutaciones en estos genes es muy 

similar, y en algunos casos indistinguible (Woods et al., 2005; Passemard et al., 2009; 2011A; 

Kaindl et al., 2010). Sin embargo, al ser un síndrome con elevada heterogeneidad génica y alélica, 

su espectro clínico muestra alguna variabilidad según el gen implicado y las diferentes mutaciones 

del mismo (Venkatesh et al., 2014). Por ejemplo, una de las variaciones más común es el grado de 

reducción del tamaño cerebral, que puede ser desde ligera a muy severa. A continuación, se 

comentan las variaciones en el fenotipo clínico que se han descrito en pacientes con mutaciones en 

los genes de los distintos locus implicados. 

 

Si bien la estructura del cerebro en la mayoría de los casos se mantiene normal, cuando está mutado 

el gen WDR62 (locus MCPH2) el espectro de manifestaciones clínicas es más amplio e incluye 

lisencefalia y polimicrogiria (Bilgüvar et al., 2010) o alteraciones en el cuerpo calloso (Yu et al., 

2010). En el caso de mutaciones en el gen CDK5RAP2 (MCPH3) se ha descrito afectación de las 

habilidades sensoriales como ceguera o audición reducida (Pagnamenta et al., 2012; Lancaster et 

al., 2013), mientras que los pacientes asociados a mutaciones de COPB2 (MCPH19) muestran 

ceguera cortical con cuerpo calloso anormalmente delgado, poca expansión ventricular y 

mielinización retardada (DiStasio et al., 2017). También hay casos de pacientes con microcefalia 

primaria que sufren de ataxia, como en las mutaciones del gen STIL (MCPH7) (Darvish et al., 
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2010), o muertes prematuras o a corta edad, en el caso de MCPH10 (Kakar et al., 2015). Éstos 

últimos se caracterizan por tener una circunferencia occipital extremadamente reducida (-9 SD) y 

muerte prematura normalmente con un año de edad. Para el síndrome asociado a este locus, los 

estudios neuropatológicos mostraron una severa pérdida de neuronas, así como menor polaridad de 

las mismas, acompañado de una maduración dendrítica anormal. En estos individuos, el córtex 

cerebral era más pequeño que el cráneo, lo que apunta a una posible degeneración secundaria, y el 

cerebelo estaba afectado de forma similar. Los individuos afectados también mostraban bajo peso y 

talla en el nacimiento, lo que indica cierta afectación de las células somáticas (Yang et al., 2012). 

Esto último también es común al locus MCHP13 (Mirzaa et al., 2014) y MCPH14, en el que 

algunos afectados son incapaces de andar y además presentan otras malformaciones cerebrales 

(Khan et al., 2014).  

 

Entre las variantes con síntomas clínicos más graves destaca el del locus MCPH15, ya que los 

pacientes muestran una reducción del tamaño cerebral progresiva (hasta -6.2 SD), severo retraso en 

el desarrollo psicomotor, y otros déficits neurológicos como cuadriplejía espástica, la forma más 

grave de parálisis cerebral (Guemez-Gamboa et al., 2015). MCPH17 es otro ejemplo de 

microcefalia primaria que parece ser degenerativa, reduciéndose el tamaño cerebral a lo largo del 

tiempo de vida del individuo (hasta -12 SD). En los casos más severos aparece lisencefalia con 

hipoplasia en el bulbo raquídeo y cerebelo (Harding et al., 2016).  

 

1.2.2 Genes MCPH: función molecular 

De los veinte genes identificados actualmente en el síndrome MCPH, casi todos ellos tienen en 

común el estar implicados en la mitosis y/o bien expresarse de forma específica en tejido nervioso. 

A continuación, se resumen las principales evidencias acerca del papel molecular y la contribución 

de los mismos al desarrollo de microcefalia. 

Los análisis celulares demuestran que muchos de los productos de los genes implicados en el 

síndrome MCPH se localizan en el centrosoma durante mitosis (Guernsey et al., 2010; Bond et al., 

2005; Kouprina et al., 2005; Zhong et al., 2006). Durante la división celular, el centrosoma es el 

responsable de la organización de los microtúbulos en las células animales y contribuye a la unión 

eficiente y posicionamiento de las fibras del huso. Su ciclo de duplicación está coordinado con la 

replicación del ADN para evitar que haya más de dos centrosomas en una célula (Morris-Rosendahl 

et al., 2015).  
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Los productos de varios genes implicados en MCPH, están relacionados con la función 

centrosómica. Así, el gen MCPH1 coordina el ciclo de duplicación centrosómica con la entrada en 

mitosis (Gruber et al., 2011), mientras que otros codifican proteínas esenciales en la duplicación 

centrosómica (como SAS-6, STIL, CPAP, CEP63, CEP135, y CEP152) o bien constituyen proteínas 

centrosómicas per se, como CDK5RAP2, cuya función es localizar/señalizar los polos del huso 

durante mitosis (Hassan et al., 2007; Lizarraga et al., 2010).  

Otro elemento esencial en el proceso de división celular es el huso mitótico. Esta estructura está 

formada por microtúbulos, fibras dinámicas polares, y cientos de proteínas que funcionan juntas 

orquestando la segregación cromosómica.  

Durante la neurogénesis temprana, las células madre neuronales y las progenitoras se dividen 

simétricamente para incrementar su población, para lo que el huso tiene que estar orientado con 

precisión para permitir la segregación simétrica de factores pluripotentes entre las dos células 

resultantes. Una disposición anómala del huso supone una segregación asimétrica de estos factores, 

lo que produce una diferenciación prematura de la célula y una disminución en el número de células 

progenitoras neuronales (Woods y Basto, 2014). Dos de los genes que aparecen mutados más 

frecuentemente en pacientes MCPH, ASPM y WDR62, codifican para proteínas del huso mitótico 

(Bond et al., 2002; Bilguvar et al., 2010). ASPM es una proteína de gran tamaño que une a los 

extremos del huso mitótico y participa en el ensamblaje del mismo (do Carmo-Avides et al., 2001; 

Bond et al., 2002; Bond et al., 2003). WDR62 interactúa con la quinasa mitótica Aurora A, lo que 

también regula el ensamblaje del huso mitótico (Chen et al., 2014). A la luz de estos datos, algunos 

autores consideran que la disposición anormal del huso mitótico podría ser el mecanismo patológico 

causante del síndrome MCPH (Bilguvar et al., 2010; Yu et al., 2010).  

 

El análisis de los ortólogos para algunos genes causantes del síndrome MCPH en Drosophila y/o 

pez cebra también sugieren un papel importante de dichos genes en la función centrosómica, la 

organización de los microtúbulos y la función del huso mitótico (Do Carmo-Avides y Glover 1999; 

Pfaff et al., 2007; Rickmyre et al., 2007). En ratón, los mutantes para Wdr62 muestran un fenotipo 

característico de microcefalia en el que las células progenitoras neuronales presentan defectos en el 

ensamblaje del huso, lo que produce un enlentecimiento de la mitosis, parada del ciclo celular, y 

finalmente muerte celular (Woods y Basto, 2014). Sin embargo, el ortólogo de ASPM en moscas 

(Asp) interactúa con miosina-II regulando la migración nuclear interquinética y la morfogénesis del 
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cerebro, lo que indicaría una función no mitótica para Asp y, posiblemente también para ASPM, en 

el cerebro. 

Los estudios de expresión génica en embriones de ratón y fetos humanos demuestran que los genes 

causantes de MCPH se expresan durante la división neurogénica (Kumar et al., 2009; Nicholas et 

al., 2010). Los resultados sugieren la existencia de algún tipo de mecanismo encargado de regular y 

coordinar la orientación espacial del huso mitótico durante el conjunto de divisiones simétricas y 

asimétricas en la neurogénesis (Fish et al., 2006; Gruber et al., 2011; Lancaster et al., 2013; Insolera 

et al., 2014). Este mecanismo resultaría fundamental para el correcto desarrollo del cerebro y su 

alteración podría originar la aparición de microcefalia primaria (Thornton y Woods, 2009). Según 

esta hipótesis, las células progenitoras neuronales serían más susceptibles que otros tipos de células 

progenitoras a las mutaciones en genes que codifican proteínas centrosómicas o del huso mitótico, 

como es el caso de muchos de los genes implicados en la aparición de microcefalia primaria. 

 

Algunos de los genes causantes del síndrome MCPH identificados más recientemente tienen otras 

funciones, como ZNF335, codificante de un componente del complejo remodelador de cromatina 

que regula la expresión de genes neuronales y muerte celular (Yang et al., 2012). Otros ejemplos 

son PHC1, miembro del complejo represivo de genes polycomb 1 (Awad et al., 2013); MFSD2A, 

una proteína transmembrana que se localiza en células endoteliales vasculares del cerebro y forma 

parte de la barrera hematoencefálica (Guemez-Gamboa et al., 2015; Alakbarzade et al., 2015); 

ANKLE2, con un papel crítico en el ensamblaje de la envoltura nuclear al final de anafase (Asencio 

et al., 2012); CIT, una quinasa que actúa en diferentes rutas de señalización (Madaule et al., 1995); 

WDFY3, proteína que interactúa con P62 y regula la ubiquitinación proteica (Clausen et al., 2010); 

y finalmente COPB2, codificante de una subunidad del complejo de Golgi necesaria para su 

transporte hasta el retículo endoplasmático (DiStasio et al., 2017).  

 

En el caso de ANKLE2, se han identificado mutaciones en su homólogo en Drosophila en los que en 

el tercer estado larvario el tamaño del cerebro se reduce progresivamente, mostrando un menor 

número de neuroblastos, menor proliferación celular e incremento de la apoptosis (Yamamoto et al., 

2014). 
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Tabla I-1: Relación de locus y genes MCPH caracterizados hasta la fecha. 

Locus Cromosoma   Gen Función Referencia 

  MCPH1 8p23 
MCPH1 

(microcefalina) 

Reparación del daño en el ADN, 

condensación cromosómica  

Jackson et al., (2002), 

Trimborn et al., (2004) 

MCPH2 
19q13.12-

q13.2 
WDR62 Orientación del huso mitótico Nicholas et al., (2010) 

MCPH3 9q33.2 CDK5RAP2 
Regulación de la función de los 

microtúbulos, desarrollo del centrómero  
Bond et al., (2005) 

MCPH4 15q15-q21 CASC5 
Ensamblaje del cinetocoro con el huso 

mitótico 

Jamieson et al., 

(1999), Genin et al., 

(2012) 

MCPH5 1q31.1 ASPM 
Orientación de los husos mitóticos 

durante la neurogénesis embrionaria 
Shen et al., (2005) 

MCPH6 13q12.12 CENPJ 
Control de la longitud del centriolo, 

función de los microtúbulos 
Bond et al., (2005) 

MCPH7 1p33 STIL 
Organización de los husos, progresión del 

ciclo celular 
Kumar et al., (2009) 

MCPH8 4q12 CEP135 Control del número de centrosomas Hussain et al., (2012) 

MCPH9 15q21.1 CEP152 Proteína centrosómica 
Guernsey et al., 

(2010) 

MCPH10 20q13.12 ZNF335 

Regulación de la actividad del complejo 

encargado de la metilación de histona 

H3K4 

Yang et al., (2012) 

MCPH11 12p13.31 PHC1 Regulación de la expresión génica Awad et al., (2013) 

MCPH12 7q21.2 CDK6 
Progresión de ciclo celular, organización 

de microtúbulos 
Hussain et al., (2013) 

MCPH13 4q24 CENPE 
Elongación del huso mitótico, 

movimiento de los cromosomas 
Mirzaa et al., (2014) 

MCPH14  1p21.2 SASS6 Duplicación del centriolo Khan et al., (2014) 

MCPH15 1p34.2 MFSD2A 
Células endoteliales vasculares del 

cerebro 

Guemez-Gamboa et 

al., (2015) 

MCPH16 12q24.33 ANKLE2 
Reconstrucción de la membrana nuclear 

al final de anafase 

Yamamoto et al., 

(2014) 

MCPH17 12q24.23 CIT Proteína-quinasa Li et al., (2016) 

MCPH18 4q21.23 WDFY3 

Marcaje de estructuras citoplasmáticas 

para autofagia (se expresa únicamente en 

tejido neuronal) 

Kadir et al., (2016) 

MCPH19 3q23 COPB2 Subunidad del aparato de Golgi DiStasio et al., (2017) 

MCPH20 1q32.1 KIF14 

Perteneciente a la superfamilia de las 

quinesinas, proteína motora asociada a 

microtúbulos 

Makrythanasis et al., 

(2018) 

 

https://www.omim.org/geneMap/7/377?start=-3&limit=10&highlight=377
https://www.omim.org/geneMap/4/407?start=-3&limit=10&highlight=407
https://www.omim.org/geneMap/1/711?start=-3&limit=10&highlight=711
https://www.omim.org/geneMap/1/414?start=-3&limit=10&highlight=414
https://www.omim.org/geneMap/12/854?start=-3&limit=10&highlight=854
https://www.omim.org/geneMap/12/762?start=-3&limit=10&highlight=762
https://www.omim.org/geneMap/4/338?start=-3&limit=10&highlight=338
https://www.omim.org/geneMap/3/638?start=-3&limit=10&highlight=638
https://www.omim.org/entry/611279#7
https://www.omim.org/entry/611279#7
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A pesar de que se han hecho grandes progresos en nuestro conocimiento sobre el desarrollo del 

cerebro y las bases genéticas del síndrome MCPH, todavía no se dispone de una respuesta concreta 

a la pregunta principal: ¿por qué las mutaciones en los genes causantes de MCPH afectan 

exclusivamente al neuroepitelio? Queda patente que estos genes controlan una amplia gama de 

procesos celulares, muchos de ellos directamente relacionados con la mitosis como la maduración 

de los centrosomas, y la organización y funcionamiento del huso mitótico. Ligeras perturbaciones 

en la función de los mismos podrían alterar el equilibrio entre proliferación y muerte celular, 

división simétrica y asimétrica o diferenciación normal o anormal, teniendo como consecuencia 

principal una reducción en el número total de células neuroprogenitoras y neuronas diferenciadas en 

el cerebro en desarrollo, lo que en conjunto se manifestaría como microcefalia (Barbelanne y Tsang, 

2014). Además, las divisiones celulares neurogénicas en el cerebro ocurren en su mayor parte 

durante un periodo de tiempo concreto en el desarrollo embrionario, aunque también ocurren de 

forma minoritaria en regiones muy concretas en el cerebro adulto (Woods et al., 2004). 

Probablemente, esto contribuya a las diferencias observadas entre el desarrollo embrionario del 

cerebro y otros órganos y partes del cuerpo, al ser éstos últimos menos susceptibles a mutaciones en 

alguno de los genes causante de MCPH por abarcar su desarrollo un periodo de tiempo más amplio. 

 

1.3 Bases ambientales 

Además de cómo síndrome genético, la microcefalia primaria también puede ocurrir por causas 

externas ambientales que alteren la neurogénesis embrionaria durante el embarazo, tales como 

consumo de alcohol, derivados opiáceos o infección por toxoplasma (Krauss et al., 2003; Woods y 

Bond, 2005). Estos agentes externos ambientales podrían alterar la expresión de genes clave durante 

la neurogénesis embrionaria, bien de manera directa o indirectamente al afectar el intercambio 

normal de factores de origen materno a través de la placenta.  

La implicación final de los genes relacionados con el síndrome MCPH en este escenario está aún 

por demostrar, aunque ya hay algunos estudios que muestran una relación causal directa, en 

concreto para el gen MCPH1. Durante el desarrollo embrionario en ratón, el uso de antagonistas del 

péptido vasoactivo intestinal (VIP), un conocido factor materno inductor de crecimiento 

embrionario (Gressens et al., 1993), inhibe la expresión del gen Mcph1, lo que determina la 

aparición de microcefalia primaria (Passemard et al., 2011B).  
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2. Microcefalia primaria MCPH1 

El gen MCPH1 (también denominado “microcephalin”), está localizado en 8p23.1 y contiene una 

pauta de lectura abierta (ORF) de 8,032 pb. Este gen está compuesto por 14 exones y codifica una 

proteína de 835 aminoácidos denominada microcefalina o BRIT1. Esta proteína contiene tres 

dominios BRCT (“BReast cáncer gene Carboxy-Terminal domain”), uno N-terminal y dos C-

terminales, además de una secuencia señal de localización nuclear (Nuclear Localization Signal) 

(Figura I-1 B). Los dominios BRCT están presentes en proteínas que participan en la señalización 

del daño en el ADN (Gavvovidis et al., 2012), y median interacciones de tipo proteína-proteína y 

proteína-ADN (Huyton et al., 2000). En humanos, sus genes homólogos más cercanos son la 

proteína de unión a Topoisomerasa II tipo 1 (TOPBP1) y BRCA1 (Ponting y Jackson, 2005). 

 

Mientras que los tres dominios BRCT de la proteína y las regiones cercanas a éstos están muy 

conservados, las secuencias centrales son altamente variables en la mayoría de los vertebrados, lo 

que implica que MCPH1 es una proteína que ha sufrido una rápida evolución (Yamashita et al., 

2011). Así, MCPH1 muestra un 57% de identidad total con su gen ortólogo en ratón, mientras que 

en las regiones más conservadas correspondientes a los dominios BRCT la identidad es del 80% 

(Jackson et al., 2002). El gen Mcph1 en ratón tiene una organización similar a la observada en 

humanos y codifica para una proteína con un tamaño de 822 aminoácidos (Koonin et al., 1996; 

Huyton et al., 2000). La estructura de esta proteína está conservada evolutivamente en metazoos, 

habiéndose descrito genes que codifican una proteína con estructura equivalente en dos modelos 

animales de invertebrados, Drosophila melanogaster y Caenorhabditis elegans (Ponting y Jackson, 

2005).  

 

En humanos se ha documentado la existencia de al menos seis isoformas de la proteína MCPH1, 

codificadas por diferentes transcritos originados por “splicing” alternativo (Figura I-1 A). De todas 

ellas, los análisis sobre los niveles y el patrón de expresión sugieren que solo dos isoformas tienen 

relevancia funcional, mientras que las demás probablemente sean subproductos de “splicing” 

(Gavvovidis et al., 2012). La isoforma denominada “Full Lenght” (MCPH1-FL), está codificada por 

un transcrito que contiene los 14 exones del gen y que da lugar a la proteína completa (835 

aminoácidos). La otra isoforma con relevancia funcional es de menor tamaño (610 aminoácidos) al 

estar codificada por un transcrito que carece de los últimos seis exones (MCPH1-Δe9-14). En esta 

isoforma están ausentes los dos dominios BRCT C-terminales incluidos en la isoforma MCPH1-FL 

(Gavvovidis et al., 2012). Ambas isoformas difieren en el patrón de expresión en cerebro fetal, 



INTRODUCCIÓN________________________________________________________________ 

20 
 

siendo ésta cinco veces mayor para la isoforma MCPH1-Δe9-14, mientras que sus niveles de 

expresión son más similares en otros tejidos fetales y adultos. Por otro lado, la expresión de ambas 

isoformas está sujeta a una regulación diferencial durante el ciclo celular. Mientras que los niveles 

de MCPH1-FL disminuyen desde mitad de la fase S a la G2, para MCPH1-Δ9-14 disminuyen en la 

fase S temprana, pero se incrementan al final de la fase S y durante G2. También existen evidencias 

de funciones diferenciales para cada una de las isoformas, en concreto en los procesos de reparación 

del ADN y en la condensación cromosómica (Gavvovidis et al., 2012) (ver más adelante).  

 

 

 

 

 

 

 

 

Figura I-1: Estructura de los diferentes transcritos descritos del gen MCPH1 generados por “splicing” alternativo y 

las isoformas generadas a partir de los mismos A) Transcrito para la isoforma “Full-Length” (FL) y los transcritos 

alternativos Δe9-14, Δe1-3, y Δe8 difieren en la composición de exones y la región 3’UTR; Los rectángulos 

numerados representan exones, los coloreados en azul indican regiones codificantes (CDS), los rojos regiones 

5´UTR y los verdes 3`UTR. La región 3`UTR de la isoforma Δe9-14 difiere de las demás y está resaltada en 

amarillo. B) Polipéptidos esperados generados a partir de los diferentes transcritos de MCPH1. Los rectángulos 

verdes indican la posición de los dominios BRCT, los azules marcan la posición de la señal de localización nuclear 

(NLS). Dos aminoácidos adicionales, S y M, se incluyen en MCPH1-Δe9-14, debido al cambio en la pauta de 

lectura que origina finalmente la terminación prematura (#). 
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2.1 MCPH1 y microcefalia primaria: mutaciones descritas 

Se han descrito un total de 14 mutaciones distintas en homocigosis para este gen en pacientes con 

microcefalia primaria tipo MCPH1. Ocho de ellas dan lugar a proteínas incompletas: dos 

mutaciones sin sentido en el exón 2 (Jackson et al., 2002) y en el exón 4 (Farooq et al., 2010); dos 

inserciones de una base en el exón 5 y en el exón 6 (Trimborn et al., 2004; Darvish et al., 2010); y 

una deleción de una base en el exón 8 (Hussain et al., 2013). También se han descrito dos 

mutaciones que alteran el patrón de “splicing” (Darvish et al., 2010; Ghafouri-Fard et al., 2015); 

cuatro mutaciones no sinónimas (Trimborn et al., 2005; Darvish et al., 2010; Leung et al., 2011; 

Darvish et al., 2010) y siete grandes deleciones (Garshasbi et al., 2006; Darvish et al., 2010; Pfau et 

al., 2013; Hemmat et al., 2017; Ahmad et al., 2017) (Figura I-2, Tabla I-2).  

 

La mutación en homocigosis en una secuencia de splicing del intrón 4 resulta en un fallo de 

procesamiento del ARN. Curiosamente, dentro de la misma familia esta mutación da lugar a 

diferentes fenotipos según el sexo: a pesar de que en el hombre se observó un notable retraso 

mental, la mujer afectada presentaba inteligencia normal, al igual que sus habilidades motoras y 

lingüísticas. Esto podría explicarse por variaciones sexuales específicas durante el desarrollo del 

cerebro o por otros mecanismos como genes modificadores (Ghafouri-Fard et al., 2015; Shi et al., 

2015). Las deleciones que involucran a varios exones también parecen causar un fenotipo de 

microcefalia más severo que las mutaciones puntuales (Hemmat et al., 2017). 

 

La mayoría de las mutaciones no sinónimas en el gen MCPH1 han sido descritas en pacientes con 

un fenotipo clínico moderado, en comparación con las mutaciones sin sentido o las que inducen 

cambios en la fase de lectura (Woods et al., 2005; Trimborn et al., 2004; Gharshasbi et al., 2006). 

Por ejemplo, la mutación Thr27Arg altera la polaridad y carga en un residuo de la proteína 

altamente conservado, ya que se localiza dentro del dominio BRCT N-terminal (Huyton et al., 

2000; Trimbron et al., 2005). De este modo, el análisis de mutaciones no sinónimas que inducen 

pérdida de función de la proteína es de importancia para la identificación de regiones con especial 

relevancia funcional dentro de la mismo (Ghani-Kakhi et al., 2012). 
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Tabla I-2: Mutaciones descritas para el gen MCPH1 en pacientes con microcefalia primaria. Los asteriscos señalan las 

mutaciones concretas que contienen las líneas celulares de pacientes empleadas en nuestro trabajo. 

Mutación Alteración molecular y fenotipo Referencia 

Transversión 74C-G en el exón 2, Sustitución 

S25X (c.74G>C, Ser25X)* 
Mutación en el primer dominio BRCT. Expresión 

residual de proteína con pérdida del dominio 

BRCT N-terminal. Reducción del tamaño 

cerebral -5 a -10 SD 

Jackson et al., 

(2002); Alderton et 

al., (2006) 

Inserción de 1 base en exón 5, 427insA, 

generando codón de parada prematura en 

exón 6 y proteína truncada de 146 aa 

(c.427_428insA)* 

Pérdida funcional de la proteína. Pacientes con 

condensación cromosómica prematura. 
Neitzel et al., 

(2002) Trimborn et 

al., (2004) 

Transición c80C>G, T27R Microcefalia primaria moderada (-2.5 SD) y 

fracción de PLCs reducida en comparación con la 

fracción encontrada para mutaciones sin sentido. 

Trimborn et al., 

(2005) 

 
Deleción de 150- a 200-kb que incluyen el 

promotor y los primeros 6 exones del gen 
Afectados con retraso mental, microcefalia 

moderada (-3 SD) y condensación cromosómica 

prematura (10-15% de las células). 

 

Garshasbi et al., 

(2006) 

Inserción de 1 base en exón 6, 566insA 

(c.566_567insA) 
Afectados con microcefalia (-6 SD), retraso 

mental moderado y condensación cromosómica 

prematura. 

Darvish et al., 

(2010) 

Transversión 147C-G en el exón 3, 

sustitución H48Q 
Afectados con microcefalia (-7 a -9 SD), retraso 

mental moderado y condensación cromosómica 

prematura. Afecta al primer dominio BRCT. 

 

Darvish et al., 

(2010) 

Transición 215C-T en exón 3, sustitución 

S72L 
Afectados con microcefalia (-6 a -7 SD), retraso 

mental moderado y condensación cromosómica 

prematura. Afecta al primer dominio BRCT. 

 

Darvish et al., 

(2010) 

Transversión 302C-G en exón 4, sustitución 

S101X(c.302C>G, Ser101X) 

Afectado con microcefalia, craneosinostosis, 

ptosis, micrognatia, y alta sensibilidad al daño en 

ADN. Pérdida de los dos dominios BRCT C-

terminales. 

Tommerup et al., 

(1993), Farooq et 

al., (2010) 

Mutación en lugar de splicing c.436+16>T, 

exón 5 

Microcefalia severa, -9 SD. Darvish et al., 

(2010) 

Mutación de cambio de sentido c.149T>G, 

Val50Gly 

Alteración en los dominios BRCT N-terminales. 

Microcefalia moderada. 

 

Leung et al., (2011) 

Mutación de cambio de sentido c.215C>T, 

Ser72Leu 

Exón 3, cambio en la polaridad del aminoácido, -

6.2 SD 

Ghani-Kakhki et al., 

2012 

Mutación de cambio de sentido c.223T>C, 

Trp75Arg* 

Exón 3, cambio en la polaridad del aminoácido, -

5.7 SD 

Ghani-Kakhki et al., 

2012 

Deleción de una base, c.1179delG en el exón 

8, R393S 

Microcefalia de moderada a severa, -8 to -10 SD. Hussain et al., 

(2013) 

Mutación en lugar de splicing c.322-2A>T Deleción de 15 nucleótidos en el exón 5 del 

transcrito de ARN mensajero (r.322_336del15, 

R108_Q112del5). 

Ghafouri-Fard et 

al., (2015) 

 

Microdeleciones de 160 kb y 570 kb Afectan a los dos o a los once primeros exones 

del gen respectivamente 

Ahmad et al., 

(2017) 

Microdeleción de 250 kb Descrita en una familia consanguínea de origen 

hispano, abarca los ocho primeros exones de 

MCPH1. 

Hemmat et al., 

(2017) 
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2.2 Expresión y localización subcelular de MCPH1 

Una cuestión llamativa es que la expresión de algunos genes relacionados con MCPH no es 

exclusiva del neuroepitelio. MCPH1 es un ejemplo representativo ya que se expresa en la mayoría 

de tipos celulares analizados, lo que es indicativo de un papel más general en otras funciones 

celulares además de controlar la mitosis neuroepitelial. Así, este gen se expresa de manera 

generalizada en todos los tejidos humanos adultos, siendo sus niveles más elevados en cerebro, 

testículo, páncreas e hígado (Lin et al., 2010). Durante la etapa embrionaria en humanos, muestra 

niveles altos en el cerebro fetal, riñón e hígado, y niveles más bajos en el corazón embrionario y 

pulmones (Jackson et al., 2002). En embriones de ratón, se ha detectado la expresión de Mcph1 en 

los ventrículos laterales del prosencéfalo (Jackson et al., 2002). Igualmente, se han detectado 

transcritos de este gen durante todo el desarrollo embrionario de Drosophila, desde embriones a 

adultos (Brunk et al., 2007). La proteína MCPH1 se localiza en el centrosoma en la línea celular 

humana U2OS (osteosarcoma) y en la DT-40 de pollo (Zhong et al., 2006; Jeffers et al., 2008). 

También se localiza en “hot-spots” de reparación del ADN en células U2OS, HeLa (carcinoma 

Figura I-2: Representación esquemática del gen MCPH1 y las posiciones de las mutaciones descritas para el mismo 

en pacientes con microcefalia primaria. La extensión de las deleciones se indica con flechas horizontales coloreadas 

bajo la estructura del gen. Los 14 exones del gen se corresponden con las líneas o rectángulos negros. Entre éstos, las 

regiones no codificantes en gris. 
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cervical), y líneas celulares de linfoblastos derivadas de pacientes MCPH1 (Rai et al., 2006; Wood 

et al., 2007; Gavvovidis et al., 2010).  

Además de en estas líneas celulares, en cultivos primarios realizados a partir de tejido ovárico y en 

el tejido mamario la localización de MCPH1 es citoplasmática y nuclear, concretamente en puntos o 

foci nucleares (Bruning-Richardson et al., 2011). En el contexto fisiológico, la localización de 

MCPH1 ha sido estudiada también en Drosophila, donde se encuentra en el ADN de células 

interfásicas en embriones de esta especie, estando ausente en el ADN de las células desde 

prometafase a telofase (Brunk et al., 2007). 

 

3. Funciones moleculares de MCPH1 

3.1 Condensación cromosómica  

Los análisis citogenéticos en pacientes con microcefalia primaria por mutaciones en el gen MCPH1 

han permitido identificar un fenotipo celular llamativo con importantes implicaciones funcionales. 

Así, en las preparaciones mitóticas obtenidas de estos pacientes siempre se observa una fracción 

muy elevada (10-20%) de células con cromatina condensada similares a profases mitóticas 

((Trimborn et al., 2005; Garshasbi et al., 2006; Darvish et al., 2010; Farooq et al., 2010; Leung et 

al., 2011; Hussain et al., 2013; Ghafouri-Fard et al., 2015; Ahmad et al., 2017; Hemmat et al., 2017 

(Figura I-3). Este fenotipo, denominado PLCs (“Prophase-like cells”), es consecuencia de un inicio 

prematuro del proceso de condensación cromosómica y un retraso en la descondensación 

cromosómica al final de mitosis (Neitzel et al., 2002).  

La frecuencia de este fenotipo celular está directamente relacionada con el tipo concreto de 

mutación, y guarda también relación con el grado de microcefalia que muestra el paciente. Por 

ejemplo, en pacientes con mutaciones que dan lugar a la aparición de codones de parada prematuros 

en el gen MCPH1 (S25X, T143NfsX5), la fracción de PLCs es muy elevada (7-17%) y la 

microcefalia es severa (entre -5 y -10 SD) (Neitzel et al., 2002; Trimborn et al., 2004). Por el 

contrario, en un paciente con una mutación no sinónima para este gen (T27A) la fracción de PLCs 

(3-4%) y el grado de microcefalia (-2.4 SD al nacer) son menos acusados (Trimborn et al., 2005). 

Otras mutaciones no sinónimas para este gen (S72L; T74A) originan un fenotipo clínico y celular 

mucho más severo dado que se localizan dentro de la región del gen que codifica para el dominio 

BRCT N-terminal (Ghani-Kakhki et al., 2012). Estos datos sugieren que ambos aspectos, tanto el 
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defecto celular en la condensación cromosómica como el fenotipo clínico, están correlacionados 

con el tipo de mutación y la localización de la misma dentro del gen MCPH1.  

La implicación del gen MCPH1 en el proceso de condensación cromosómica se ha demostrado 

también mediante análisis funcionales por RNAi en líneas celulares humanas HeLa y U2OS. Así el 

silenciamiento transitorio de su expresión era suficiente para originar la aparición del fenotipo PLC 

(Trimborn et al., 2004). Además, este fenotipo celular también se observó en un modelo de ratón 

“knock-out” para Mcph1 (Trimborn et al., 2010). Curiosamente, aunque su ratio de supervivencia 

estaba reducida, estos animales no mostraban un fenotipo que recapitulara la microcefalia primaria 

humana ni presentaban problemas de fertilidad (Trimborn et al., 2010). Teniendo en cuenta estos 

datos, es evidente que la falta de función del gen MCPH1 altera de manera clara y reproducible el 

proceso de condensación cromosómica no solo en diferentes tipos celulares sino también en 

distintas especies de mamíferos.  

 

  

 

 

3.1.1 Bases moleculares del proceso de condensación cromosómica 

El proceso de condensación cromosómica implica la reorganización de todo el genoma en un 

conjunto de estructuras citológicas distinguibles denominadas cromosomas (Shintomi y Hirano, 

2010). El conocimiento de este proceso ha ido avanzando conforme se han ido descubriendo 

algunos de los genes reguladores del mismo, aunque todavía no se conocen en detalle todos los 

mecanismos moleculares implicados. 

Figura I-3: Fotos ilustrativas del fenotipo PLC en: (A) células de pacientes con mutaciones en MCPH1, y (B) celulas 

U2OS (osteosarcoma) con silenciamiento temporal de la expresión de MCPH1. Las células que exhiben el fenotipo 

PLC (Prophase-like cells) se muestran señaladas con flechas. 

A B 
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Unos de los reguladores principales son los complejos condensina I y condensina II, que se unen al 

ADN e inducen su condensación (Hirano et al., 1997; Ono et al., 2003). Ambos están compuestos 

por una unidad estructural central formada por las subunidades ATPasa CAP-E/SMC2 y CAP-

C/SMC4 (Structural maintenance of chromosomes protein 2 y 4), y por varias subunidades 

reguladoras de tipo no SMC que son diferentes para cada uno de ellos (CAP-D2, CAP-G y CAP-H 

en condensina I, y CAP-D3, CAP-G2 y CAP-H2 en condensina II) (Hirano, 2006). La actividad de 

ambos complejos de condensinas está regulada diferencialmente a lo largo del ciclo celular. Así, 

condensina I se localiza mayoritariamente en el citoplasma, y solo se une a la cromatina tras la 

rotura de la envoltura nuclear. Sin embargo, condensina II es nuclear durante todo el ciclo celular y 

se asocia a la cromatina al inicio de mitosis (Hirota et al., 2004; Ono et al., 2004). Estas diferencias 

parecen reflejar también una función específica en la arquitectura del cromosoma mitótico. Según 

esta visión, condensina II facilitaría uniones entre tramos de cromatina distanciados, algo 

fundamental para establecer un eje cromosómico, mientras que la condensina I llevaría a cabo la 

unión de bucles de ADN próximos sobre dicho eje (Ono et al., 2003; Green et al., 2012). 

 

Además de la condensación progresiva que producen las condensinas, también es indispensable una 

organización concreta que permita la disposición paralela de las cromátidas hermanas a lo largo del 

eje cromosómico. Este proceso, denominado “resolución de cromátidas hermanas”, implica la 

correcta formación de un armazón o eje en cada una de ellas y la pérdida simultánea de la cohesión 

que las mantiene próximas físicamente (Shintomi y Hirano, 2010; Losada et al., 2005A; Nasmyth y 

Haering, 2005). La cohesión entre cromátidas hermanas está mediada por dos tipos de fuerzas. Una 

la determina el grado de concatenación y superenrollamiento de la cromatina, y la otra es 

consecuencia de la actividad del complejo cohesina, responsable de mantener físicamente asociadas 

ambas cromátidas hermanas (Shintomi y Hirano, 2010).  

El complejo multiproteico cohesina está muy conservado desde levaduras a humanos. Está 

compuesto por un heterodímero de las subunidades SMC1 y SMC3, y dos unidades adicionales no-

SMC llamadas SCC1/MCD1/RAD21 y SCC3 (Guacci et al., 1997; Losada et al., 1998; Michaelis et 

al., 1997). La disociación de cohesina de la cromatina tiene lugar en dos fases consecutivas. En 

primer lugar, al inicio de profase comienza su disociación gradual de los brazos cromosómicos. Esta 

pérdida está determinada por la fosforilación directa de las quinasas PLK1 (Polo-like kinase 1) y 

Aurora B, de manera que al alcanzar metafase solo queda cohesina unida a la cromatina en el 

centrómero, quedando las cromátidas hermanas totalmente resueltas e independientes (Kitajima et 

al., 2006). La disociación final de cohesina de la cromatina centromérica, requisito indispensable 

para la segregación anafásica, es debida a la escisión de la subunidad RAD21/SCC1 mediada por 
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Separasa, la cual se activa una vez pasado el punto de control del huso mitótico (Waizenegger et al., 

2000). El mantenimiento de una fracción residual de cohesina unida al centrómero es fundamental, 

y se consigue mediante fosfatasas que revierten los niveles de cohesina fosforilada (Kitajima et al., 

2006; Tang et al., 2006).  

Los superenrollamientos y concatenaciones en el ADN suponen un segundo factor implicado en la 

cohesión cromosómica y son consecuencia del proceso de replicación en sí mismo, que origina 

entrelazamientos entre las dos cadenas de ADN replicadas en las regiones donde convergen 

horquillas de replicación adyacentes (Roca y Wang 1994; Roca, 1995; Berger et al., 1996). La 

enzima encargada de eliminar los superenrollamientos que se establecen entre las cromátidas 

hermanas es Topoisomerasa II (Coelho et al., 2008). Se trata de una enzima homodimérica en la que 

cada monómero contiene tres dominios distintos (Lynn et al., 1986): un dominio N-terminal que 

contiene secuencias consenso de unión a ATP, un dominio central que contiene el sitio activo con 

un residuo de tirosina que se une covalentemente al ADN, y finalmente, un dominio C-terminal que 

constituye la región más variable de la enzima (Cortes et al., 2003). Puede mostrar dos 

configuraciones, de abrazadera abierta o de abrazadera cerrada en ausencia o presencia de ATP, 

respectivamente. Se diferencia de las Topoisomerasas tipo I por la reacción enzimática que llevan a 

cabo: mientras que éstas últimas producen roturas en una sola hebra del ADN y liberan la tensión 

asociada a superenrollamientos, las Topoisomerasas tipo II producen roturas transitorias en las dos 

hebras del ADN (DSBs, “Double Strand Breaks”) y son capaces de pasar un dúplex intacto de ADN 

a través de otro dúplex asociado a la proteína y que contiene la rotura, por lo que son las únicas que 

pueden separar moléculas de ADN entrelazadas (Bower et al., 2010A; 2010B; Austin y Marsh, 

1998; Burden y Osheroff, 1998).  

En mamíferos existen dos isoformas de Topoisomerasa II, denominadas α y β, ambas codificadas 

por genes diferentes y con unas secuencias de aminoácidos con una similitud del 70% (Gromova et 

al., 1998; Wang et al., 2002; Watt et al., 1994; Austin et al., 1998; Biersack et al., 1996). Sin 

embargo, la actividad de ambas isoformas difiere bastante. Así, Topoisomerasa IIα es una proteína 

esencial que se expresa fundamentalmente en fase G2 y M, y está involucrada principalmente en la 

replicación del ADN y la segregación cromosómica. Por el contrario, Topoisomerasa IIβ no es 

esencial y se expresa de forma constitutiva durante todo el ciclo celular, teniendo un papel principal 

como reguladora de la transcripción (Goswami et al., 1996; Heck et al., 1988; Akimitsu et al., 2003; 

Ju et al., 2004, 2006; Kitagawa et al., 2003). 

Además de sus funciones generales en el metabolismo del ADN, Topoisomerasa II tiene también 

funciones importantes en la condensación y organización de los cromosomas mitóticos. Este papel 
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recae fundamentalmente en Topoisomerasa IIα, ya que la contribución de Topoisomerasa IIβ parece 

ser necesaria únicamente en las etapas iniciales del acortamiento cromosómico axial (Vos et al., 

2011; Nitiss et al., 2009). Topoisomerasa IIα parece tener también un importante papel estructural, 

ya que está presente en altos niveles en la matriz nuclear y en el armazón cromosómico (Laemli et 

al., 1992). Aunque su papel concreto en la arquitectura del cromosoma es motivo de cierta 

controversia, su presencia es crucial para la compactación del mismo, probablemente promoviendo 

la formación de concatenaciones dentro del propio cromosoma, siendo responsable de desenlazar el 

ADN entre las hebras hermanas replicadas (in trans) mientras que también produce la compactación 

en la misma molécula de DNA (in cis) (Farr et al., 2014).  

Las concatenaciones entre las cromátidas tienen que ir resolviéndose conforme avanza la profase, 

mientras que las concatenaciones centroméricas deben mantenerse hasta la transición 

metafase/anafase (Diaz-Martínez et al., 2006; Santamaría et al., 2007). La actividad de 

Topoisomerasa IIα durante la condensación y segregación cromosómica está a su vez regulada por 

las condensinas y la cohesina (Piskadlo y Oliveira 2017). Topoisomerasa IIα juega un papel 

fundamental en el mantenimiento de la cohesión centromérica, bien de modo directo permitiendo la 

compactación y ensamblaje correcto del cinetocoro, o indirectamente mediando en la decatenación 

de las cromátidas hermanas en dicha región (Wang et al., 2008; Coelho et al., 2008; Maeshima et 

al., 2005). Este papel es indispensable para la posterior segregación anafásica: si su función es 

bloqueada tras la condensación cromosómica, las células quedan bloqueadas en metafase 

produciéndose fallos en la separación de las cromáticas (Clarke et al., 1993).  

 

3.1.2 Papel del gen MCPH1 en la condensación cromosómica 

La implicación del gen MCPH1 en el proceso de condensación cromosómica podría ocurrir por 

diferentes vías moleculares. Por un lado, se ha demostrado que la falta de función de este gen 

origina condensación cromosómica prematura debido a una alteración de la función de la 

condensina II. Esta relación se demostró por silenciamiento temporal con RNAi de la expresión de 

los complejos condensina I y II en fibroblastos de pacientes con mutaciones en MCPH1 (Trimborn 

et al., 2006). Así, mientras que el silenciamiento del complejo condensina I no tenía ningún impacto 

sobre la dinámica de las PLCs, cuando se silenciaba condensina II se observaba una drástica 

reducción de su frecuencia. Una reducción similar se obtenía cuando el gen MCPH1 y la 

condensina II eran silenciados simultáneamente con oligos de siRNA en células HeLa, mientras que 

la fracción de PLCs se mantenía elevada cuando el gen MCPH1 y la condensina I eran silenciados 
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conjuntamente. Además, estos resultados concordaban con la localización diferencial de ambos 

complejos de condensina al final de G2, esto es, citoplasmática para la condensina I y nuclear para 

la condensina II (Hirota et al., 2004; Ono et al., 2004; Trimborn et al., 2006). Posteriormente, 

estudios in vitro en extractos de Xenopus demostraron que Mcph1 inhibe de modo específico la 

función de condensina II al competir por los mismos sitios de unión a la cromatina. Esta inhibición 

depende específicamente de la región N-terminal de la proteína MCPH1, que contiene el primer 

dominio BRCT (Yamashita et al., 2011). 

Las dos isoformas principales de MCPH1 descritas, MCPH1-FL y MCPH1-Δ9-14, tienen la 

capacidad de complementar la alteración en la condensación cromosómica cuando se sobreexpresan 

en células de pacientes con mutaciones en el gen MCPH1 (Gavvovidis et al., 2012). Estos 

resultados apuntan también a que el dominio BRCT N-terminal está implicado en la regulación de 

la condensación cromosómica, ya que es el único que comparten ambas isoformas. Además, el 

silenciamiento específico de cada una de las isoformas no daba lugar a la aparición del fenotipo 

PLC en células HeLa. Sin embargo, este sí aparecía cuando ambas se silenciaban simultáneamente, 

lo que demuestra que ambas tienen un papel redundante en el control de la condensación 

cromosómica (Gavvovidis et al., 2012). 

También se ha demostrado que la proteína SET, un oncogen nuclear, estaría implicado en el control 

de la condensación cromosómica a través de su unión al dominio BRCT N-terminal de MCPH1 

(Leung et al., 2011). El silenciamiento de la expresión de SET origina condensación cromosómica 

anormal y, curiosamente, este fenotipo es revertido si al mismo tiempo también es silenciada la 

condensina II, de modo similar a lo descrito para MCPH1 (Trimborn et al., 2006). De momento se 

desconoce la función molecular concreta del complejo MCPH1-SET, pero los resultados previos 

sugieren que la disrupción de la interacción MCPH1-SET puede ser importante en la patogénesis 

del síndrome de microcefalia primaria (Leung et al., 2011).  

Otro escenario, no excluyente con el anterior, explica la influencia de la proteína MCPH1 sobre el 

proceso de condensación cromosómica a través de su relación con la activación de CDK1 y el 

control temporal de la mitosis (ver sección siguiente). De este modo, el fenotipo PLC característico 

de células sin función para el gen MCPH1 podría ser consecuencia (i) directa debido a una 

desregulación del proceso de condensación cromosómica y/o (ii) indirecta por una alteración más 

general en la progresión del ciclo celular. Además, otro aspecto muy interesante relacionado con la 

alteración en la dinámica de condensación cromosómica asociado a la falta de función para MCPH1 

es el posible impacto sobre la organización y morfología del cromosoma metafásico. Así, en los 

análisis citogenéticos rutinarios realizados sobre pacientes MCPH1 siempre se obtiene un patrón de 
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bandas G de muy baja calidad, incluso sobre preparaciones cromosómicas de alta resolución 

(Neitzel et al., 2002; Trimborn et al., 2004; 2005; 2006). Otro indicio es que la disrupción de la 

unión física entre el dominio central de la proteína MCPH1 y el complejo condensina II produce 

una alteración en la morfología cromosómica (Yamashita et al., 2011). Estos datos sugieren que la 

función de MCPH1 podría ser también fundamental para la organización y estructura de los 

cromosomas durante mitosis, aunque por el momento no se conocen más detalles de esta posible 

implicación.  

 

4. MCPH1 y control del ciclo celular 

Se ha sugerido que MCPH1 participa en el control del ciclo celular a través de la regulación 

temporal de la activación de CDK1 durante la transición G2/M (Alderton et al., 2006; Tibelius et 

al., 2009; Gruber et al., 2011). Según esto, el inicio prematuro de la condensación cromosómica 

asociado a la falta de función para el gen MCPH1 podría ser consecuencia indirecta de una 

activación prematura de CDK1.   

4.1 Bases moleculares de la entrada en mitosis 

En el control del ciclo celular tienen un papel destacado un conjunto de proteínas denominadas 

“quinasas dependientes de ciclinas” (CDKs, “Cyclin dependent kinases”), responsables de controlar 

la transición entre las fases del ciclo (Malumbres y Barbacid, 2005). La actividad catalítica de estas 

enzimas requiere de su unión a una subunidad reguladora, siendo estas últimas moléculas 

sintetizadas y degradadas de manera específica en diferentes etapas del ciclo celular, recibiendo por 

ello el nombre de “ciclinas” (Malumbres y Barbacid, 2005). En vertebrados, el complejo ciclina B-

CDK1 regula en última instancia la entrada en mitosis una vez que la ciclina B es sintetizada 

durante la fase G2. Cuando los niveles del complejo ciclina B-CDK1 activo sobrepasan un 

determinado límite en el interior del núcleo, la célula está destinada irreversiblemente a dividirse 

por mitosis (Pines y Rieder, 2001).  

La activación del complejo ciclina B-CDK1 implica una compleja vía de señalización. Esta vía se 

organiza como un bucle de retroalimentación positiva que permite amplificar la señal de activación 

de CDK1 de manera rápida y efectiva. Esta retroalimentación ocurre a través de dos vías paralelas, 

una central directa denominada “inner feedback loop”, y otra secundaria indirecta conocida como 

“outer feedback loop” (Lindquvist et al., 2009). Si bien los niveles de ciclina B están 

periódicamente regulados por ciclos de transcripción/traducción y degradación, su unión a CDK1 
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no es suficiente para formar un complejo activo. La activación completa depende también de 

modificaciones postraduccionales, principalmente fosforilaciones. Así, CDK1 tiene que ser 

fosforilada en el residuo T161 dentro del denominado T loop para producir actividad quinasa 

(Tassan et al., 1994; Lindqvist et al., 2009). Además, una vez que la ciclina B se une a CDK1, esta 

última es inmediatamente fosforilada en dos residuos (T14 e Y15), lo que resulta en una inhibición 

de su actividad quinasa. Los niveles de fosforilación de CDK1 en T14 y Y15 están controlados por 

el balance opuesto de las quinadas WEE1/MYT1, responsables de la fosforilación y, por tanto, de 

su inactivación, y la fosfatasa CDC25, que desfosforila dichos residuos determinado así su 

activación. Conforme CDK1 se activa, promueve de modo directo tanto la activación de CDC25 

como la inactivación de WEE1/MYT1 mediante fosforilaciones específicas en las mismas, lo que 

amplifica su propia activación, y conformando el denominado “inner feedback loop” (O’Farrel, 

2001; Tuck et al., 2013; Lindqvist et al., 2009; Murray et al., 1993).  

El tráfico subcelular de ciclina B es otro factor que condiciona la activación del complejo ciclina B-

CDK1. Al igual que otros reguladores de ciclo celular, la ciclina B se transfiere continuamente entre 

el núcleo y el citoplasma (Lindqvist et al., 2009). Durante la fase S y la mayor parte de G2, la 

exportación nuclear sobrepasa su importación al núcleo, lo que resulta en una localización 

predominantemente citoplasmática (Hagting et al., 1998; Toyoshima et al., 1998; Yang et al., 1998). 

Conforme la fase G2 avanza, la ciclina B comienza a acumularse en los centrosomas según estos 

maduran, hasta alcanzar niveles elevados al final de esta fase (Jackman et al., 2003). La 

fosforilación de la ciclina B en los centrosomas hace inaccesible una secuencia de exportación 

nuclear y promueve su transporte al núcleo, lo que favorece la acumulación del complejo ciclina B-

CDK1 en el mismo (Li et al., 1997; Hagting et al., 1999). La propia activación del complejo ciclina 

B-CDK1 estimula también la autofosforilación de ciclina B, favoreciéndose la importación al 

núcleo del complejo activo (Lindqvist et al., 2009). En este momento, el complejo ciclina B-CDK1 

puede llevar a cabo la fosforilación de sus dianas nucleares, como lamininas estructurales, dando 

lugar entre otros sucesos a la rotura de la envoltura nuclear (Jackman et al., 2003; Lindqvist et al., 

2007). 

La activación de CDK1 también está regulada por otras vías indirectas en las que tiene un papel 

importante la quinasa PLK1. Su función está regulada directamente por el complejo ciclina B-

CDK1, que fosforila múltiples dianas, incluidas WEE1, MYT1 y CDC25, creando así sitios de 

unión (“docking sites”) para PLK1 (Elia et al., 2003a, b). La unión de PLK1 a dichos sustratos 

provoca una nueva ronda de activación/inactivación a través de nuevas fosforilaciones, que en 

última instancia amplifican los niveles finales del complejo ciclina B-CDK1 activo. PLK1 también 
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fosforila directamente a la ciclina B, lo que coincide con la fosforilación autocatalítica del complejo 

ciclina B-CDK1 (Toyoshima et al., 2001; Yuan et al., 2002; Jackman et al., 2003). Además, PLK1 y 

Aurora A incrementan la concentración local de ciertas proteínas en el material pericentriolar, 

aumentando la concentración de los componentes de la vía de señalización que controla la entrada 

en mitosis (Barr y Gergely, 2007; Hachet et al., 2007; Portier et al., 2007). Ambos bucles de 

retroalimentación, tanto “inner feedback” o como “outer feedback”, no solo promueven una 

activación eficiente del complejo ciclina B-CDK1, sino que además aseguran que otros factores 

reguladores necesarios para la correcta división celular se activen de modo coordinado. Esto parece 

ser esencial para la coordinación de los múltiples eventos que ocurren simultáneamente durante la 

mitosis (Lindqvist et al., 2009). Finalmente, la inactivación de los complejos ciclina B-CDK1 es 

necesaria para la finalización de la división celular, e implica la degradación de la ciclina B 

mediante ubiquitinación gracias a la regulación del ciclosoma/APC (“anaphase-promoting 

complex”) (Harper et al., 2002). 

 

4.2 MCPH1 y control de la entrada en mitosis 

Desde un punto de vista bioquímico, las células de pacientes con mutaciones en el gen MCPH1 

presentan niveles elevados de CDC25A activo y niveles reducidos de CDK1 inactivo durante las 

fases S tardía y G2 (Alderton et al., 2006). Esta alteración podría condicionar un inicio prematuro 

de la condensación cromosómica, ya que en condiciones normales el complejo regulador ciclina 

B1-CDK1 no se activa hasta el inicio de profase, tras su desfosforilación en Y15 por CDC25A. 

Además, la función centrosómica de MCPH1 también podría estar relacionada con el inicio 

prematuro de la condensación cromosómica. Así, a través de su interacción con PCNT 

(pericentrina) MCPH1 regularía la distribución de la quinasa CHK1 en el centrosoma, dónde ésta 

tiene un papel fundamental en la sincronización de los eventos nucleares y citoplasmáticos que 

ocurren durante la progresión mitótica (Tibelius et al., 2009).  

A la vista de estos datos, se ha propuesto que la función de las quinasas ATR y CHK1, reguladoras 

de la activación de CDC25A, estaría modulada de algún modo por MCPH1 (Gruber et al., 2011). 

Sin embargo, niveles anormalmente elevados de CDC25A activo durante G2 también se han 

observado en células de pacientes con el síndrome ATR-Seckel (Alderton et al., 2006), y en 

pacientes con mutaciones en el gen PCNT (Tibelius et al., 2009). No obstante, mientras que 

microcefalia y niveles alterados de CDC25 son dos alteraciones compartidas por los pacientes 

MCPH1, ATR-Seckel y PCNT, la condensación cromosómica prematura es una alteración 
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exclusiva del síndrome en pacientes MCPH1. Por tanto, el papel del gen MCPH1 como regulador 

de la condensación cromosómica no parece ejecutarse a través de la modulación de ATR y CDC25, 

o al menos no exclusivamente. 

Estos estudios demuestran que en condiciones fisiológicas normales, es decir, en ausencia de daño 

grave en el ADN, MCPH1 contribuye a que la condensación cromosómica, la maduración 

centrosómica y la mitosis ocurran de modo coordinado. Por tanto, la función de este gen se 

considera clave para el control del ciclo celular, en concreto la transición G2-M (Gruber et al., 

2011). En ausencia de función para MCPH1 las vías de señalización que controlan la transición 

entre G2 y M estarían desreguladas, lo que resulta evidente por una activación prematura de CDK1 

y CDC25A, así como por la pérdida de CHK1 en el centrosoma durante G2 (Alderton et al., 2006; 

Tibelius et al., 2009; Gruber et al., 2011). Según algunos autores, esta desregulación determinaría 

finalmente que la célula inicie mitosis de manera prematura. Siguiendo esta idea MCPH1 sería un 

factor clave que controla la progresión celular por G2 y el inicio en tiempo de la mitosis. Sin 

embargo, el único dato experimental que apoya esta afirmación es el incremento significativo en la 

fracción de células mitóticas que se observa tanto en líneas celulares humanas con silenciamiento 

temporal de la expresión del gen MCPH1 como en líneas celulares de pacientes (Tibelius et al., 

2009; Gruber et al., 2011). Por tanto, si bien en ausencia de función para MCPH1 algunas vías de 

señalización durante G2 están desreguladas, aún falta por conocer más en profundidad como afecta 

esta alteración a la dinámica del ciclo celular. En este sentido, estudios detallados sobre la dinámica 

del ciclo celular en células sincronizadas sin expresión de MCPH1 serían de gran importancia para 

definir el papel funcional de este gen en el control temporal de la mitosis.  

 

4.3 Papel de MCPH1 en el control del daño en el ADN 

Durante el ciclo celular las células transitan por diferentes puntos de control o “checkpoints” 

encargados de monitorizar su estado fisiológico y coordinar su progresión por el ciclo con otros 

eventos como, por ejemplo, la reparación del daño en el ADN, la organización estructural de la 

cromatina o el ensamblaje del huso mitótico. Estos “checkpoints” constituyen mecanismos mediante 

los cuales las células detienen activamente su progresión en un punto del ciclo celular hasta que el 

proceso asociado que los activa ha sido completado satisfactoriamente (Doll et al., 1981). Durante 

la fase G2 del ciclo es fundamental que las células detecten y reparen los daños en el ADN antes de 

iniciar mitosis, a fin de mantener la estabilidad genómica, por lo que estos puntos de control están 

enfocados a la señalización y reparación de dichos daños (O`Driscoll et al., 2006; Lukas et al., 
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2004; Terzoudi et al., 2005). La activación y el funcionamiento correcto de los puntos de control 

requiere de la actuación de tres componentes principales: sensores y mediadores del problema, 

transductores de señal y reparadores del daño (Kastan y Barket, 2004). 

Cada tipo de daño o estrés concreto activa un conjunto específico de vías de señalización que son 

necesarias para responder eficientemente frente a la naturaleza del daño. De los puntos de control 

operativos en G2 el más conocido y estudiado es el que señaliza roturas en la doble hélice del ADN 

(comentado a continuación). Sin embargo, existen otros puntos de control menos conocidos que 

también están activos durante dicha fase como el “antephase checkpoint”, que bloquea la entrada en 

mitosis y revierte la condensación cromosómica en respuesta a un amplio rango de agentes 

estresantes (Chin y Yeong, 2010; Matsusaka y Pines, 2004); o el “decatenation checkpoint”, que 

monitoriza la actividad de Topoisomerasa II sobre la topología de la cromatina (Downes et al., 

1994; Damelin y Bestor, 2007).  

 

4.3.1 Punto de control por roturas en ADN dependiente de ATR/ATM 

ATM (“Ataxia Telangiectasa Mutated kinase”) y ATR (“Ataxia Telangiectasa and RAD3-related 

kinase”) son dos proteínas pertenecientes a la familia de las PI3 quinasas, y tienen un papel clave en 

la señalización del daño en el ADN (Iliakis et al., 2003). ATM se activa primariamente en respuesta 

a roturas de cadena doble en el ADN, denominadas DSBs (“Double Strand Breaks”), asociadas 

frecuentemente a la radiación ionizante (IR, “ionizing radiation”). También pueden formarse DSBs 

por horquillas de replicación colapsadas, o de un modo programado durante meiosis para iniciar 

procesos de recombinación entre cromosomas homólogos (Shiloh y Kastan, 2001; Abraham, 2001; 

Bartek et al., 2001A; 2001B). Por otro lado, ATR responde principalmente a daños producidos por 

radiación ultravioleta (UV) o a fallos por paradas en las horquillas de replicación (Osborn et al., 

2002). Estos originan principalmente huecos o “gaps” en una sola hebra del ADN, denominados 

ssDNA (single-stranded DNA), o bien roturas de cadena simple, denominadas SSBs (“Single-Strand 

Breaks”) (Ray et al., 2016; Ray et al., 2013). Esta situación canónica no siempre se cumple. Así, 

estudios recientes demuestran que el daño en el ADN inducido por radiación UV y por estrés 

replicativo también pueden activar ATM (Yajima et al., 2009; Ray et al., 2013).  

ATR y ATM fosforilan y activan a las quinasas CHK1 y CHK2 respectivamente, y éstas a su vez 

fosforilan e inactivan a CDC25, entre otras dianas. De este modo, CDK1 no se activa al no 

defosforilar CDC25 en su residuo Y15, quedando las células paradas en G2 temporalmente (Xiao et 

al., 2003; Bartek y Lukas, 2007) (Figura I-4). Tanto ATM como ATR fosforilan también a la 



                                                                                                                                 INTRODUCCIÓN 

35 
 

histona H2AX en S139 (γH2AX). Esta variante de histona se distribuye por todo el ADN cada 200-

400 kb y ayuda a reclutar proteínas de reparación del daño y activación del punto de control 

(Rogakou et al., 1998; Stucki y Jackson, 2006; Ray et al., 2009). Dichas proteínas reparadoras 

forman agregados o “foci” nucleares observables al microscopio. Recientemente, se ha demostrado 

que los agregados de γH2AX se distribuyen espacialmente en el núcleo de las células según un 

patrón dependiente de la progresión temporal de la respuesta al daño en el ADN. Dicho patrón 

muestra una tendencia jerárquica de eucromatina a heterocromatina motivado por su estado de 

compactación: las regiones de cromatina que se encuentra en estado relajado serían reparadas en 

primer lugar, mientras que las regiones más compactadas requieren una remodelación estructural 

antes de que la maquinaria de reparación pueda actuar (Natale et al., 2017). CTCF (CCCTC-binding 

factor) (Baniahmad et al., 1990; Lobanenkov et al., 1990; Ong y Corces, 2014) parece tener un 

papel crucial en la formación y distribución espacial de los agregados de γH2AX, y su ausencia 

retrasa la vía de respuesta al daño en el ADN disminuyendo la capacidad de reparación del daño, a 

pesar de la activación eficiente de otros señalizadores y efectores como ATM (Natale et al., 2017). 

 

4.3.2 Papel de MCPH1 en los puntos de control dependientes de ATR y ATM  

Diversos estudios previos demuestran que MCPH1 participa en la respuesta celular al daño en el 

ADN. Así, MCPH1 se localiza preferentemente en regiones de ADN con roturas de cadena doble, 

actividad dependiente de sus dominios BRCT C-terminales (Wood et al., 2007; Jeffers et al., 2008; 

Gavvovidis et al., 2012). Según algunos autores, MCPH1 sería fundamental para relajar la 

estructura de la cromatina y facilitar el acceso del resto de proteínas de reparación a la zona dañada 

mediante su interacción con el complejo remodelador de cromatina SWI/SNF (Peng y Lin, 2009) 

(Figura I-5). Esta función de MCPH1 parece ser necesaria para la actuación de los mecanismos de 

reparación, tanto los basados en recombinación homóloga (HR) como los dependientes de 

recombinación no homóloga (NHEJ) (Peng et al., 2009; Liang et al., 2010, 2015; Zhuo et al., 2012). 

Este requerimiento podría explicar el descenso en la viabilidad celular que experimentan células sin 

función para MCPH1 tras radiación ionizante (Peng et al., 2009; Liang et al., 2010, 2015; Zhou et 

al., 2013). Donde existe alguna controversia es en la supuesta implicación de MCPH1 en la 

formación de foci nucleares de señalización y reparación. Los dominios BRCT están presentes en 

proteínas que controlan el daño en el ADN y reparación, como BRCA1, 53BP1 y NFBD1/MDC1, y 

confieren capacidad de formar agregados o “foci” nucleares tras la aparición del daño en el ADN 

(Kastan y Bartek, 2004). Mientras que análisis basados en células de pacientes MCPH1 

(Gavvovidis et al., 2010) o células de ratón Mcph1 -/- (Zhou et al., 2013) apuntan a que la 
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formación de “foci” nucleares de reparación es normal, otros estudios sugieren que dicha capacidad 

sí está afectada (Rai et al., 2006; Liang et al., 2010, 2015).  

MCPH1 también participa en la vía de señalización de los puntos de control del daño en el ADN. 

Estudios previos han demostrado que las células de pacientes sin función para MCPH1, al igual que 

se observa en el síndrome ATR, presentan una parada en G2 defectiva en respuesta al daño que 

activa específicamente la vía dependiente de ATR, como radiación UV o estrés replicativo 

(Alderton et al., 2006). En concreto, los niveles de CDC25A activo no se reducen a pesar de que 

tanto la activación de ATR como la de su diana CHK1 es normal, lo que explicaría la ausencia de 

una parada efectiva en G2. Según estos autores, MCPH1 funcionaría en algún punto por debajo de 

CHK1 y por encima de CDC25 en la vía de señalización dependiente de ATR (Alderton et al., 

2006) (Figura I-4).  

 

 

Figura I-4: Esquema simplificado que muestra los principales componentes de las vías de señalización del daño en el 

ADN durante la fase G2 del ciclo celular. Según Alderton et al. 2006, MCPH1 participa en la transducción de la señal 

desde CHK1 hasta CDC25 en la vía dependiente de ATR. Las flechas verdes indican activación, las líneas negras 

inactivación. Las versiones activa e inactiva del complejo ciclina B-CDK1 se indican con los colores verde y rojo 

respectivamente.  
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La implicación de MCPH1 en la vía de señalización dependiente de ATM es sin embargo más 

controvertida. Diversos estudios basados en células de pacientes (Gavvovidis et al., 2010), líneas 

celulares aviares DT40 knock-out (Brown et al., 2010) y células de ratón Mcph1 -/- (Gruber et al., 

2011; Zhou et al., 2013) coinciden en señalar que este punto de control es operativo y determina 

una parada eficiente en G2 en respuesta a IR. Sin embargo, algunos estudios basados en 

silenciamiento de la expresión de MCPH1 por siRNAs, sugerían que dicho punto de control era 

deficiente (Xu et al., 2004; Rai et al., 2006, 2008). Esta aparente discrepancia podría explicarse por 

una pérdida incompleta de la función de este gen y/o una hiperactivación compensatoria de vías 

señalizadoras redundantes en alguno de los modelos celulares citados. En cualquier caso, los datos 

en su conjunto apuntan a que el gen MCPH1 no interviene directamente en el punto de control por 

daño en el ADN. Sin embargo, es interesante destacar que la recuperación celular del bloqueo 

provocado por el punto de control dependiente de ATM ocurre de modo más lento cuando falta la 

función de MCPH1 (Gavvovidis et al., 2010; Brown et al., 2010). Recientemente, se ha propuesto 

que esta recuperación más tardía estaría motivada por un aumento incontrolado de la señal 

inhibitoria de CHK1 en el centrosoma tras IR (Antonczak et al., 2016). Estos datos sugieren que la 

recuperación y/o adaptación a este punto de control podría estar regulada de algún modo por 

MCPH1. 

 

4.4 Otros puntos de control en G2: “Decatenation Checkpoint” 

La actividad de la Topoisomerasa II es fundamental durante la condensación y segregación 

cromosómica debido a su capacidad para eliminar las concatenaciones y superenrollamientos de la 

cromatina que se establecen entre cromátidas hermanas y no hermanas cuando termina la 

replicación. Además, la resolución de concatenaciones inter-cromosómicas es un requisito para que 

Figura I-5: Papel de MCPH1 en la señalización del daño en el ADN, dónde ayudaría al reclutamiento de múltiples 

proteínas a los sitios dañados y relajaría la compactación de la cromatina a través de su interacción con SWI/SNF y/o 

condensina II.  
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los cromosomas se puedan individualizar. En contraposición, ciertas concatenaciones organizadas 

en el centrómero permanecerían sin resolver hasta el inicio de anafase, asegurando un grado de 

cohesión suficiente (Díaz-Martínez et al., 2006). Según esto, la topología que adquiere el ADN en 

el núcleo durante G2 es determinante para el resultado de la división posterior. Estudios previos han 

demostrado la existencia de un punto de control específico operativo durante la fase G2 del ciclo 

que se encarga de monitorizar la actividad de Topoisomerasa II sobre el ADN. Esta vía de 

señalización, denominada “decatenation checkpoint”, retrasa el inicio de la mitosis hasta que las 

concatenaciones en el ADN cromosómico se eliminan en grado suficiente (Downes et al., 1994). A 

pesar de su importancia, este punto de control es menos conocido y estudiado en comparación con 

el que responde al daño en el ADN, e incluso ha sido puesto en duda por algunos autores (Damelin 

et al., 2005; Doherty et al., 2003). 

 

Su identificación se llevó a cabo tras el descubrimiento de inhibidores catalíticos de Topoisomerasa 

II, como ICRF-193 (meso-4,4´-(3,2-butanediyl)-bis-(2,6-piperazinedione)) y otros tipos de 

bisdioxopiperazinas (Roca et al., 1994). Así, la incubación tanto de células humanas como de otros 

mamíferos con estos inhibidores daba lugar a un bloqueo temporal en G2 (Kalwinsky et al., 1983; 

Kaufmann y Kies, 1998; Downes et al., 1994; Deming et al., 2001; Damelin et al., 2005). La 

Topoisomerasa II forma con el ADN un complejo covalente reversible enominado complejo de 

rotura (Burden y Osheroff, 1998; Cortes et al., 2003). Los inhibidores catalíticos atrapan y bloquean 

este complejo en su conformación de abrazadera cerrada, lo que evita la inducción masiva de DSBs 

en el ADN (Downes et al., 1994; Roca et al., 1994). En contraposición, otros compuestos 

denominados inhibidores clásicos o “Topo II poisons” bloquean este complejo en una fase previa 

del ciclo catalítico, quedando DSBs en el ADN sin ligar. Así, inhibidores como etoposido (VP-16), 

amsacrine y doxorubicin generan de modo masivo DSBs en el ADN, y como consecuencia activan 

el punto de control de daños en el ADN dependiente de ATM. Por tanto, el “decatenation 

checkpoint” conformaría una vía de señalización distinta que no se activa como respuesta a la 

formación de DSBs en el ADN. Sin embargo, algunos autores cuestionan aún este planteamiento al 

dudar de la incapacidad de ICRF-193 para producir daños en el ADN (Downes et al., 1994; Deming 

et al., 2001; Nakawaga et al., 2004; Park y Avraham, 2006; Wang et al., 2002).  

 

En la vía de señalización del “decatenation checkpoint” juega un papel importante ATR. Así, el 

tratamiento con cafeína, un conocido inhibidor de las quinasas ATR/ATM, anula el bloqueo celular 

en G2 inducido por ICRF-193 (Downes et al., 1994). Además, mientras que la sobreexpresión de 

una versión inactiva de ATR impide la activación eficiente de este punto de control, en células de 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2360007/#bib22
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pacientes con mutaciones en ATM esta vía de señalización es funcional, lo que confirma la no 

implicación de esta quinasa (Deming et al., 2001). Otros elementos de esta vía de señalización bajo 

control de ATR son BRCA1 y WRN (Werner helicase) (Deming et al., 2001; Franchitto et al., 

2003) (Figura I-6). La participación de CHK1, sin embargo, está bajo discusión al haberse obtenido 

resultados contradictorios en algunos estudios (Deming et al., 2001; Robinson et al., 2007). 

También se ha implicado a PLK1 ya que su actividad aparece reducida tras la incubación con ICRF-

193 y, por el contrario, la funcionalidad del punto de control se pierde cuando se sobreexpresa este 

gen (Deming et al., 2002). También se ha demostrado que Topoisomerasa II participa directamente 

en la vía de señalización (Gimenez-Abián et al., 2000; Luo et al., 2009). En concreto, su 

fosforilación en la posición S1524 favorece la unión de la misma con el dominio BRCT de MDC1 

(mediator of DNA damage checkpoint protein-1) y su posterior reclutamiento a la cromatina, siendo 

esta asociación indispensable para la activación del “decatenation checkpoint”. Algunas hipótesis 

sugieren que el residuo S1524 fosforilado de Topoisomerasa II quedaría expuesto tras la incubación 

con ICRF-193, dando lugar a la activación de la vía de señalización (Luo et al., 2009). Finalmente, 

algunas modificaciones epigenéticas de la cromatina controlan la unión de Topoisomerasa II a la 

misma y son determinantes para el funcionamiento de este punto de control (Lane et al., 2013).  

 

 

 

Figura I-6: Esquema simplificado que muestra los principales componentes de la vía de señalización del 

“decatenation checkpoint” durante la fase G2 del ciclo celular. La inhibición de Topoisomerasa II con ICRF-193 

produce catenaciones cromosómicas que inducen la activación del punto de control y el retraso en G2 mediado por 

ATR. ATR actúa por encima de BRCA1 y PLK1 en esta vía de señalización que resulta en la exclusión de la ciclina B 

del núcleo retrasando el inicio de mitosis. Las flechas verdes indican activación, las líneas negras inactivación. La s 

versiones activa e inactiva del complejo ciclina B-CDK1 se indican con los colores verde y rojo respectivamente.  
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Por el momento se desconocen los sensores del “decatenation checkpoint”. Éstos podrían detectar 

perturbaciones en la función de Topoisomerasa II a través de dos posibles mecanismos: medida 

directa de la actividad catalítica de la enzima o detección de anomalías estructurales en la cromatina 

que aparecen indirectamente cuando se altera la actividad este enzima (Clarke et al., 2006). 

Estudios recientes en levaduras apuntan hacia la primera opción, aunque por el momento se 

desconoce si en organismos superiores ocurre de igual modo (Furniss et al., 2013). En este sentido 

habría que destacar la función de RAD9A, que actúa en varios puntos de control en G2 como 

proteína sensora del daño en el ADN gracias a la formación de un anillo nuclear heterodimérico 

alrededor del ADN conocido como complejo 911 (St. Onge et al., 1999; Volkmer y Karnitz, 1999; 

Griffith et al., 2002). Recientemente se ha demostrado su importancia en el “decatenation 

checkpoint” mediante su interacción con TOPBP1, una proteína de unión a Topoisomerasa II, 

siendo necesaria para la detección del nivel de resolución de concatenaciones cromosómicas (Greer 

Card et al., 2010). 

 

Es importante diferenciar este punto de control, operativo en G2, de otro que también monitoriza el 

grado de concatenación entre cromátidas hermanas pero que se activa durante prometafase y 

metafase (Skoufias et al., 2004). Éste último da lugar a un parada o retraso en la transición 

metafase/anafase si la actividad de Topoisomerasa II se ve comprometida en ese punto, y para el 

que se requiere MAD2 y PKCε (Brownlow et al., 2014). Si bien sus vías de señalización son 

distintas, ambos puntos de control muestran cierta interrelación al monitorizar un mismo proceso, 

aunque en dos momentos distintos. Así, en aquellas líneas celulares que son deficientes para el 

“decatenation checkpoint” en G2, como las descritas para algunos modelos tumorales (Damelin y 

Bestor, 2007), el punto de control mitótico dependiente de PKCε permanece activo mucho más 

tiempo en un intento de corregir la topología de los cromosomas antes de su segregación 

(Brownlow et al., 2014).  

 

Si bien se ha investigado a fondo el papel de MCPH1 en la respuesta al daño en el ADN, hasta la 

fecha no se conocen datos sobre su posible participación en otros puntos de control operativos en 

la fase G2 del ciclo celular, como por ejemplo el mencionado “decatenation checkpoint”. A 

favor de este planteamiento estarían algunos datos preliminares. Por ejemplo, la señalización de 

la quinasa ATR, esencial para transducir la señal del “decatenation checkpoint” (Deming et al., 

2001), requiere de la función de MCPH1 para inducir una parada efectiva del ciclo celular la 

respuesta al daño en el ADN por radiación UV (Alderton et al., 2006). Además, el hecho de que 

la cromatina está hipercondensada durante parte de la fase G2 en células sin función para 
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MCPH1 podría ser un factor que alterara la respuesta de este punto de control, ya que responde a 

alteraciones en la topología del ADN.  

 

 

4.5 Adaptación celular al punto de control 

La señal de parada del ciclo producida por cualquier punto de control debe ser silenciada una vez 

que se repara el daño (Langerak y Russell, 2011; Alvarez-Fernandez y Medema, 2010). La 

reentrada en el ciclo celular, denominada recuperación del punto de control (“checkpoint recovery”) 

es factible gracias a que la parada producida por el punto de control es reversible, a menos que el 

daño producido sea excesivo o de naturaleza irreparable, en cuyo caso determina senescencia o 

muerte celular programada (Bartek y Lukas, 2007, Jackson y Bartek, 2009). Sin embargo, una 

respuesta celular alternativa menos conocida y estudiada es la adaptación celular a un punto de 

control. Este fenómeno fue descubierto inicialmente en Sacharomyces cerevisiae, y se refiere a la 

capacidad para dividirse tras una parada del ciclo celular por un punto de control sostenido, en 

presencia de daño en el ADN irreparable (Sandell y Zakian, 1993). La adaptación a un punto de 

control también se ha observado posteriormente en células de organismos superiores, incluidas las 

humanas (Toczyski et al., 1997; Yoo et al., 2004; Syljuasen et al., 2006). Aunque las células que 

experimentan el fenómeno de adaptación frecuentemente mueren en los siguientes ciclos de 

división debido a daños excesivos en su genoma, algunas células muestran la capacidad de 

proliferación a pesar de presentar daños persistentes en el ADN. De ahí, que la capacidad de 

adaptación al punto de control potencialmente pueda promover inestabilidad genómica ligada a 

cáncer (Syljuasen, 2007). Este proceso implica el inicio de mitosis aun existiendo daño en el ADN, 

y se distingue por tres características: en primer lugar, el daño en el ADN debe producir una parada 

en G2/M eficiente; en segundo lugar, las células deben sobrepasar esta parada; y, por último, iniciar 

la mitosis en presencia del daño (Toczyski et al., 1997). 

Los mecanismos moleculares subyacentes a los procesos de recuperación y adaptación a un punto 

de control concreto no son idénticos como podría pensarse (Harrison y Haber, 2006). PLK1 

controla la recuperación del punto de control por daños en el ADN dependiente de ATM (Van Vugt 

et al., 2005). Esta quinasa fosforila e inactiva a WEE1, lo que resulta en una menor fosforilación 

inhibitoria sobre el complejo ciclina B-CDK1. Además, la actividad específica de la fosfatasa 

CDC25B, pero no la de CDC25A o CDC25C, es requerida para la activación de esta vía de 

recuperación (Van Vugt et al., 2004). De este modo, las vías de señalización que determinan la 

entrada en mitosis se vuelven críticamente dependientes de la función de PLK1 tras una situación 
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de daño en el ADN (Van Vugt et al., 2004). También se ha descrito un papel importante en este 

mecanismo para otros reguladores como son Aurora A o TLK1 (Macurek et al., 2008; Bruinsma et 

al., 2016)  

Estudios previos muestran que la función de PLK1 también es necesaria en el proceso de 

adaptación al punto de control en G2 dependiente de ATM que responde a IR en células humanas. 

Así, su falta de expresión impide que las células escapen del bloqueo inducido por dicho punto de 

control, incluso si la proteína señalizadora del mismo – ATM – se inactiva con cafeína (Syljuasen et 

al., 2006, 2007). Esta regulación también depende de CHK1, aunque aún no estaría claro si sería a 

través de la inactivación de esta última por PLK1 o bien ambas proteínas actúan de forma paralela 

en vías de señalización que convergen en el complejo ciclina B-CDK1 (Syljuasen et al., 2006, 

2007). Dado que tanto PLK1 como CHK1 se localizan en los centrosomas (Arnaud et al., 1998; 

Kramer et al., 2004), la señalización centrosómica podría jugar un papel importante en el proceso de 

adaptación al punto de control (De Souza et al., 2000). A pesar de los estudios realizados, los 

mecanismos que intervienen en la adaptación celular a puntos de control en G2 son bastante 

desconocidos aún, habiéndose estudiado principalmente solo en el contexto de agentes causantes de 

DSBs en el ADN. En este sentido, la contribución de MCPH1 en las vías de señalización que 

regulan este proceso podría ser relevante ya que la recuperación del punto de control que señaliza la 

presencia de DSBs está ligeramente comprometido cuando falta su función (Gavvovidis et al., 

2010; Brown et al., 2010). 

 

4.6 MCPH1 y control del ciclo celular: importancia en cáncer  

 

En los últimos años varios trabajos de investigación señalan una implicación del gen MCPH1 en 

carcinogénesis. Por el momento, existen 37 mutaciones descritas en la base de datos COSMIC 

(Forbes et al., 2011). La expresión de este gen aparece significativamente reducida en muestras de 

cáncer de mama (Rai et al., 2008; Bruning-Richardson et al., 2011), colorectal y gástrico (Jo et 

al., 2017), y carcinoma renal (Wang et al., 2014). También se ha observado una pérdida de 

heterocigosidad en muestras de cáncer epitelial de ovario y carcinoma escamoso oral 

respectivamente (Rai et al., 2006; Venkatesh et al., 2014). Además, otro estudio ha identificado 

una mutación en heterocigosis de pérdida de función en MCPH1 asociada con cáncer de mama en 

una población de origen finlandés (Mantere et al., 2016). También existen dos SNPs descritos para 

MCPH1 asociados con un incremento en el grado de patogénesis del tumor de mama (Jo et al., 
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2013). En un modelo de ratón mutante para Mcph1 se ha descrito una mayor incidencia de 

linfomas y granulomas (Liang et al., 2015).  

 

La implicación de MCPH1 en la señalización y reparación del ADN, así como su posible 

participación en otros puntos de control del ciclo celular, aún por determinar, podría explicar estos 

datos ya que son numerosos los ejemplos de genes que participan en estas rutas cuyo 

funcionamiento alterado contribuye al desarrollo tumoral. La incorrecta regulación de la división 

celular es clave en la aparición de un tumor, de ahí la importancia del correcto funcionamiento de 

los diferentes puntos de control o “checkpoints”, que en respuesta a un determinado daño dan lugar 

a una parada temporal del ciclo celular para permitir la reparación del mismo (Hartwell y Kastan, 

1994; Nurse, 1997). En este contexto, es de interés también estudiar la contribución de MCPH1 en 

las vías de señalización que regulan la adaptación a los puntos de control operativos en G2, algo por 

el momento desconocido. Estos análisis ayudarían a comprender mejor la propuesta inclusión de 

MCPH1 como posible diana terapéutica en cáncer (Venkatesh y Sures, 2014) 
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OBJETIVOS 

El síndrome de microcefalia primaria por mutaciones en el gen MCPH1 se caracteriza por un 

fenotipo celular muy característico como consecuencia de una descoordinación entre la 

condensación cromosómica y el ciclo celular, observable en todos los tipos celulares. Por tanto, este 

gen tiene un papel importante en el proceso de división mitótica, aunque por el momento son 

muchos los interrogantes sobre las funciones concretas que realiza en este contexto. En el presente 

trabajo pretendemos avanzar en el conocimiento sobre la contribución específica de MCPH1 en el 

control y ejecución de la mitosis, con vistas a avanzar en las bases moleculares y celulares de este 

proceso y su implicación en la neurogénesis humana. 

Los objetivos concretos de esta Tesis Doctoral son: 

1. Identificar y caracterizar en detalle las alteraciones en la organización y estructura de los 

cromosomas mitóticos en células humanas sin función para MCPH1.  

2. Determinar si MCPH1 es un regulador temporal de la mitosis en células humanas. 

3. Analizar la función de MCPH1 en el punto de control del ciclo celular dependiente de 

Topoisomerasa II que controla la transición G2/M.   
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AIMS 

Mutations in the MCPH1 gene result in primary microcephaly in combination with a unique cellular 

phenotype of defective chromosome condensation observable in all cell types. Therefore, MCPH1 

function is required for coupling chromosome condensation with cell cycle progression. However, 

several questions about the particular contribution of MCPH1 into the mechanisms orchestrating 

cell entrance and progression through mitosis remain open. In the present study we provide novel 

insights about the molecular and cellular basis of these mechanisms and the consequences for 

human neurogenesis.  

The specific aims of this Phd thesis are:  

1. To identify and characterize in detail the alterations related to the organization and structure 

of mitotic chromosomes in human cells lacking MCPH1 function. 

2. To establish if MCPH1 is a temporal regulator of mitosis in human cells. 

3. To analyze if MCPH1 function is required for the cell cycle checkpoint related to 

Topoisomerase II activity that controls G2/M transition in human cells.   
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Abstract Mutations in the MCPH1 gene result in primary
microcephaly in combination with a unique cellular pheno-
type of defective chromosome condensation. MCPH1 patient
cells display premature chromosome condensation in G2
phase of the cell cycle and delayed decondensation in early
G1 phase, observable as an increased proportion of cells with
prophase-like appearance. MCPH1 deficiency thus appears to
uncouple the chromosome cycle from the coordinated series
of events that take place duringmitosis such as some phases of
the centrosome cycle and nuclear envelope breakdown. Here,
we provide a further characterization of the effects of MCPH1
loss-of-function on chromosome morphology. In comparison
to healthy controls, chromosomes of MCPH1 patients are
shorter and display a pronounced coiling of their central chro-
matid axes. In addition, a substantial fraction of metaphase
chromosomes shows apparently unresolved chromatids with
twisted appearance. The patient chromosomes also showed
signs of defective centromeric cohesion, which become more
apparent and pronounced after harsh hypotonic conditions.
Taking together, the observed alterations indicate additional
so far unknown functions of MCPH1 during chromosome
shaping and dynamics.

Introduction

The accurate segregation of sister chromatids in anaphase re-
quires the transformation of the interphase chromatin into the
highly condensed and organized structure of metaphase chro-
mosomes beforehand. This transformation is a progressive
and dynamic process that finally shapes the chromatin into
the well-known microscopic chromosomes. It encompasses
the ≈104-fold linear condensation of the DNA and, simulta-
neously, the resolution of sister chromatids by decatenation of
DNA entanglements. Before anaphase, the cohesion of the
chromatid arms and centromeres has to be released in coordi-
nation with the centrosome cycle and the spindle apparatus.
Despite the importance of the process and a long history of
research, the molecular mechanisms regulating these astonish-
ing processes are still not completely understood.

Different experimental approaches contributed to our
knowledge on how mitotic chromosomes are formed during
the last five decades. A series of early pioneering studies
analysed the architecture of mitotic chromosomes by a com-
bination of techniques including electron microscopy, histone
depletion by high-salt extraction protocols and nuclease treat-
ments (Wray and Stubblefield 1970; Stubblefield and Wray
1971; Paulson and Laemmli 1977; Laemmli 1978; Earnshaw
and Laemmli 1983). These analyses resulted in the detection
of an axial proteinaceous core, the so-called scaffold, which
might function as a backbone for chromatin folding during the
chromosome condensation process.

The major components of the scaffold, named as Sc1 and
Sc2, were later shown by biochemical approaches to be topo-
isomerase II and the structural maintenance of chromosomes
(SMC2) subunit of the condensin complexes, respectively
(Earnshaw et al. 1985; Gasser et al. 1986; Saitoh et al.
1994). The development of the Xenopus egg cell-free system
allowed further biochemical characterization of the protein
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components of metaphase chromosomes under defined and
controlled conditions (Hirano and Mitchison 1994). The sub-
units of the condensin complexes CAP-C, CAP-E, CAP-D2,
CAP-G and CAP-H, as well as chromokinesin (CAP-D/Klp1)
and the chromatin remodelling ATPase ISWI (CAP-F), were
identified by this method (Hirano andMitchison 1994; Hirano
et al. 1997; Vernos et al. 1995; MacCallum et al. 2002).
Moreover, this experimental system has been crucial to dissect
the functional role of many of these proteins in chromosome
architecture. For example, the observation of a mass of chro-
matin without signs of chromosome individualization after
specific depletion of condensin I and not in condensin II-
depleted Xenopus egg extracts leads to the idea of a differen-
tial contribution of both condensin complexes in chromosome
condensation (Ono et al. 2003). Further studies using the
Xenopus cell-free system demonstrated that balanced levels
of condensin I, condensin II and cohesin complexes are criti-
cally important for their primary actions during chromosome
assembly, that is lateral compaction and axial shortening for
condensin I and II, respectively, while cohesin counteracts the
action of condensin II (Shintomi and Hirano 2011).

A useful approach to the functional delineation of the mo-
lecular components of the vertebrate mitotic machinery is the
cell biological analysis of certain genetic disorders. For exam-
ple, the analysis of disorders as Cornelia de Lange syndrome,
or Roberts syndrome, both caused by mutations in cohesion-
related genes, resulted in a better understanding of the mech-
anisms regulating chromatid cohesion and the clinical impact
of the functional disruption of the respective gene functions
(reviewed in Liu and Krantz 2008). Another remarkable ex-
ample is primary microcephaly (MCPH), a rare congenital
disorder characterized by a significant reduction of brain size,
which mainly affects the cerebral cortex (Jackson et al. 2002).
The head circumference of affected individuals is usually at
least three standard deviations below that of unaffected indi-
viduals of the same age and sex (Cox et al. 2006). MCPH
patients display largely normal brain architecture, are mentally
retarded and lack other malformations or neurological defects
(Woods 2004; Cox et al. 2006). MCPH is genetically hetero-
geneous, with 14 genes identified up to date (partially
reviewed in Mahmood et al. 2011; Barbelanne and Tsang
2014; Khan et al. 2014). Patients cannot be distinguished clin-
ically (Barbelanne and Tsang 2014).

Interestingly, cytogenetic analyses demonstrated that pa-
tients with mutations in MCPH1 gene display a unique cellu-
lar phenotype. Proliferating cell cultures of MCPH1 patients
show dramatically increased rates of prophase-like cells
(PLCs). This increase of PLCs is due to premature chromo-
some condensation (PCC) in early G2 phase of the cell cycle
and delayed decondensation post mitosis (Neitzel et al. 2002;
Trimborn et al. 2004). This observation resulted in the alter-
native name of MCPH1 primary microcephaly, that is prema-
ture chromosome condensation syndrome (PCC syndrome,

OMIM 608585) and identified MCPH1 gene as a regulator
of chromosome condensation. Thus, the thorough microscop-
ical analysis of chromatin morphology of the patient cells
assigned a novel function to a so far uncharacterised protein
and added a new component to the complex network regulat-
ing chromosome condensation and mitosis.

Subsequently, it could be shown that the condensation de-
fects in MCPH1 cells are caused by misregulation of the
condensin II protein complex. Condensin II is negatively reg-
ulated by MCPH1 for a timely coordination of chromosome
condensation (Trimborn et al. 2006; Yamashita et al. 2011).
MCPH1 associates with chromatin through its N-terminal do-
main on the same binding sites as condensin II, inhibiting the
loading of condensin II to the chromatin. Other studies have
reported increased Cdc25A and reduced Cdk1 phosphoryla-
tion and centrosomal Chk1 levels to correlate with the prema-
ture chromosome condensation in MCPH1 patient cells
(Alderton et al. 2006; Tibelius et al. 2009). Thus, cell cultures
of patients with MCPH1 syndrome represent a unique oppor-
tunity to study the mechanisms underlying chromosome con-
densation and the coordination of the shaping of metaphase
chromosomes and cell cycle progression.

We provide here further detailed morphological analyses of
mitoticMCPH1 patient cells. Our results refine the description
of the chromosome condensation defect typical for these cells
and suggest additional functions of MCPH1 in the resolution
and cohesion of metaphase chromosomes. These observations
may provide a basis for a further delineation of the molecular
processes regulating the preparation of chromosomes for
segregation.

Material and methods

Cell lines and chromosome analyses

Conventional cytogenetic analyses were performed on lym-
phoblast cell lines (LCLs) from five MCPH1 patients (muta-
tions S25X, T143nfsX5, W75R), as well as from healthy con-
trol subjects. LCLs were grown under usual conditions in
RPMI medium supplemented with 10 % foetal bovine serum.
For siRNA analyses, we used U2OS cells growing under stan-
dard conditions in DMEM medium. Chromosome prepara-
tions were obtained following standard protocols, with varia-
tions in the length of the hypotonic treatment (either 10 or
45 min using KCl 0.4 % at room temperature). Also, in some
cases, the hypotonic incubation was done according to
Gimenez-Abian et al. (2005), which better preserve chromo-
some morphology by incubating the cells during 6 min at
room temperature in a solution 40 % medium/60 % tap water.
Chromosome preparations were fixed using Carnoy’s solution
(methanol/glacial acetic acid, 3:1), stained with Giemsa
(10 %) and finally visualized at microscope. The fraction of
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Bprophase-like cells^ (PLCs) was determined after counting
1000 nuclei from coded slides. As previously described, we
found the typical increased fraction of PLCs in all patient
samples. For analyses of chromosome morphology, at least
70 metaphases were counted and classified. Representative
images were captured with a CCD camera (Olympus DP70)
coupled to a microscope (Olympus BX51) and finally man-
aged with ImageJ software.

For irradiation, analyses LCLs were treated using the
Muller MG 150 X ray apparatus (UA, 100 kV; I, 10 mA; filter,
0.3 mm Ni; dose rate, 2.1 Gy/min; Seifert, Hamburg,
Germany) with doses of 0.5 and 1.0 Gy. Chromosomes were
prepared 6 h after irradiation as described above.

Immunofluorescence

Metaphase chromosome spreads from SV-40-transformed fi-
broblasts from one MCPH1 patient (mutation T143nfsX5)
and one health control were prepared as described previously
(Ono et al. 2003) with minor modifications. In brief, colcemid
was added to the culture medium at a final concentration of
0.05 μg/ml 3 h before harvesting cells. Mitotic cells were
collected by tapping culture dishes, treated with 75 mM KCl
at 37 °C for 30 min, and then centrifuged onto coverslips at
1200 rpm for 5 min in a cytocentrifuge (Cytospin 4; Thermo
Shandon). The cytospin preparations were fixed with 2 %
paraformaldehyde for 15 min, permeabilized in 0.5 % Triton
X-100 for 5 min and postfixed with 100%methanol at −20 °C
for 10 min. After counterstaining with 4′,6-diamidino-2-
phenylindole (DAPI), coverslips were mounted with VECT
ASHIELD and examined with a Zeiss Axioskop microscope
equipped with a cooled charge-coupled device (CCD) camera.
Grayscale images were pseudocolored and merged using
ImageJ. Rabbit polyclonal antibodies used were anti-human
CAP-E (Ono et al. 2003), anti-human TOPO-II (Topogen),
anti-human CAP-H2 (Ono et al. 2003) and anti-human
CAP-G (Kimura et al. 2001)..

siRNA and QRT-PCR

U2OS cells were grown in six-well-plates or T25 cell culture
flasks and transfected with 120 nM siRNA duplexes using
Lipofectamine (Invitrogen), at 0 and 24 h, at 50% confluence.
OptiMEMmedium (Invitrogen) was used for cell transfection.
The transfected cells were processed for cytological prepara-
tions or RT-PCR at 48 h after the first round of transfection.
siRNA duplexes were purchased from Qiagen (Hilden,
Germany). The sequences of the siRNAs used to deplete
MCPH1 were directed against both main isoforms of
MCPH1 mRNA, based on the previous study of Gavvovidis
et al. (2012). The sequences of the sense strands were as fol-
lows: AGGAAGUUGGAAGGAUCCA (oligo-1) and

GAUAAG AGAUUUCAGAAGA (oligo-2). A non-
silencing oligo from Qiagen was used as control.

Total RNAwas isolated using the RNeasy mini kit (Qiagen).
First-strand cDNA synthesis was performed using the
QuantiTect Reverse Transcription kit (Qiagen). A total of
0.5 μl of each first-stranded sample was used for real-time
PCR, which was performed using SsoFast EvaGreen
Supermix (BIO-RAD) on the CFX-384 real-time PCR system
(BIO-RAD) according to the manufacturer’s recommendations.
All samples were analysed in triplicate in a final volume of
10 μl. The data were analysed using the comparative Ct method
(ΔΔCt). HPRT- and PPIA-specific primers were used as endog-
enous controls. Primer sequences are available from the authors.

Results

As reported before, the chromosomes of MCPH1 patients dis-
play reduced banding resolution in routine cytogenetic analyses
(Neitzel et al. 2002; Trimborn et al. 2006; Ghani-Kakhki et al.
2012). We hypothesized that this reduction in banding resolu-
tion is due to a hypercondensation of the metaphase chromo-
somes. To test this hypothesis, we measured the chromosomal
length in Giemsa-stained cytogenetic preparations obtained
from three MCPH1 patients (truncating mutations S25X,
T143nfsX5) and compared it to three healthy controls. We
analysed two of the longest human chromosomes, chromo-
some 2 and 3. Both chromosomes can be easily identified in
plainly Giemsa-stained chromosomes and are not known to
have heterochromatic polymorphisms that may bias the length
measurements. We determined the length of the longitudinal
axis of these chromosomes with the computer program ISIS3
V3.05 (MetaSystems). The length distribution and mean length
were calculated on the basis of the length measurements of 50
chromosomes 2 and 3 in each sample, respectively (Fig. 1). On
average, the length of chromosome 2 was 7.2 μm (S.D. 1.1) in
controls and 5.4 μm (S.D. 0.6) in patients, while for chromo-
some 3, the observed dimension was 6.0 μm (S.D. 0.9) in
controls and 4.5 μm (S.D. 0.5) in patients. These results dem-
onstrate that the patient’s metaphase chromosomes are shorter,
with their length significantly reduced by approximately 25 %.

In addition to hypercondensation, the chromatids of the
patient chromosomes have a characteristic wavy or coiled
form (Fig. 2a). It was described that hypercondensed chromo-
somes after prolonged metaphase arrest are characterized by
hypercoiled central chromosome axes (Maeshima and
Laemmli 2003). We therefore stained the central chromatid
axes of MCPH1 pat ient chromosomes (mutat ion
T143NfsX5) with antibodies against hCAP-E (Fig. 2b), which
is one of the two subunits of the condensin core that is shared
by both condensin complexes, and with antibodies against
topoisomerase IIα (TOPO-ΙΙ) (Fig. 2c). Both proteins localize
to the central chromatid axes of metaphase chromosomes. The
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chromatid axes of the patient chromosomes had a distinctly
hypercoiled appearance with both antibodies (Fig. 2b, c). We
also have simultaneously examined the particular distribution
of both condensin complexes on the chromatid axes using
simultaneously antibodies against CAP-G (subunit of
condensin I) and CAP-H2 (subunit of condensin II). In our
analyses, both proteins were loaded along the entire length of
the chromatid axes in metaphases of patient cells. The label-
ling revealed an interspersed pattern similar to the one ob-
served in control cells (Fig. 2d). This alternate distribution of
both condensin complexes along the chromosomes has been
described in previous studies (Ono et al. 2003). Again, the
chromatid axes of the patient chromosomes appeared strongly
hypercoiled.

Our morphological analyses further revealed another so far
undescribed alteration in the chromosome morphology of the
patient cells. Standard cytogenetic preparations from five
MCPH1 patients (mutations S25X, T143NfsX5 and W75R)
showed a high incidence of wavy chromosomes with appar-
ently unresolved, Btwisted^ chromatids (see inset from
Fig. 3d). By unresolved, we make here reference to the pro-
cess of sister chromatid resolution, by which undistinguished
sister chromatids become visible as two discrete paired units
during prophase or early prometaphase (Sumner 1991;
Shintomi and Hirano 2010). We refer to these wavy chromo-
somes with apparently unresolved sister chromatids as
Btwisted^ chromosomes in the subsequent text. On average,
the frequency of metaphases showing this atypical

chromosome morphology was 8.2 % (S.D. 3.4) in control
individuals and 29.6 % (S.D. 6.6) in patients (Fig. 3a, b).
The differences were statistically significant (p<0.001, Χ2

test). The highest rate was observed in patients bearing trun-
cating mutations (S25X, T143nfsX5) while in the patient con-
taining a missense mutation (W75R), the phenomenon was
less marked but its frequency still significantly increased com-
pared with controls. Additionally, we also performed a mor-
phological study on cytogenetic preparations obtained follow-
ing the protocol described by Gimenez-Abian et al. (2005),
which better preserve mitotic morphology. In patient cells, we
observed again a high incidence of metaphases with unre-
solved twisted chromosomes which demonstrate that the oc-
currence of this type of alteration is not biased by particular
conditions during the methodological procedures.

It was demonstrated that MCPH1 has crucial functions in
DNA damage response (e.g. Xu et al. 2004; Alderton et al.
2006; Singh et al. 2012). Although the patient cells do not
show dramatic defects in response to DNA damage, we could
show before that ionizing irradiation increases the fraction of
cells with condensed chromatin in cultures of MCPH1-
deficient cells (Gavvovidis et al. 2010). On this context, we
asked whether irradiation would have an influence in the in-
cidence of twisted chromosomes in patient cells. Cells from
two MCPH1 patients (mutations S25X, T143nfsX5) were ir-
radiated with 0.5 and 1.0 Gy, and cytogenetic slides were
prepared 6 h later. These preparations were coded, and meta-
phases were microscopically screened for unresolved twisted

Fig. 1 Analyses of chromosome length inMCPH1 syndrome. a, bLength
of chromosome 2 (a) and 3 (b) in patients and controls. Measurements
were realized in chromosome preparations from three patients (mutations
S25X and T143NfsX5) and three controls. A total number of 150
metaphases were analysed in patients and controls, respectively, and the
estimated length of chromosome 2 and 3 was plotted. c Mean length of

chromosomes 2 and 3 in patients and controls from the data presented in a
and b. Error bars denote S.D. for each chromosome. d, e Representative
images from a normal sized metaphase (d) and a metaphase with
hypercondensed chromosomes, frequently observed in MCPH1
patients (e). e Images are from chromosome preparations stained with
Giemsa. Bar 10 μm
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chromatids (Fig. 3c). Our analyses showed an increase in the
fraction of metaphases with unresolved twisted chromosomes
after irradiation from 31% (S.D. 1.41) in the unirradiated cells
to 64 % (S.D. 5.36) and 68.9 % (S.D. 15.63) after doses of 0.5
and 1.0 Gy, respectively. This result suggests that DNA dam-
age produced by irradiation increase the structural deficiency
of patient chromosomes.

During our analyses of MCPH1 patient cells, we noticed
metaphase chromosomes where the centromeres of sister
chromatids had already separated. Premature centromere divi-
sion (PCD) was observed and described for other genetic

disorders such as mosaic variegated aneuploidy (MVA) or
Cornelia de Lange syndrome (Kaur et al. 2005; Gerkes et al.
2010). To investigate a possible defect in centromeric cohe-
sion in MCPH1, we quantitatively analysed chromosome
preparations from lymphoblastoid cell lines of patients and
controls and classified the metaphases as follows: without
premature centromere division (no PCD), when the centro-
meres of all chromosomes of a metaphase were connected;
with partial premature centromere division (partial PCD), if
some but not all chromosomes showed premature centromere
division; or with complete premature centromere division

Fig. 2 a A metaphase showing
hypercondensed chromosomes
with a wavy morphology,
frequently observed in MCPH1
patient cells. b–d
Immunostaining analyses of
condensin and topoisomerase II
on MCPH1 patient and control
chromosomes. Chromosome
spreads obtained by cytospin
from control and MCPH1 patient
cells were stained with DAPI and
anti-hCAP-E, a common subunit
of both condensin complexes (b),
anti-Topo-II (c), and
simultaneously with anti-hCAP-
H2 and anti-hCAP-G, specific
subunits from condensin II and
condensin I, respectively (d).
Grayscale images were
pseudocolored and merged using
ImageJ. Bar 10 μm
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(PCD complete), if all chromosomes of a metaphase showed
centromere division (representative images in Fig. 4c). In cy-
togenetic preparations obtained under standard hypotonic
conditions, we observed an increased fraction of metaphases
with partial PCD in patients (mean=24.5 %, S.D.=9.7) com-
pared with controls (mean=3.2 %, S.D.=3.2) (Fig. 4a). The
differences were statistically significant (p<0.001, Χ2 test).
The rate of complete PCDwas negligible in all those samples.
We next repeated these analyses on chromosome preparations
obtained after prolonged incubation in hypotonic treatment
(45 min), based on the demonstrated susceptibility to the hy-
potonic effects of chromosomes with cohesion defects
(Ikeuchi et al. 2004). The results confirm the defect in centro-
mere cohesion in MCPH1 cells. Under strong hypotonic con-
ditions, the fraction of metaphases showing PCD increased to
66.7% (S.D. 17.4) inMCPH1 patient cells compared to 8.5 %
(S.D. 8.6) in control cells (Fig. 4b). Furthermore, the fraction
of metaphases displaying complete PCD was 32.3 % (S.D.
13.25) in patients and only 5.5 % (S.D. 6.40) in controls.
Both differences were statistically significant (p<0.001, Χ2

test). Our results demonstrate that MCPH1 patient cells apart
from their well-described defect in chromosome condensation
also show defective centromeric cohesion.

In order to recapitulate our previous findings in patient cells,
we performed cytogenetic analyses in cells depleted of
MCPH1 function by RNAi. This approach was successfully
used before to demonstrate the role ofMCPH1 in the regulation
of chromosome condensation (Trimborn et al. 2004, 2006;
Gavvovidis et al. 2012). Our results show that the morphology
of metaphase chromosomes in MCPH1-siRNA-treated cells is
affected to a similar extend as in MCPH1 patient cells. Most
metaphases in cells treated with siRNAs against MCPH1
showed hypercondensed chromosomes with wavy or coiled
morphology (mean=90.9 %, S.D.=5.9), while in cells treated
with control siRNAs, chromosomes showed a normal mor-
phology (mean=97.4 %, S.D.=0.3) (Fig. 5a, b). Furthermore,
in somemetaphases of theMCPH1-depleted cells, we observed
twisted chromosomes with apparently unresolved chromatids
(Fig. 5b). Similar results were obtained when using an alterna-
tive siRNA to deplete MCPH1. We also observed an increased
rate of metaphases with PCD in cells treated with MCPH1
siRNAs compared to controls. Under standard hypotonic con-
ditions, the fraction of nocodazole-arrested metaphases
displaying partial PCDwas increased inMCPH1-depleted cells
(mean=20.3 %, S.D.=4.7) compared to control cells (mean=
5.5 %, S.D.=2.5) (Fig. 5c). The differences were statistically

Fig. 3 Analyses of chromosome morphology in MCPH1 patient cells. a
Fraction of metaphases with Btwisted^ appearance in chromosome
preparations from five MCPH1 patients (mutations indicated) and four
healthy controls. A total of 70 metaphases were analysed in each sample,
and the fraction of twisted metaphases was determined by microscopic
classification of their morphology after Giemsa staining. bMean fraction
of metaphases with Btwisted^ appearance in patients and controls from the
data presented in a. Error bars denote S.D. The differences were
statistically significant (p<0.001, Χ2 test). c Rate of twisted

chromosomes in MCPH1 patient cells after DNA damage.
Lymphoblastoid cells from two MCPH1 patients (S25X, T143NfsX5)
were irradiated with 0, 0.5 and 1 Gy, and the fraction of twisted
metaphases was estimated in chromosome spreads prepared 6 h after
irradiation. The mean fraction is presented, and error bars denotes S.D.
of samples. d–e Representative images of Giemsa-stained chromosomes
with normal morphology (d) and with Btwisted^ shaped chromosomes
(e). The chromosome pointed with an arrow is three times magnified on
the right side. Bar 10 μm
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significant (p<0.001, Χ2 test). The efficiency of the MCPH1-
siRNAs was confirmed by determining the incidence of cells
with condensed chromatin (Bprophase-like cells^ (PLCs)),
which is the cellular phenotype that correlates with MCPH1
lack of function (Trimborn et al. 2004, 2006; Gavvovidis
et al. 2012). As expected, we observed an increased rate of
PLCs in cells treated with siRNAs against MCPH1 (mean=
7.5 %, S.D.=2.12) than in cells treated with control siRNAs
(mean=1.4 %, S.D.=1.7) (Fig. 5d). The differences were sta-
tistically significant (p<0.001, Χ2 test). Also, the mRNA levels
of MCPH1 were efficiently reduced after RNAi (Fig. 5e).

Discussion

The thorough analysis of cytogenetic preparations from pa-
tients with MCPH1 mutations led to the identification of

MCPH1 as an important regulator of chromosome condensa-
tion. MCPH1-deficient cells condense their chromatin prema-
turely shortly after the completion of replication at the begin-
ning of G2 phase of the cell cycle and decondense their chro-
matin delayed in G1 phase (Neitzel et al. 2002; Trimborn et al.
2004). MCPH1 deficiency appears thus to uncouple the chro-
mosome cycle from the coordinated series of events that take
place during mitosis, such as some phases of the centrosome
cycle or nuclear envelope breakdown. Subsequently, it could
be shown that MCPH1 regulates chromosome condensation
and shaping as a composite modulator of condensin II
(Trimborn et al. 2006; Yamashita et al. 2011). While the N-
terminal domain of MCPH1 appears to regulate the onset of
mitotic chromosome condensation via condensin II, its central
domain plays an additional role in shaping the metaphase chro-
mosomes (Yamashita et al. 2011). Thus, the cytomorphological
analysis of MCPH1-deficient cells not only identified the

Fig. 4 Analyses of centromere cohesion in MCPH1 patient cells.
Metaphases chromosomes from five MCPH1 patients (mutations S25X,
T143NfsX5 andW75R) and four healthy controls were classified in three
categories according to their cohesion status: without premature
centromere separation (no PCD), with partial premature centromere
separation (partial PCD) or with complete premature centromere
separation (complete PCD). Seventy metaphases were analysed and
scored in all samples. a Fraction of metaphases with partial PCD in
patient and control samples obtained after normal hypotonic conditions.
Differences were statistically significant (p<0.001, Χ2 test). b Fraction of
metaphases with PCD in patient and control samples obtained after strong

hypotonic conditions. The fraction ofmetaphases showing complete PCD
and also the proportion of metaphases presenting either partial or
complete PCD are shown. Differences were statistically significant in
both cases (p<0.001, Χ2 test). c Representative images of chromosomes
without PCD, or with either partial or complete PCD. Chromosomes
pointed with arrowheads are good examples of partial PCD, showing
slightly separated chromatids and reduced centromeric constrictions.
Note the difference to the complete PCD category, where the
chromatids and the centromeres are fully separated and distanced each
other
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function of MCPH1 in chromosome condensation but also
paved the way to the identification of a so far unknown molec-
ular pathway regulating metaphase chromosome condensation
and shaping. Therefore, we decided that a further detailed mor-
phological description of MCPH1 patient cells may provide
additional clues about how exactly MCPH1 effects chromo-
some condensation or maybe even indicate further functions.

Our analyses demonstrate that the patient’s metaphase
chromosomes are approximately 25 % shorter than the chro-
mosomes of controls. Giemsa-stained patient chromosomes
also have a distinctive wavy morphology which—like the
length reduction—may be explained by an extreme
hypercoiling of the central chromatid axes as shown by im-
munostaining of key components of that structure. It is a well-
known phenomenon that prolonged metaphase arrest induced
by spindle poisons results in chromosome hypercondensation.
These hypercondensed metaphase chromosomes are charac-
terized by a hypercoiled central chromatid axis (Maeshima
and Laemmli 2003). Remarkably, the extent of the longitudi-
nal compression of the patient’s chromosomes is similar to

that of chromosomes of cells in prolonged nocodazole arrest
during 12 h, which are on average 20 % shorter (Naumova
et al. 2013). This may indicate that after the initial priming of
the process of chromosome condensation, the longitudinal
compaction proceeds to a maximum level as long as the chro-
mosomes are not segregated in anaphase. Thus, for the occur-
rence of the phenomenon of hypercondensed metaphase chro-
mosomes, it may not matter whether the condensation timing
is prolonged by a premature entry into chromosome conden-
sation as in MCPH1-deficient cells or by a prolonged contin-
uation of the process as inmetaphase arrest induced by spindle
poisons.

Currently, we are unable to explain the significance of our
observation of metaphase chromosomes with apparently un-
resolved twisted chromatids in cell cultures ofMCPH1 patient
cells. During an unperturbed prophase in metazoan cells, the
replicated genome is not only condensed but also resolved
into two microscopically discernible chromatids. Sister chro-
matid resolution is a dynamic and complex process that re-
quires the formation of the chromatid axes, the release of

Fig. 5 Analyses of chromosome structure in U2OS cells treated with
control or MCPH1-directed siRNAs oligos. a Representative images of
the main chromosomal morphologies observed in our experiments. In
type 1, chromosomes present straight and well-resolved chromatids,
while in type 2 chromosomes are all hypercompacted and with wavy
appearance. Note that some of them (indicated by arrows) show
unresolved twisted chromatids comparable to the patient chromosomes
shown in Fig. 3e. Bar 10 μm. b Fraction of metaphase chromosomes
showing either type 1 or type 2 chromosomal morphologies after the
indicated siRNA treatments. Analyses were done in coded slides as
explained in Fig. 3. Data represent the mean and S.D. from two
independent experiments. c Fraction of metaphases showing partial

premature centromeric division after normal hypotonic conditions (anal-
yses performed as explained in Fig. 4). A representative image of chro-
mosomes with partial PCD is shown. Data represent the mean and S.D.
from two independent experiments. The differences were statistically
significant (p<0.001, Χ2 test). d Fraction of Bprophase-like cells^
(PLCs) and metaphases observed after the indicated siRNA treatments.
A total of 1000 cells were classified on Giemsa-stained coded slides. A
representative image of a PLC (pointed by arrow) is presented. Data
represent the mean and S.D. from two independent experiments. The
differences were statistically significant (p<0.001, Χ2 test). e Relative
quantification ofMCPH1-mRNA levels in cells after the indicated siRNA
treatments. Mean and S.D. from two independent experiments
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chromatid-bound cohesin and the decatenation of the DNA
strands of the sister chromatids. This process is fundamental
for the accurate segregation of sister chromatids in subsequent
anaphase and, therefore, in animal cells is completed by early
prometaphase (Losada et al. 2002; Shintomi and Hirano
2010). Although, we cannot decide whether the appearance
of the twisted chromosomes is due to defective regulation of
cohesion or decatenation, or even represents a completely un-
related phenomenon, it is remarkable that they resemble some
of the intermediary stages of chromosome organization during
early mitosis proposed by Giménez-Abián et al. (1995). The
authors suggested that at the boundary of prophase to
prometaphase, the cores of the two sister chromatids remain
closely associated. These structures, however, seem to be ex-
tremely transient and difficult to observe, as the decatenation
and separation into discernible chromatids are rapidly
achieved (Giménez-Abián et al. 1995). The functional signif-
icance of twisted chromosomes has to be backed up by mo-
lecular investigations of chromatid cohesion and decatenation
process in MCPH1-deficient cells.

A relation has been established between DNA damage and
the defective condensation behaviour of MCPH1 patient cells.
Here, we have observed a dramatic increase in the occurrence
of unresolved twisted chromosomes following ionizing irradi-
ation in the patient cells. MCPH1 gene presents a key function
in DNA damage response and checkpoint control (Xu et al.
2004; Lin et al. 2005; Rai et al. 2006). Direct testing of cell
lines from MCPH1 patients showed unexpectedly a G2/M-
proficient checkpoint in response to irradiation, followed by
a slight delay during subsequent entrance into mitosis
(Gavvovidis et al. 2010). Despite the efficient DNA damage
checkpoint, patient cells do not decondense their chromatin
completely after irradiation, which is in agreement with the
role of MCPH1 as regulator of the activity of SWI-SNF chro-
matin remodelling complex during DNA repair (Peng et al.
2009; Gavvovidis et al. 2010). Instead of decondensation, 6 h
after irradiation, patient cells showed a rise into the number of
prophase-like cells (PLCs), which is explained as a result of
the premature chromosome condensation behaviour com-
bined with the proficient G2/M checkpoint, which forced pa-
tient cells to accumulate in G2 phase after DNA damage but
with condensed chromatin (Gavvovidis et al. 2010). In spite of
better understanding their functional significance, it is tempt-
ing to speculate that twisted chromosomes rise after irradiation
indirectly as consequence of the prolonged timing of chroma-
tin condensation triggered by DNA damage.

We were surprised by our observation of defective centro-
meric cohesion in the patients’ cells. Metaphase cells of the
patients showed increased rates of premature centromeric di-
vision (PCDs). Although the defect was not prominent under
normal hypotonic conditions, it was statistically significant.
Moreover, it became more pronounced following harsher hy-
potonic treatment. Severe loss of chromosome cohesion is a

hallmark of some genetic disorders among others Roberts
syndrome (RBS), mosaic variegated aneuploidy (MVA) and
Cornelia de Lange syndrome (CdLS) (Tomkins et al. 1979;
Kajii et al. 1998; Kaur et al. 2005). While RBS and CdLS are
cohesinopathies caused bymutations in genes regulating chro-
mosome cohesion (Vega et al. 2005; Tonkin et al. 2004),MVA
represents a defect of the spindle checkpoint (Hanks et al.
2004). However the loss of cohesion in MCPH1 mutant cells
is less dramatic and rather resemble the scenario described for
patients with microcephalic osteodysplastic primordial dwarf-
ism type II syndrome (MOPDII), harbouring mutations in
PCNT gene (Rauch et al. 2008), or patients affected by al-
pha-thalassemia/mental retardation X-linked by mutations in
ATRX gene (Ritchie et al. 2008). In both syndromes, compa-
rable to our observation in MCPH1 patient cells, the centro-
meric cohesion is reduced but not completely loss and was
only detected after extended hypotonic treatment (longer than
20 min). Both PCNT and ATRX genes code for chromatin
remodelling complexes influencing chromatid cohesion
through different proposed pathways, spindle assembly
checkpoint for PCNT and cohesin loading for ATRX (Rauch
et al. 2008; Ritchie et al. 2008). It is noteworthy that chromatin
remodelling function is also involved in the pathogenesis of
MCPH syndrome since mutations in PCH1 gene, a chromatin
remodelling factor, were identified in a family affected by
primary microcephaly (Awad et al. 2013). No reports on co-
hesion defect for these patients were presented. In conclusion,
our observation of PCDs in patient cells could originate from a
so far unknown function of MCPH1 in centromeric cohesion
or indirectly from the altered structure of the hypercondensed
chromatin. Since MCPH1 condition leads to uncoupling of
chromosome cycle from the coordinated events that occur
during mitosis, another different origin for PCDs would be
early release of centromere cohesion during chromosome di-
vision in cells lacking MCPH1 function.

So far, there are no reports of increased aneuploidy levels in
MCPH1 patient cells (Neitzel et al. 2002). Accordingly, the
reduced centromeric cohesion appears not to disturb subse-
quent chromosome segregation in MCPH1-mutated cells.
Although the number of known elderly patients is extremely
small, this observation could in part explain the lack of evi-
dence for an elevated cancer incidence among them. Cancer
predisposition is also not reported in CdLS (Liu and Krantz
2008), RBS (Van den Berg and Francke 1993), MOPDII
(Rauch et al. 2008) or ATRX syndromes (Gibbons et al.
1995). Increased aneuploidy levels are occurring among some
of them as RBS or MOPDII but the incidence is much lower
compared with MVA patients, who are inevitably suffering of
higher rates of childhood cancer (Callier et al. 2005).
Nevertheless, the correlation of MCPH1 mutations with can-
cer still has to be elucidated as deregulation of MCPH1 ex-
pression has been noticed in different tumours during the last
years (reviewed in Venkatesh and Suresh 2014). Moreover, a
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recent study using a mouse model shows that MCPH1 defi-
ciency promotes genomic instability and increases cancer sus-
ceptibility (Liang et al. 2014).

In conclusion, our present study demonstrates that MCPH1
mutations disturb the shape of mitotic chromosomes in a spe-
cific manner. Detailed morphological analyses of patient cells
harbouring different types of mutations (both protein truncat-
ing and missense mutations) revealed hypercoiling of the
chromatid axes, longitudinal length reduction and unresolved
chromatids. Moreover, we observed defective centromere co-
hesion in the patient cells. These chromosomal defects were
recapitulated in cells depleted of MCPH1 by siRNAs.
Interestingly, the two latter alterations, unresolved chromatids
and defective centromere cohesion, may point towards so far
unknown novel functions of the MCPH1 protein.
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MCPH1, mutated in primary 
microcephaly, is required for 
efficient chromosome alignment 
during mitosis
M. Arroyo1, R. Kuriyama2, M. Trimborn3, D. Keifenheim2, A. Cañuelo1, A. Sánchez1,  
D. J. Clarke2 & J. A. Marchal1

MCPH1 gene, mutated in primary microcephaly, regulates cell progression into mitosis. While this 
role has been extensively investigated in the context of DNA damage, its function during unperturbed 
cell cycles has been given less attention. Here we have analyzed the dynamics of chromosome 
condensation and cell cycle progression in MCPH1 deficient cells under undamaging conditions. Our 
study demonstrates that chromosome condensation is uncoupled from cell cycle progression when 
MCPH1 function is lacking, resulting in cells that prematurely condense their chromosomes during mid 
G2-phase and delay decondensation at the completion of mitosis. However, mitosis onset occurs on 
schedule in MCPH1 deficient cells. We also revealed active Cdk1 to be mandatory for the premature 
onset of chromosome condensation during G2 and the maintenance of the condensed state thereafter. 
Interestingly, a novel cellular phenotype was observed while monitoring cell cycle progression in cells 
lacking MCPH1 function. Specifically, completion of chromosome alignment at the metaphase plate 
was significantly delayed. This deficiency reveals that MCPH1 is required for efficient chromosome 
biorientation during mitosis.

MCPH1 primary microcephaly (OMIM 608585) is a rare human syndrome that results in pronounced reduction 
of the cerebral cortex, mental retardation and delayed growth1,2. While the clinical phenotype is identical to the 
other genetic variants of MCPH syndrome (MCPH1-MCPH14) described so far3–5, from a cellular perspective 
MCPH1 syndrome revealed a unique altered pattern of chromosome condensation. Routine cytogenetic analy-
sis in MCPH1 patients first reported an increased frequency of cells with condensed chromatin with an intact 
nuclear envelope, named “prophase-like cells” (PLCs)6–9. PLCs are observed due to both premature onset of chro-
mosome condensation in G2-phase and delayed decondensation in early G1 cells following nuclear division6,7.  
Chromosome condensation at these inappropriate cell cycle stages has also been observed in human cells tran-
siently depleted of MCPH1 by siRNAs and in Mcph1−/− mouse models10,12–14. This phenotype is therefore con-
sidered a cellular hallmark of MCPH1 deficiency.

Mechanistically, MCPH1-related premature chromosome condensation is a result of the premature loading 
of condensin II onto the chromatin during G214,15. Cell-free assays demonstrated that MCPH1 associates with 
chromatin through its N-terminal domain at the same binding sites as condensin II, thus inhibiting the loading of 
the condensin II complex15. Other studies have provided indirect evidence that unscheduled activation of Cdk1 
kinase directly contributes to the premature onset of chromosome condensation. In MCPH1 mutant cells released 
from early S-phase synchrony, the levels of inactive Cdk1, phosphorylated at tyrosine 15 (PY15-Cdk1), become 
drastically reduced as soon as 4 h after release. This correlates temporally with the onset of premature condensa-
tion16,17. Other data indicate that premature activation of Cdk1 in MCPH1 syndrome relies on inappropriately 
high levels of active Cdc25A16,18. Since Cdc25 activation is normally regulated by the checkpoint kinases Chk1 
and ATR, the data potentially place the Cdc25-Chk1-ATR pathway under MCPH1 control16,18.
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MCPH1 is a multi-functional protein with proposed roles in telomere maintenance, DNA repair, centrosome 
function and tumor suppression19. While a large collection of studies have delineated the role of MCPH1 dur-
ing cell cycle progression under conditions where DNA is damaged, its function during unperturbed cell divi-
sion has seen less attention. In relation to this, some studies suggest that MCPH1 deficiency leads to premature 
entrance into mitosis17,18. This conclusion was mainly supported by the increased frequency of H3PS10 positive 
cells observed in either siRNA-MCPH1 treated cells or patient cell cultures. However, no studies have carefully 
measured the timing of mitosis and cell cycle transitions in cells with deficient MCPH1. Therefore, it is currently 
unknown whether the defect lies exclusively in the regulation of chromosome condensation or whether other key 
events of mitotic progression are also altered.

In the present work we have tracked in real time the dynamics of chromosome condensation and cell cycle 
progression in MCPH1 deficient cells during unperturbed cell division cycles. This analysis revealed that cells 
without MCPH1 prematurely condense their chromosomes during mid G2-phase and decondense them subject 
to a delay at the completion of mitosis. However the onset of mitosis, based on nuclear levels of mitotic markers 
and the timing of nuclear envelope breakdown, occurs on schedule in MCPH1 deficient cells. We also provide 
evidence that active Cdk1 is mandatory for the premature onset of chromosome condensation in MCPH1 syn-
drome. Interestingly, our analysis demonstrates that, in addition to regulating the timing of chromosome conden-
sation, MCPH1 is also required for efficient chromosome alignment during prometaphase.

Figure 1.  Cell cycle progression and dynamics of prophase like-condensation in control and MCPH1 patient 
cells. (a) Graphs comparing the cell cycle distribution, determined by FACS analyses, in untreated cell samples 
or cell samples incubated with nocodazole for 4 hours to induce M arrest. (b) For each sample from A, we 
determined in parallel the fraction of PLCs (prophase-like cells) by microscopic analyses of cytogenetic 
preparations. We also included cells incubated with nocodazole for 7 hours in these analyses. More than 500 
cells were scored per sample. As expected, PLC frequency was negligible in control cells. Mean and S.D. data 
from at least 3 independent experiments are shown. Mean values are indicated. (c) Rate of H3PS10 positive 
cells in control and MCPH1 patient cells, determined by FACS after incubation with nocodazole for the 
indicated time points. Data from two independent experiments are presented. (d) Immunolocalization using 
antibodies against Cyclin B and Histone H3-PS10 proteins in proliferating cells from one MCPH1 patient. PLCs 
(“Prophase-like cells”) refers to cells with condensed chromatin inside a retained nuclear envelope, either as a 
consequence of premature onset of chromosome condensation or delayed decondensation at the end of mitosis. 
Note that G2-PLCs and real prophases are indistinguishable by DAPI staining but showed different IF patterns 
for both markers. G1-PLCs are also negative for both markers. Only a minor fraction of the observed cells with 
the typical morphology of prophase cells contained nuclear signals for both Cyclin B and Histone H3-PS10 
proteins.
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Figure 2.  Analyses of mitosis progression by live-cell microscopy in cells depleted of MCPH1 function by 
siRNAs. (a) A brief description of the experimental procedure: HeLa cells stably expressing fluorescent histone 
H2B fused to Red1 were synchronized at the G1/S border by double thymidine block. MCPH1 depletion was 
achieved by transfection with siRNAs (oligo siRNA-MCPH1-3) during the release from the first thymidine 
block. Time-lapse images were collected using “Nikon Biostation IM Cell incubator” one hour after the release 
from the second thymidine block. (b) Dot-plots showing the time interval between different key mitotic events 
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Results
Tracking PLC dynamics and mitosis progression in cells lacking MCPH1 function.  We first deter-
mined the frequency of “Prophase-like cells” (PLCs) in log-phase cultures of MCPH1 patient lymphoblasts, iden-
tified through cytomorphological analysis (Fig. 1a and b). In parallel we determined the mitotic index by FACS 
analysis of mitotic markers (phosphorylation of histone H3). The FACS data revealed that only 2.9% (±0.5%) 
of MCPH1 patient cells were histone H3PS10 positive (Fig. 1a), while within the same sample 23.9% (±4.5%) 
of the cells were PLCs (Fig. 1b). Therefore, most PLCs could not have been mitotic cells. In order to gain direct 
evidence that this is the case, we used immunofluorescence staining to simultaneously observe histone H3PS10, 
cyclin B and chromosome morphology (Fig. 1d). This analysis revealed only a minor fraction of total PLCs (11%) 
that were positive for both markers and could, therefore, be defined as mitotic cells. Both markers showed the 
expected staining patterns in cells that were in prometaphase or beyond (Fig. 1d). Similar results were obtained 
when we observed histone H3PS28 and cyclin B proteins (Supplementary Figure 1). Interestingly, the fraction 
of H3PS10 positive cells was slightly although not significantly increased in MCPH1 patient cells (2.9 ± 0.5%) 
compared with control cells (2.2 ± 1.1%), consistent with previous reports16,18. Finally, we compared the dynamics 
of mitotic entry in both control and MCPH1 patient cells by determining the frequency of H3PS10 positive cells 
versus time after adding the spindle poison nocodazole to the cultures (Fig. 1c). This revealed that mitotic cells 
accumulate at similar rates in both samples, suggesting no significant differences in the rate of progression into 
mitosis in control and MCPH1 patient cells.

Since PLCs are evidently a consequence of premature condensation in G2 and delayed decondensation at the 
completion of mitosis6, we also compared their frequency within the G2 and G1 cell populations. As both – G1 
and G2 PLCs - are indistinguishable by morphological analysis, we compared the PLC frequency before and 
after incubation with nocodazole. During this incubation G1 PLCs that decondense their chromosomes are not 
replaced by new G1 PLCs because progression through mitosis is blocked. Consequently, only G2 PLCs will 
remain in the population. In untreated patient cells, we observed 23.9% (±4.5%) of the population were PLCs, . 
After nocodazole incubation for 4 hours this frequency was reduced to 15.1% (±4.2%), and a similar frequency 
was observed when the incubation was prolonged for 7 hours (14.1 ± 2.5%) (Fig. 1b). In control cells the PLC 
frequency remained negligible as expected. Thus, we estimate that, in cycling cells from MCPH1 patients, approx-
imately 15% and 9% of total cells are G2 PLCs versus G1 PLCs respectively (Fig. 1b). These data are in agreement 
with live-cell microscopy studies (see below) and with previous estimations14. The FACS analysis showed that G2 
and G1 populations represent 23.8% (±1.0%) and 51.8% ( ± 2.0%) of total cells within the same untreated patient 
samples (Fig. 1a). Accordingly, we assume that in the MCPH1 patient cells, premature chromosome condensation 
occurs at mid-G2 phase, as previously proposed16, while decondensation is delayed at the completion of mitosis, 
covering approximately 20% of the subsequent G1 phase.

To analyze the dynamics of chromosome condensation and progression through mitosis in individual cells 
lacking MCPH1 function we performed live-cell fluorescence microscopy using HeLa cells stably expressing his-
tone H2B-Red1. We employed double-thymidine synchronization to arrest cells at the G1/S border then analyzed 
progression through the subsequent S-phase, G2 and mitosis. MCPH1 depletion was achieved by siRNA trans-
fection using validated siRNA oligos which knocked-down the MCPH1 protein levels efficiently11 (experimental 
procedure outlined in Fig. 2a; Supplementary Figure 3). We also confirmed that the cellular phenotypes arising 
after MCPH1 depletion, that is, the appearance of PLCs and altered chromosome structure in mitosis6,7,10 were 
both recapitulated using this protocol (Supplementary Figure 2). Results from live-cell analyses are presented in 
Fig. 2, and videos 1 and 2 (Supplementary information). We observed that cells depleted of MCPH1 condense 
their chromosomes 479 (±132) minutes after release from thymidine arrest, and that in these cells the PLC phe-
notype (with evident chromosome condensation) persisted for an average of 195 (±132) minutes. In control cells 
chromosome condensation was first evident much later (651 ± 63 minutes after release), and occurred not long 
(17 ± 7 minutes) before NEB (nuclear envelope breakdown) as expected. Importantly, NEB occurred on schedule 
in MCPH1 depleted cells, at the same time as in control cells (671 ± 149 minutes in MCPH1, 668 ± 64 minutes in 
control; time after release). Strikingly, MCPH1 depleted cells required substantially more time to progress from 
late prophase to the onset of anaphase: the interval from NEB until anaphase onset was 40 ± 9 minutes in control 
cells and 80 ± 33 minutes in MCPH1 depleted cells. Finally, we determined the timing of progression through late 
mitosis. While the duration of anaphase was not altered in MCPH1 depleted cells (16 ± 6 minutes) compared with 
controls (15 ± 5 minutes), the time that cells remained with condensed chromatin once chromosome segregation 
had been completed was longer. MCPH1 depleted cells required 80 (±20) minutes to complete this last step while 
control cells required only 19 (±6) minutes. When these analyses were repeated using a second non-overlapping 
siRNA similar results were obtained (Supplementary Figure 4).

In summary, the data demonstrate that when MCPH1 is depleted, cells condense their chromatin prematurely, 
in mid-G2 phase, and remain in that state (termed PLCs) for 195 minutes before initiating NEB. Condensation 
persists for an additional 80 minutes once chromosomes have segregated, covering part of the subsequent G1 
phase. Despite the altered condensation dynamics, NEB occurs on time in MCPH1 depleted cells compared 

in minutes for untreated and MCPH1 depleted cells. The red line indicates the mean value. C.C. = chromosome 
condensation; NEB = nuclear envelope breakdown; C.D. = chromosome decondensation. At least 40 cells 
were analyzed in each case. Statistical comparisons for the mean and median data were done by T-student 
and Wilcoxon (W) tests respectively. **p < 0.01; N.S. not significant. (c) Selected frames showing the mitosis 
progression of representative HeLa H2B/Red1 cells from both untreated and MCPH1-depleted cell samples. 
Time from release is indicated in minutes. Arrow heads point to the first time point when chromosome 
condensation is clearly observable after release. Full movies are included in videos 1 and 2.
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Figure 3.  Analyses of prometaphase and metaphase progression in MCPH1 cells lacking MCPH1 function. 
(a) Live-cell microscopy analyses in HeLa H2B-Red1 cells depleted of MCPH1 by siRNAs (oligo siRNA-
MCPH1-3). Graphs show the time required in individual control or MCPH1-depleted cells to i) align all the 
chromosomes at the metaphase plate (blue), ii) initiate chromosome segregation after metaphase alignment 
(red). Cells marked with an asterisk did not show the PLC phenotype before NEB. (b) Dot-plots from the data 
in A. The red line indicates the mean value. At least 40 cells were analyzed in each case. Statistical comparisons 
for the mean and median data were done by T-student and Wilcoxon (W) tests respectively. **p < 0.01; N.S. not 
significant. (c) Representative cells showing the progression through prometaphase and metaphase from both 
HeLa untreated and MCPH1-siRNA treated cell samples. Time from nuclear envelope breakdown (first frame) 
is indicated in minutes. Note that in the MCPH1-depleted cell most chromosomes align at the metaphase 
plate on time but some require more time to complete the process (pointed by arrows). Once metaphase 
alignment is fully achieved, cell progresses into anaphase without delay. (d) Dot-plots showing the duration 
of prometaphase in Hct-116 H2B-GFP and HeLa H2B-GFP cells depleted of MCPH1 by siRNAs. Analyses 
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with controls. Condensation is therefore dramatically uncoupled from cell cycle progression. Importantly, sim-
ilar results were observed when these analyses were repeated using a different isolate of HeLa stably express-
ing histone H2B-GFP, and also in Hct-116 H2B-GFP cells, a human modified colorectal carcinoma cell line 
(Supplementary Figure 5; video 8 at supplementary information).

MCPH1 is required for efficient chromosome biorientation in prometaphase.  The extended inter-
val between NEB and anaphase onset in MCPH1 depleted cells prompted a closer examination of prometaphase 
(and metaphase) by live-cell analysis (Fig. 3a–c). This revealed that MCPH1 depleted cells require more time to 
align all the chromosomes at the metaphase plate compared with controls (14 ± 3 minutes in control, 48 ± 30 min-
utes in MCPH1). As depicted in Fig. 3c, most chromosomes in MCPH1 depleted cells typically became aligned 
at the metaphase plate by the first frame after NEB (a time interval of approximately 10 minutes). Despite this, a 
small number of unaligned chromosomes usually persisted and required more time to complete biorientation. 
Once full alignment was achieved, cells progressed into anaphase without significant delay (27 ± 10 minutes in 
control, 32 ± 16 minutes in MCPH1). Similar results were obtained when these analyses were repeated using a 
second non-overlapping siRNA (Supplementary Figure 4). The observed prolongation of prometaphase was also 
recapitulated in another HeLa cell line stably expressing Histone H2B-GFP, and also in Hct-116 H2B-GFP cells 
(Fig. 3d). Importantly, as we could track mitosis and chromosome condensation in individual cells, we observed 
that only those cells displaying a clear PLC phenotype before NEB (i.e. indicating efficient MCPH1 depletion), 
then had an extended prometaphase duration (Fig. 3a). On the other hand, rare cells within the MCPH1-siRNA 
treated population where premature condensation did not occur (i.e. indicative of unsuccessful MCPH1 deple-
tion), did not delay in prometaphase.

In order to confirm these findings that were based on siRNA-mediated loss of MCPH1 function, we next inves-
tigated if a similar alteration could be observed during prometaphase in MCPH1 patient cells. This analysis was 
conducted through detailed microscopic inspection of mitotic preparations obtained from lymphoblast cell cul-
tures following a protocol that preserves the organization of chromosomes on the mitotic spindle12 (Fig. 3e and f).  
In both control and patient samples, mitotic cells were counted and scored according to the alignment stage of 
their chromosomes as follows: prometaphase 1, if no sign of the metaphase plate conformation was observed; 
prometaphase 2, if most chromosomes were aligned on the metaphase plate but few chromosomes remained 
away from the plate; and metaphase, where all chromosomes were aligned at the metaphase plate (representative 
pictures in Fig. 3f). The data obtained are consistent with the process of chromosome alignment taking longer in 
patient cells compared with controls. While in the MCPH1 patient sample 0.97% and 1.05% of total cells where 
classified as prometaphase 1 and 2 respectively, in the control sample 0.58% of total cells were in prometaphase 1 
and only 0.17% of cells were classified as prometaphase 2. The fraction of cells in metaphase, however, was similar 
in both samples (0.87% and 0.94% of total cells in control and patient respectively). Remarkably, cells classified 
as prometaphase 2 and frequently observed in patient cells - and only rarely in controls-, resemble those with 
an established plate but a few unaligned chromosomes observed by live-cell imaging in MCPH1 depleted HeLa 
cells (compare Fig. 3c and f). When these analyses were repeated in U2OS cells depleted of MCPH1 function by 
siRNA, similar results were observed (Supplementary Figure 6). Overall, our data provide clear evidence that 
MCPH1 is required for efficient chromosome alignment during mitosis, a novel cellular phenotype related to the 
lack of function of MCPH1.

In the live-cell experiments we did not detect significantly increased frequencies of apoptotic cells or multipo-
lar mitosis in cells depleted of MCPH1 compared with controls. However, we did observe an increased occur-
rence of anaphase errors including bridged or lagging chromosomes in anaphase (Supplementary Figure 7). Most 
mis-segregated chromosomes gave rise to micronuclei (data not shown). Although the basal level of these errors 
clearly differed between the different cell lines that were analyzed, the frequency of anaphase errors was found 
always to be higher after MCPH1 depletion.

Premature chromosome condensation in MCPH1 syndrome requires active Cdk1.  It has been 
proposed that premature onset of chromosome condensation depends on premature activation of Cdk1 during 
G2 in MCPH1 deficient cells16,17. To test this directly, we examined MCPH1 deficient cells treated with RO-3306, 
a small-molecule inhibitor of Cdk1 that reversibly arrests human cells at the G2/M border)20. We compared the 
fractions of G2, mitosis (M) and PLCs in control and MCPH1 patient lymphoblast cells incubated with RO-3306 
for 4 h and 7 h (Fig. 4). The data reveals that during prolonged incubation with the Cdk1 inhibitor there is a pro-
gressive accumulation of G2 cells in both control and MCPH1 cells (Fig. 4a and b). The G2 arrest was confirmed by 
simultaneous incubation with RO-3306 and nocodazole. In this case, we observed a progressive accumulation of 
G2 cells but almost no accumulation of mitotic cells despite the treatment with the spindle poison (Fig. 4a and b).  

performed as described in a and b. (e) Percent of the corresponding mitotic stages observed in control and 
MCPH1 patient lymphoblasts. Analyses were performed by microscopic inspection of cytogenetic preparations 
obtained following a protocol that preserves the organization of chromosomes on the mitotic spindle12. At 
least 100 mitotic cells were counted and classified according to the alignment stage of their chromosomes as 
follows: Prometaphase 1, if no signs of metaphase plate conformation is observed; Prometaphase 2, if most 
chromosomes are already aligned into a plate but few of them remain far; Metaphase, when all chromosomes 
are finally aligned (representative pictures in f; arrows point to chromosomes that remain far from the already 
formed plate). For better interpretation of our results, the data were adjusted considering the total amount 
of cells that were in either prometaphase or metaphase in control (1.7%) and patient (2.9%) cells (n = 1000). 
Representative data from analyses performed by two different persons are presented.
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Interestingly, in parallel, the PLC frequency progressively diminished in MCPH1 patient cells, both with either 
RO-3306 alone or in combination with nocodazole (Fig. 4a and b). In control cells, PLCs were rarely observed, as 
expected. A similar reduction in the PLC frequency was observed in U2OS cells depleted of MCPH1 function by 
siRNAs then treated with RO-3306 (Fig. 4c).

We next monitored cell cycle progression and the dynamics of chromosome condensation after Cdk1 
inhibition by live-cell fluorescence microscopy in HeLa H2B-Red1 cells. Cells were synchronized at G1/S by 
double-thymidine block and MCPH1 depletion was achieved by transfection with siRNAs. Immediately after 
release from the second thymidine arrest, RO-3306 was added to the cultures and time-lapse microscopy was 
performed (videos 3 and 4, supplementary information). This analysis revealed that neither control nor MCPH1 
depleted cells were able to enter mitosis during the 20 hours that were recorded following release from the syn-
chrony. Importantly, MCPH1-depleted cells did not undergo chromosome condensation during that time, i.e. 
no PLCs were observed. Therefore, the onset of premature chromosome condensation during G2 in cells lacking 
MCPH1 requires active Cdk1. We performed similar analyses using asynchronous cell populations and in agree-
ment we observed that mitotic entry was blocked (data not shown).

We next asked if the maintenance of chromosome condensation in PLCs requires Cdk1 activity. Following 
MCPH1 depletion and cell synchronization, as described above, we added RO-3306 8 hours after release from the 
thymidine block, at the time when we observed the peak of PLCs in G2 (based on the data in Fig. 2) (experimental 

Figure 4.  Analyses of cell cycle progression and dynamics of chromosome condensation in control and 
MCPH1 deficient cells treated with the Cdk1 inhibitor RO-3306. Fraction of M and G2 cells, determined 
by FACS analyses, in control (a) and MCPH1 patient cells (b) after either 4 h or 7 h of incubation with RO-
3306 alone or combined with nocodazole (NOC), a spindle poison that causes M arrest. For each sample, 
we determined in parallel the fraction of PLCs by microscopic analyses of cytogenetic preparations. These 
data confirm that cells do not escape from G2 arrest. The fraction of PLCs is constantly reduced after 
prolonged incubation with RO-3306 in patient cells. In control cells, as expected, PLCs are nearly abseny. (c) 
Determination of the PLC frequency in U2OS cells depleted of MCPH1 by siRNAs and incubated with the 
Cdk1 inhibitor RO-3360 for 6 h. Mean and SD data are shown in all cases. Reduction of PLCs rate after RO-3306 
treatment in b and c was statistically significant (p < 0.01, Χ2 test).
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outline detailed in Fig. 5a). This revealed that RO-3306 induced a progressive reduction in condensation in most 
PLCs until these cells had completely decondensed their chromatin (Fig. 5b and video 5). The time required to 
completely decondense the chromosomes after adding RO-3306 was 409 (±142) minutes (Fig. 5c). These data 
are in agreement with the PLC dynamics observed in MCPH1 patient cells after Cdk1 inhibition and suggest that 
PLCs decondense their chromosomes through a slow but progressive process if Cdk1 is inactivated.

Lastly, we asked if RO-3306-induced G2 arrest was reversible in MCPH1 depleted cells. HeLa-H2B-Red1 cells 
were incubated with the Cdk1 inhibitor for 8 hours, then cells were washed with normal medium and monitored 
by time-lapse microscopy. MCPH1 depletion was achieved by siRNA transfection 24 hours before the incubation 
with RO-3306 (Fig. 6a). Strikingly, PLCs were observed soon after the removal of RO-3306 in cells depleted of 
MCPH1 (25 ± 85 min from removal) and these cells remained in that state with prematurely condensed chroma-
tin for 118 (±95) minutes before NEB (Fig. 6b and c, videos 6 and 7). In contrast, chromosome condensation 
was initiated later in control cells (241 ± 84 minutes from inhibitor removal) and was visible only 36 (±27) min-
utes before NEB. Therefore, the onset of NEB occurred with significant delay in control cells (280 ± 93 minutes, 
from inhibitor removal) compared with PLCs (133 ± 130 minutes, from inhibitor removal). After NEB, MCPH1 
depleted cells required more time to align all their chromosomes at the metaphase plate (101 ± 54 minutes in con-
trol, 149 ± 101 minutes in MCPH1). However, once aligned, anaphase onset occurred with similar timing in both 
samples (44 ± 22 minutes in control, 38 ± 28 minutes in MCPH1). The amount of time that cells required to exit 
from mitosis and completely decondense their chromosomes was increased in MCPH1 depleted cells. Control 
cells required 22 (±5) minutes to complete this step while MCPH1 depleted cells required 64 (±27) minutes. 
Together these experiments have provided evidence that inhibition of Cdk1 by RO-3306 induces G2-arrest and 
chromosome decondensation in MCPH1 depleted cells. After removal of RO-3306, MCPH1 depleted cells con-
densed their chromosomes prematurely and progressed more quickly into mitosis than controls. The premature 
onset of NEB after recovery from Cdk1 inhibition could be a consequence of a faster rate of Cdk1 reactivation in 
MCPH1 depleted cells. Importantly, the mitotic phenotypes observed without prior Cdk1 inhibition were also 
recapitulated in these experiments: prolonged condensation after anaphase and inefficient prometaphase chro-
mosome alignment.

Discussion
Several studies of MCPH1 function using models including MCPH1 patient cells, depletion of MCPH1 via RNAi 
and MCPH1 knock-out animals have consistently revealed a key role as a regulator of chromosome condensation. 
In this paper we have tracked the dynamics of chromosome condensation and cell cycle progression in MCPH1 
deficient cells during unperturbed cell division cycles. Our results clearly showed that, in addition to coupling 
chromosome condensation to other cell division processes, MCPH1 is also required for efficient chromosome 
alignment during prometaphase.

Our live cell analyses using synchronized cells showed that MCPH1 deficient cells progress through G2 phase 
and start mitosis on schedule, judged by the timing of NEB. This result was corroborated by our finding that most 
cells that had undergone premature chromosome condensation (PLCs) in MCPH1 patients were not positive for 
mitotic markers - nuclear H3PS10 and H3PS28 - and had low levels of nuclear cyclin B, in agreement with previ-
ous studies14,16. Moreover, we also observed that mitotic cells accumulate at similar rates in control and MCPH1 

Figure 5.  Timing of PLC decondensation after incubation with the Cdk1 inhibitor RO-3360 in HeLa-H2B/
Red1 cells. (a) Short description of the experimental procedure. RO-3306 was added 8 h after release from the 
second thymidine block to coincide with the occurrence of PLCs during G2 in the siRNA treated cells. (b) 
Selected frames showing the decondensation of a PLC (pointed by arrows) after incubation with RO-3360. Time 
after RO-3360 addition is indicated in minutes. (c) Combined dot- and box-plot showing the time (in minutes) 
that PLCs required to completely decondense their chromosomes after adding RO-3360. The broken line 
indicates the mean value. 30 PLCs were monitored.
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patient cells during time-course analyses. Together the data demonstrate that PLCs are either G2 or G1 cells that 
arise as a consequence of chromosome condensation being uncoupled from normal cell cycle progression. Since 
the abnormal condensation pattern is Cdk1 dependent (see below), it is likely to be a regulatory process rather 
than an aberrant change in chromatin structure. Despite this, the molecular pathways regulating the G2/M tran-
sition remain intact in MCPH1 PLCs21.

It has been proposed that premature onset of chromosome condensation depends on premature activation of 
Cdk1 during G2 in MCPH1 syndrome16,17. Here we revealed by live-cell imaging that inhibition of Cdk1 activity 
in HeLa cells depleted of MCPH1 induces G2 arrest in the absence of chromosome condensation, a behavior 
similar to that observed in control cells. Moreover, PLCs require continued Cdk1 activity for the maintenance of 
chromosome condensation. Both G2 arrest and decondensation of PLCs was also observed in MCPH1 patient 
cells after prolonged Cdk1 inhibition. Interestingly, chromosome condensation starts immediately after release 
from prolonged Cdk1 inhibition in MCPH1 deficient cells, while in control cells it occurs significantly later. 

Figure 6.  Analyses of mitosis progression by live-cell microscopy in cells depleted of MCPH1 by siRNAs and 
incubated with the Cdk1 inhibitor RO-3360. (a) A brief description of the experimental procedure. HeLa H2B/
Red1 cells were arrested in G2 by incubation with RO-3360 for 8 h and then released into normal fresh medium 
without the inhibitor. MCPH1 depletion was achieved by transfection with siRNAs during the previous 
24 hours. Time-lapse recording started 30 minutes after the release from the RO-3360 incubation. Images were 
analyzed and processed using Image J software. (b) Dot-plots showing the time interval between different 
key mitotic events in minutes for untreated and MCPH1 depleted cells. The red line indicates the mean value. 
CC = chromosome condensation; NEB = nuclear envelope breakdown; CD = chromosome decondensation. 
At least 40 cells were analyzed in each case. Chromosome segregation and further decondensation were not 
analyzed in separate as both occur nearly simultaneously in control cells. Statistical comparisons for the mean 
and median data were done by T-student and Wilcoxon (W) tests respectively. **p < 0.01; N.S. not significant. 
(c) Selected frames showing the mitotic progression of representative HeLa cells from both control and 
MCPH1-depleted samples. Time from RO-3360 release is indicated in minutes. (d) Pairwise comparison of 
prometaphase timing (duration) in HeLa-H2B/Red1 cells after release from either double block with thymidine 
(Td) or RO-3360 incubation (RO).
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Taken together, our results clearly demonstrate that active Cdk1 is required for the premature onset of chromo-
some condensation and the maintenance of the condensed state in cells lacking MCPH1 function.

The exact role of MCPH1 in Cdk1 regulation and how that modulates chromosome condensation during 
an unperturbed cell cycle is currently unknown, and seems to occur independently of the ATR pathway16,20. 
Full activation of Cdk1, the key event triggering cell entry into mitosis, relies on a redundant network of 
interactions that function in feedback loops to guarantee proper coordination of the different mitotic events22. 
Although the bulk of Cdk1 becomes activated at the G2/M border, lower levels of active Cdk1 are detected 
early in G223. In this context, our data could indicate that MCPH1 prevents, through an unknown pathway, 
the induction of chromosome condensation by regulating or sustaining the activation threshold of Cdk1 with 
regard to chromosome condensation. Alternatively, it has not been ruled out that MCPH1 and Cdk1 regulate 
chromosome condensation independently since a direct relation between both during this process has not 
been established.

Mechanistically, premature chromosome condensation in cells lacking MCPH1 results from premature load-
ing of condensin II onto chromatin14,15. MCPH1 directly inhibits condensin II loading though competitive bind-
ing to the same chromatin domains, thus preventing condensation15. Condensin II is phosphorylated by Cdk1 at 
the T1415 residue of CAP-D3 subunit in early mitosis, which is critical for sustaining further Plk1 phosphoryla-
tion and, thus, full activation of condensin II24. In this scenario it is reasonable to infer that MCPH1 controls con-
densin II function directly through physical inhibition of its loading onto chromatin and indirectly by temporal 
control of condensin II activation mediated by Cdk1-Plk1 phosphorylation.

In this study we revealed a novel function for MCPH1 during mitosis. Live-cell analyses showed that 
MCPH1 deficient cells require more time to align all the chromosomes at the metaphase plate compared with 
controls. While most chromosomes appeared to have aligned within ten minutes after NEB, a small number 
of unaligned chromosomes usually persisted and required more time to complete biorientation. When pro-
metaphase and metaphase progression was analyzed in detail in MCPH1 patient cells a similar alteration was 
noticed. Consequently, the length of prometaphase is extended and the total length of mitosis is increased in 
MCPH1 deficient cells. This alteration, not previously reported, indicates a function for MCPH1 in chromo-
some alignment during mitosis. In previous studies it was proposed that MCPH1 deficiency induces premature 
entry of cells into mitosis. This conclusion was mainly supported by the increased frequency of H3PS10 pos-
itive cells observed in either siRNA-MCPH1 treated cells or patient cell cultures17,18 (our present study, Fig. 1 
and Supplementary Figure 1). However, the data presented here reveal that the increased mitotic index can be 
explained by the extended prometaphase duration in cells lacking MCPH1 function, rather than by an accel-
erated mitotic entry. One study reported elongated mitosis in cells depleted of MCPH1, based on time-lapse 
microscopy, but the dynamics of chromosome condensation were not described, and no abnormalities in chro-
mosome alignment were reported18.

Immunofluorescence analyses in neuroprogenitor cells from a Mcph1 mouse model reported increased fre-
quencies of bipolar spindles with unaligned chromosomes17. The occurrence of these errors was explained by 
uncoupling of centrosome maturation from mitotic processes. We here showed in vivo that human cells depleted 
of MCPH1 require more time to achieve full alignment of chromosomes at the metaphase plate. Taking together 
our results and previous ones17, it seems evident that the process of chromosome alignment during prometaphase 
is compromised by MCPH1 deficiency. Moreover, the resulting mitotic delay may add information to the current 
discussions about the pathogenic mechanisms of MCPH1 primary microcephaly25. Even a subtle increase in the 
duration of mitosis could deeply impact the final production of neurons during neurogenesis, while in other 
tissues types it would not induce noticeable alterations.

Currently we do not understand the molecular basis for the deficiency during prometaphase chromosome 
alignment that is observed. Minor alterations in the dynamics of kinetochore-microtubule attachments and/
or chromosome movements towards the spindle equator offer possible explanations. The disturbed matura-
tion of the centrosome reported in Mcph1 −/− mouse cells could be one critical underlying factor17. Besides 
that, it is important to note that mitotic chromosome structure is disturbed by a lack of functional MCPH110 
(Supplementary Figure 2). Apart from a hypercondensation the resolution of sister chromatids is delayed; a 
critical process to assure faithful chromosome segregation. Notably, a recent study establishes that decatena-
tion failure is a novel pathogenic mechanism for microcephaly in condensin II-mutated patients26. Given the 
known interaction of condensin II with MCPH114,15, the occurrence of unresolved sister chromatids10 and the 
extended prometaphase reported here for human cells lacking MCPH1 function, it is interesting to consider that 
altered decatenation activity during mitosis directly contributes to the occurrence of MCPH1 primary micro-
cephaly. The slight increase in the number of segregation errors observed during anaphase provides additional 
support to this scenario, as incomplete decatenation is one of the main mechanisms underlying lagging or bridged 
chromosomes27–29.

Material and Methods
Cell cultures and treatments.  We have used the next standard human cell lines: HeLa modified (H2B-
Red1 tagged; H2B-GFP tagged), Hct-116 modified (H2B-GFP tagged) and U2OS. Also we have employed lymph-
oblast cell lines (LCLs, non-transformed EBV immortalized) from one MCPH1 patient (S25X mutation) and one 
healthy control subject6,7. Adherent cell lines were grown following standard conditions using DMEM medium 
supplemented with 10% of foetal bovine serum. LCLs were grown under usual conditions in RPMI medium sup-
plemented with 15% foetal bovine serum.

For RNAi treatments cells were transfected with 120 nM siRNA duplexes using Lipofectamine (Invitrogen) 
at 50% confluency. OptiMEM medium (Invitrogen) was used for cell transfection. RNA oligos were purchased 
from Qiagen. The sequences of the siRNA duplexes used deplete specifically both major isophorms of MCPH1 
mRNA, and were based on a previous study11. These validated siRNAs oligos knocked-down the MCPH1 
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protein levels efficiently [10, 11, 14, Supplementary Figure 3]. Synchronization of cells at G1/S was achieved 
by a double-thymidine protocol. The inhibitors employed were nocodazole (Sigma-Aldrich, final concentration 
1,5 µM) and RO-3306 (Sigma-Aldrich; final concentration 10 µM). Untreated control cells were incubated in all 
cases with a similar volume of dimethyl sulfoxide.

Live-cell microscopy.  Cells were plated onto 35 mm tissue culture dishes fitted with glass cover-slips 
(MatTek Cultureware). siRNA transfection and thymidine synchrony was performed as described in the results 
section, except that upon release from the second thymidine arrest or before imaging (when monitoring asyn-
chronous cells) the standard medium containing the thymidine was exchanged for DMEM without phenol red, 
supplemented with 10% FBS, penicillin/streptomycin and 200 mM Trolox (Calbiochem). The dishes were trans-
ferred to a microscope humidified stage incubator containing 5% CO2 at 37 °C. Cells were filmed with three 
to five z sections using a Nikon Biostation IM microscope fitted with 20x and 40x/0.8 n.a. objectives and cou-
pled with Biostation IM software. Images were stacked and processed using Image J software. Timing data were 
obtained after visual inspection of a minimum of 40 cells. Statistical comparisons were done using Statgraphics 
software.

FACS.  Flow cytometry analyses were done using lymphoblast cell cultures in log-phase. One million cells 
approximately were recovered, washed in PBS and fixed in ice-cold Ethanol 70 overnight. Phospho-histone H3 
positive cells were detected with a rabbit anti-histone H3PS10 antibody (Abcam) at a dilution of 1/250, and a 
donkey anti-mouse IgG FITC-conjugated secondary antibody (Santa Cruz). Propidium iodide was used as a 
counterstain for DNA content. Fluorescence detection was performed using an analytical flow cytometer (LSR 
Fortessa, BD Bioscience) equipped with BD FACSDiva™ software for data acquisition. Quantitative cell cycle
analysis was done with Flowing Software v.2.5.1.

Cytogenetic analyses.  Cytogenetic preparations following standard protocols were obtained in parallel 
from the same log-phase cell cultures analyzed by FACS. Chromosome preparations were fixed using Carnoy’s 
solution (methanol/glacial acetic acid, 3:1), stained with Giemsa (10%) and finally visualized at microscope. The 
fraction of “prophase-like cells” (PLCs) and metaphases was determined after counting 1000 nuclei from coded 
slides at microscope. For the detailed analyses of the process of chromosome alignment in prometaphase and 
metaphase cells we employed cytogenetic preparations obtained following a protocol that preserves the organiza-
tion of chromosomes on the mitotic spindle12. Microscopy images were captured with a CCD camera (Olympus 
DP70) coupled to a microscope (Olympus BX51) and finally managed with ImageJ software.

Immunofluorescence.  SV-40 transformed fibroblasts from one MCPH1 patient (mutation T143nfsX5) and 
one health control were analyzed as previously described11. Cells growing on glass coverslips were fixed with 4% 
paraformaldehyde in PBS (pH 7.4) for 15 min at room temperature and permeabilized with ice-cold methanol for 
30 min on ice. Cells were incubated with PBS containing 20% FBS as a blocking agent for 30 min and then with 
the indicated antibodies for approximately 1 h at room temperature. After being washed three times with PBS, 
cells were incubated with the respective secondary antibodies conjugated with fluorescence dyes. After counter-
staining with DAPI, coverslips were mounted with VECTASHIELD and examined with a Zeiss Axioskop micro-
scope equipped with a cooled charge-coupled device (CCD) camera. Grayscale images were pseudocolored and 
merged using ImageJ. Primary antibodies used were mouse anti-Cyclin B1 (Abcam), rabbit anti-H3PS10 (Cell 
Signaling), rabbit anti-H3PS28 (Upstate).

Immunoblots.  For immunoblotting, cells were lysed in 1x SDS sample buffer containing 60 mM Tris-HCl 
[pH 6.8], 1% SDS, 10% glycerol, 0.01% bromophenol blue, and 0.1 M DTT. 1 × 105 cells were suspended in 100 μl 
of lysis buffer, sonicated and boiled for 2 min. Proteins were resolved by SDS-PAGE and transferred to Hybond-P 
PVDF membranes (Amersham). The membrane was blocked with 5% (w/v) dry milk in TBS-T (20 mM Tris-HCl 
[pH 7.5], 150 mM NaCl, 0.05% Tween 20). Incubation with primary antibodies was performed in TBS-T contain-
ing 1% BSA and 0.05% sodium azide for 1 hour at room temperature. Alpha-tubulin (Sigma) was used as loading 
control. Blots were developed by enhanced chemiluminescence detection system (Amersham). The antibody 
against human MCPH1 was kindly provided Dr. Tatsuya Hirano (RIKEN, Japan).

Data Availability.  All data generated or analyzed during this study are included in this published article (and 
its Supplementary Information files).
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Supplementary figure S1. Immunolocalization using antibodies against Cyclin B 
and Histone H3-PS28 proteins in proliferating cells from one MCPH1 patient.  

Supplementary Figure S1 
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Supplementary Figure S2 

Supplementary figure S2. Cytogenetic analyses of the occurrence of PLCs and chromosome 
morphology in HeLa H2B-Red1 cells depleted of MCPH1 function by siRNAs. a) A brief diagram of 
the experimental protocol used. b) Fraction of PLCs and mitotic cells determined by visual 
inspection by microscopy, n=1000. c) Quantitative analyses of the chromosome morphology 
observed within the mitotic cells from B. d) Representative images of the main chromosomal 
morphologies observed in our analyses. As expected, in MCPH1-siRNA treated cells chromosomes 
with a wavy hypercoiled appearance and unresolved sister chromatids (type 2) or with premature 
centromeric division (type 3b) were frequently observed. However, in control cells chromosomes 
present straight, well resolved chromatids that remain connected at the centromeres in most cases 
(type 1), being premature centromeric division barely observed (type 3a). 
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Supplementary Figure S3 

Supplementary figure S3. Immunoblots with an anti-MCPH1 antibody after 
transfection of HeLa (a) and U2OS (b) cells with different siRNAs showing efficient 
depletion of MCPH1 protein. Oligos siRNA-2 and siRNA-3 downregulate both 
described isoforms, full-lenght (93 kDa) and Δ9-14 (70 kDa) (Gavvovvidis et al. 2012). 
Oligos siRNA-1 and siRNA-4, targeting full-length and Δ9-14 isoforms respectively, 
specifically downregulate each of them. Non-targeting siRNA (siRNA-neg) or mock-
transfected (mock) controls showed no downregulation. Alpha-tubulin served as a 
loading control. The rabbit polyclonal antiserum against MCPH1 was kindly furnished 
by Dr. Tatsuya Hirano (RIKEN, Japan).  
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Supplementary Figure S4 

Supplementary figure S4. Dot-plots showing the time interval between different key 
mitotic events in HeLa-Red1 cells either mock treated or depleted of MCPH1 function 
with a second non-overlapping siRNA (oligo siRNA-MCPH1-2). Cells were processed 
as described in Figure 2. The red line indicates the mean value. C.C. = chromosome 
condensation; NEB = nuclear envelope breakdown; C.D. = chromosome 
decondensation. More than 50 cells were analyzed in each case. Statistical 
comparisons for the mean and median data were done by T-student and Wilcoxon 
(W) tests respectively. ** p<0.01; N.S. not significant.  
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Supplementary Figure S5 

Supplementary figure S5. Dot-plots showing the time interval between different key 
mitotic events in minutes in Hct-116 (a) and HeLa-GFP (b) cells either mock treated 
or depleted of MCPH1 function by siRNAs. The red line indicates the mean value. C.C. 
= chromosome condensation; NEB = nuclear envelope breakdown; C.D. = 
chromosome decondensation. At least 50 cells were analyzed in each case. In Hct-
116 mock control cells chromosome segregation and further decondensation were 
not analyzed in separate as both occur nearly simultaneously. Statistical comparisons 
for the mean and median data were done by T-student and Wilcoxon (W) tests 
respectively. ** p<0.01; N.S. not significant.  
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Supplementary Figure S6 

Supplementary figure S6. (a) Fraction of U2OS mitotic cells showing either all 
chromosomes organized into the metaphase plate or some unaligned chromosomes. 
Unsynchronized cells either mock treated or depleted of MCPH1 function by siRNAs 
were used. Analyses were performed by microscopic inspection of cytogenetic 
preparations obtained following a protocol that preserves the organization of 
chromosomes on the mitotic spindle [12]. 100 mitotic cells were counted and 
classified in each case. (b) Representative images of mitotic cells classified in A as 
aligned (left picture) or displaying some unaligned chromosomes (pointed by arrow, 
right picture). In MCPH1-siRNA treated cells, this particular phenotype was 
frequently observed and resemble to the observed by live-cell in HeLa cells (Figure 
3C) and in patient cells (Figure 3E).  
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Supplementary Figure S7 

Supplementary figure S7. a) Percent of cells showing bridge or lagging errors during 
anaphase in either control or MCPH1 depleted cells. Two different cell lines were 
analyzed. For HeLa cells data from experiments employing either thymidine or RO-
3306 synchronization protocols are shown. b) Live-imaging stack from HeLa H2B-
Red1 cells depleted of MCPH1 function showing an example of lagging error during 
anaphase. Time (in minutes) from nuclear envelope breakdown (first frame) is 
indicated.  
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Supplementary videos information 

Video 1: video showing HeLa H2B-Red1 control cells recorded after release from 
second thymidine arrest. Time from release (in minutes) is indicated. 

Video 2: video showing HeLa H2B-Red1 MCPH1-siRNA treated cells recorded after 
release from second thymidine arrest. Time from release (in minutes) is indicated. 

Video 3: video of HeLa H2B-Red1 control cells released from second thymidine arrest 
were immediately incubated with RO-3306 and recorded. Time from RO-3306 adding 
(in minutes) is indicated.  

Video 4: video of HeLa H2B-Red1 MCPH1-siRNA treated cells released from second 
thymidine arrest were immediately incubated with RO-3306 and recorded. Time 
from RO-3306 adding (in minutes) is indicated. 

Video 5: video of a representative PLC showing progressive decondensation after RO-
3306 adding. Time from RO-3306 adding (in minutes) is indicated.  

Video 6: video of HeLa H2B-Red1 control cells incubated with RO-3306 during 8 
hours were released into normal medium and recorded. Time from RO-3306 release 
(in minutes) is indicated.   

Video 7: video of HeLa H2B-Red1 MCPH1-siRNA treated cells incubated with RO-
3306 during 8 hours were released into normal medium and recorded. Time from 
RO-3306 release (in minutes) is indicated. 

Video 8: video of HeLa H2B-GFP MCPH1-siRNA treated cells recorded after release 
from second thymidine arrest. Time from release (in minutes) is indicated. PLCs 
before NEB and after chromosome segregation are clearly observed. 
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ABSTRACT 

Cellular checkpoints controlling entry into mitosis monitor the integrity of the DNA and delay 

mitosis onset until the DNA damage is fully repaired. However, this canonical response can 

weaken leading to a spontaneous bypass of the checkpoint, a process referred to as checkpoint 

adaptation. Here we have investigated the contribution of MCPH1, mutated in primary 

microcephaly, to the decatenation checkpoint, a less-understood G2 pathway that delays entry 

into mitosis until chromosomes are properly disentangled. Our results demonstrate that while 

MCPH1 function is dispensable for activation and maintenance of the decatenation checkpoint, 

it is however required for the adaptive response that bypasses it. Furthermore, we demonstrate 

that CHK1 is required for decatenation checkpoint G2 arrest and functions downstream of 

MCPH1 to promote recovery. MCPH1 however does not confer adaptation to the G2 arrest 

triggered by the ATM/ATR-based DNA damage checkpoint. In addition to revealing a new role 

for MCPH1 in cell cycle control our study provides support to the notion that the DNA damage 

and the decatenation checkpoints are distinct G2 signaling pathways. 
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INTRODUCTION 

 

Checkpoints are specialized surveillance mechanisms that ensure coupling and completion of 

critical processes – such as DNA replication or chromosome segregation – within the cell cycle. 

Checkpoints controlling entry into mitosis critically monitor the integrity of the DNA. 

Accordingly, the pathways regulating normal mitosis onset are rewired under damaging 

conditions, triggering a reversible cell cycle arrest to allow efficient DNA repair before entry 

into mitosis (Van Vugt et al., 2004). However, cells retain a capacity to spontaneously bypass 

the checkpoint arrest following a transient G2 delay despite the persistence of the damage that 

triggered it (Paulovich et al., 1997; Serrano and D’Amours, 2016). Unraveling the molecular 

requirements of this overlooked mechanism, named checkpoint adaptation, is of importance to 

better understand the checkpoint control system itself. Checkpoint adaptation mechanisms are 

also of particular relevance to cancer etiology. 

 

MCPH1, mutated in primary microcephaly, regulates cell progression into mitosis in multiple 

contexts. During unperturbed cell division it is required for coupling chromosome condensation 

and centrosome maturation in mitosis (Neitzel et al., 2002; Trimborn et al., 2004; Gruber et al., 

2011; Arroyo et al., 2017).  The underlying pathways controlling the G2/M transition are also 

misregulated under undamaging conditions in MCPH1 deficient cells. Unscheduled activation 

of CDK1 and CDC25A, and loss of centrosomal CHK1 during G2 are all consequences of 

MCPH1 downregulation (Alderton et al., 2006; Tibelius et al., 2009; Gruber et al., 2011). How 

MCPH1 modulates CDK1 and CDC25A activation during unperturbed cell division remain to 

be clarified. Remarkably, those pathways retain sufficient capacity to allow scheduled G2 

progression and mitosis onset in cells depleted of MCPH1 (O’Discoll et al 2006; Arroyo et al., 

2017).  

 

A different scenario where MCPH1 function has been explored is cell cycle control in the 

presence of DNA damage. MCPH1 patient cells, similar to ATR-mutated cells, display 

defective G2 arrest after treatments that activate the ATR signaling pathway, for example after 

UV-irradiation induced DNA damage (Alderton et al., 2006). MCPH1 is proposed to function 

downstream of CHK1 and upstream of CDC25 in the ATR-related pathway (Alderton et al., 

2006). Several lines of evidences suggest that MCPH1 is however dispensable for the ATM-

related DNA damage checkpoint. A collection of studies using patient cell lines (Gavvovidis et 

al., 2010), avian DT40 knock-out cells (Brown et al., 2010), or MCPH1-/- mouse cells (Gruber 

et al., 2011; Zhou et al., 2013), demonstrated a proficient ATM-checkpoint response in each 

case. Although previous analyses based on RNAi-mediated MCPH1 depletion are discordant 
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with these findings (Xu et al., 2004; Rai et al., 2006), these discrepancies are likely explained by 

incomplete loss of MCPH1 function or upregulation of redundant pathways within the cellular 

models investigated (O’Driscoll et al., 2006). In addition to contributing to G2 checkpoint 

responses, MCPH1 is a component of the DNA repair machinery. It localizes to sites of double 

stranded breaks (DSBs) (Wood et al., 2007; Jeffers et al., 2008; Gavvovidis et al., 2012), and its 

interaction with SWI/SNF chromatin remodeling complexes is required for efficient repair of 

DSBs (Peng et al., 2009). This function could explain the compromised cell viability after 

exposure to DSB-inducing agents in cells lacking MCPH1 (Peng et al., 2009; Liang et al., 2010, 

2015; Zhou et al., 2013).  

 

While the contribution of MCPH1 to the DNA damage checkpoint has been extensively 

investigated, less is known about its potential importance for other G2 checkpoints. Of 

particular interest is the decatenation checkpoint, a less-understood pathway that delays entry 

into mitosis until chromosomes are properly disentangled (decatenated) (reviewed in Damelin 

and Bestor, 2007). This checkpoint is triggered after inhibition of DNA Topoisomerase II with 

catalytic inhibitors such as ICRF-193 and related bisdioxopiperazines, which block Topo II 

activity without inducing DSBs (Downes et al., 1994; Deming et al., 2001; Luo et al., 2009). 

Other studies have revealed that there are key differences in the signaling pathways of the 

decatenation checkpoint and the DNA damage checkpoint (Damelin and Bestor, 2007; Luo et 

al., 2009). Interestingly, mitotic cells lacking MCPH1 function show impaired sister chromatid 

resolution and chromosome segregation problems (Arroyo et al., 2015; 2017), which could be 

indicative of a defect in the decatenation checkpoint. That is, if MCPH1-deficient cells have an 

attenuated decatenation checkpoint, the expected phenotype would be entry into mitosis in the 

presence of catenated chromatids that cannot be resolved or segregated efficiently. Moreover, 

ATR signaling, which is essential for the decatenation checkpoint pathway (Deming et al., 

2001), requires MCPH1 function to effectively stop the cell cycle in response to UV irradiation 

(Alderton et al., 2006).  

 

Considering this evidence, we investigated the proficiency of the decatenation checkpoint in 

cells that lack MCPH1 function. Our results have demonstrated that MCPH1 function is 

dispensable for the temporary G2 arrest that is triggered by the decatenation checkpoint. 

Unexpectedly, however, we find that MCPH1 is required for the adaptive response that triggers 

entry into mitosis despite Topo II catalytic inhibition.   
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METHODS 

Cell cultures and treatments 

We have used standard and modified (H2B-Red1 tagged) HeLa cell lines. Also we have 

employed lymphoblast cell lines (LCLs, non-transformed EBV immortalized) from one MCPH1 

patient (S25X mutation) and one healthy control subject (Neitzel et al., 2002; Trimborn et al., 

2004). HeLa cell lines were grown following standard conditions using DMEM medium 

supplemented with 10% of foetal bovine serum. LCLs were grown under usual conditions in 

RPMI medium supplemented with 15% foetal bovine serum. 

For RNAi treatments cells were transfected with 120 nM siRNA duplexes using Lipofectamine 

(Invitrogen) at 50% confluency. OptiMEM medium (Invitrogen) was used for cell transfection. 

RNA oligos were purchased from Qiagen. The sequences of the siRNA duplexes used deplete 

specifically both major isoforms of MCPH1 mRNA, and were based on a previous study 

(Gavvovidis et al., 2012). These validated siRNA oligos knocked-down the MCPH1 protein 

levels efficiently (Trimborn et al., 2006; Gavvovidis et al., 2012; Arroyo et al., 2017). 

Synchronization of cells at G1/S was achieved by a double-thymidine protocol. The inhibitors 

employed were Nocodazole (final concentration 1,5 µM), ICRF-193 (final concentration 7 µM), 

etoposide (final concentration 25 µM), caffeine (final concentration 2 mM), SB202190 (final 

concentration 18 µM) and UCN-01 (final concentration 200 nM). Untreated control cells were 

incubated in all cases with a similar volume of solvent. 

Live-cell microscopy 

The procedure was similar to the described in Arroyo et al., 2017. Cells were plated onto 35 mm 

tissue culture dishes fitted with glass cover-slips (MatTek Cultureware). siRNA transfection and 

cell synchrony was performed as described in the results section, except that upon release from 

the second thymidine the standard medium containing the thymidine was exchanged for DMEM 

without phenol red, supplemented with 10% FBS, penicillin/streptomycin and 200 mM Trolox 

(Calbiochem). The dishes were transferred to a microscope humidified stage incubator 

containing 5% CO2 at 37ºC. Cells were filmed with three to five z sections using a Nikon 

Biostation IM microscope fitted with 20x and 40x/0.8 n.a. objectives and coupled with 

Biostation IM software. Images were stacked and processed using Image J software. Timing 

data were obtained after visual inspection of a minimum of 50 cells. Statistical comparisons 

were done using Statgraphics software. 

Flow Cytometry 
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Flow cytometry analyses were done using lymphoblast cell cultures in log-phase. One million 

cells approximately were recovered, washed in PBS and fixed in ice-cold Ethanol 70 overnight. 

Phospho-histone H3 positive cells were detected with a rabbit anti-histone H3PS10 antibody 

(Abcam) at a dilution of 1/250, and a donkey anti-mouse IgG FITC-conjugated secondary 

antibody (Santa Cruz). Propidium iodide was used as a counterstain for DNA content. 

Fluorescence detection was performed using an analytical flow cytometer (LSR Fortessa, BD 

Bioscience) equipped with BD FACSDiva™ software for data acquisition. Quantitative cell 

cycle analysis was done with Flowing Software v.2.5.1. 

Cytogenetic analyses 

Cytogenetic preparations following standard protocols were obtained in parallel from the same 

log-phase cell cultures analyzed by FACS. Chromosome preparations were fixed using Carnoy’s 

solution (methanol/glacial acetic acid, 3:1), stained with Giemsa (10 %) and finally visualized 

by bright-field microscopy. The fraction of “prophase-like cells” (PLCs) and metaphases was 

determined after counting 1000 nuclei from coded slides. Microscopy images were captured 

with a CCD camera (Olympus DP70) coupled to a microscope (Olympus BX51) and finally 

managed with ImageJ software. 

Immunofluorescence 

Control and MCPH1 patient (S25X) lymphoblast cells were treated with the corresponding 

inhibitors for 3h and attached to glass coverslips pretreated with poly-L-lysine. HeLa cells 

growing directly in glass cover slips were previously synchronized at G1/S border by double 

thymidine block, and transfected with siRNAs during the release from the first thymidine block. 

The corresponding inhibitors were added 6h after release from the second thymidine block, and 

cells were processed 3h after. Cells were fixed with 4% paraformaldehyde in PBS (pH 7.4) for 

15 min at room temperature and permeabilized with ice-cold methanol for 30 min on ice. Cells 

were incubated with PBS containing 20% FBS as a blocking agent for 30 min and then with 

mouse anti-γH2AX (Upstate) overnight at 4ºC.  After being washed three times with PBS, cells 

were incubated with donkey anti-mouse IgG FITC-conjugated secondary antibody (Santa Cruz). 

After counterstaining with DAPI, coverslips were mounted with VECTASHIELD and examined 

with a Zeiss Axioskop microscope equipped with a cooled charge-coupled device (CCD) 

camera. Grayscale images were pseudocolored and merged using ImageJ.  

Inmunoblots 

For immunoblotting, cells were lysed in 1x SDS sample buffer containing 60 mM Tris-HCl [pH 

6.8], 1% SDS, 10% glycerol, 0.01% bromophenol blue, and 0.1 M DTT. 1 x 105 cells were 

suspended in 100 μl of lysis buffer, sonicated and boiled for 2 min. Proteins were resolved by 
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SDS-PAGE and transferred to Hybond-P PVDF membranes (Amersham). The membrane was 

blocked with 2,5% (w/v) dry milk in TBS-T (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% 

Tween 20). Incubation with primary antibodies was performed in TBS-T containing 1% BSA 

and 0.05% sodium azide overnight at 4ºC. Alpha-tubulin (Sigma) was used as loading control. 

For detecting phosphoS345-CHK1 dry milk was replaced by BSA in the blocking solution. 

Blots were developed by enhanced chemiluminescence detection system (Amersham). Primary 

antibodies used were anti-total CDK1(ab131450, Abcam), anti-phosphoY15-CDK1 (ab47594, 

Abcam), and anti-phosphoS345-CHK1(133D3, Cell Signaling). 
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RESULTS AND DISCUSSION 

 

MCPH1 function is dispensable for activation of the G2 decatenation checkpoint 

We first analyzed if cells lacking MCPH1 function display a functional decatenation 

checkpoint. In order to do so, we made use of log-phase cultures of control and MCPH1 patient 

lymphoblasts, and we assayed the dynamics of mitotic entry after incubation with the 

Topoisomerase II inhibitor ICRF-193 during either 3h or 6h. Nocodazole was also added alone 

or combined with ICRF-193 to trap those cells entering into mitosis, which were detected by 

FACS using a mitotic marker (Histone H3PS10). Our data revealed almost no accumulation of 

mitotic cells during prolonged incubation with ICRF-193 and nocodazole in both control and 

patient cells, in comparison with the progressive accumulation observed when only nocodazole 

was added (figure CIII-1A). These results are in accordance with previous studies which 

demonstrated a proficient decatenation checkpoint in human lymphoblastoid cell lines (Deming 

et al., 2001; Bower et al., 2010a), and suggest that MCPH1 function is not required for 

decatenation checkpoint activation. We next compared the fraction of G2 and mitotic (M) cells, 

determined by FACS, with the frequency of “Prophase-like cells” (PLCs), determined through 

microscopic inspection of cytogenetic preparations made in parallel (figure CIII-1B). PLCs are 

a hallmark of MCPH1 deficiency and arise as a consequence of premature chromosome 

condensation during G2 phase, and delayed decondensation following completion of mitosis 

(Neitzel et al., 2002; Arroyo et al., 2017). Our analyses showed that in patient cells PLCs do not 

increase in parallel with the G2 fraction during prolonged incubation with ICRF-193. Thus, 

while the PLC frequency was increased after 3 hours of incubation, it was strikingly reduced 

after 6 hours with ICRF-193 (figure CIII-1B). Similar results were observed when nocodazole 

was omitted. 

 

MCPH1 is required for decatenation checkpoint adaptation. 

Although cells lacking MCPH1 function arrested in G2 when Topo II was catalytically 

inhibited, the checkpoint response was unlike controls cells. The decatenation checkpoint is 

notoriously leaky- G2 cells gradually enter mitosis with catenated, unresolved chromatids after 

delaying in G2 only transiently. This can be observed in figure CIII-1A where the mitotic index 

increased slightly in the ICRF-193 treated controls samples over time. However, strikingly, the 

MCPH1 cells did not leak into mitosis- instead we observed a decrease in mitotic index over 

time (Figure CIII-1 A). This indicates that MCPH1 deficient cells are defective in the adaptive 

response that spontaneously bypasses the decatenation checkpoint G2 arrest. 
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We next investigated the dynamics of mitotic entry after forced bypass of the decatenation 

checkpoint arrest. In order to do that we made use of caffeine, a well-known inhibitor of 

ATM/ATR kinases which override the ICRF-193-imposed G2 arrest (Deming et al., 2001). As 

showed in figure CIII-1A, single incubation with caffeine slightly accelerates the rate of mitotic 

entry in both control and patient cells. When caffeine was simultaneously combined with ICRF-

193, however, we observed a striking inability of MCPH1 patient cells to enter mitosis. In 

control cells treated with ICRF-193 and caffeine, the mitotic cells increased at a similar rate to 

untreated samples or caffeine-treated samples. In patient cells, however, inhibition of 

ATM/ATR with caffeine had only a weak effect on mitotic entry in the presence of ICRF-193, 

indicating that most G2 cells remained arrest for at least 6 hours (figure CIII-1A and 1C). 

Moreover, the frequency of PLCs increased during the incubation with ICRF-193 plus caffeine 

in patient cells (figure CIII-1C).  

 

These dynamics are in sharp contrast to those observed above for PLCs after single incubation 

with ICRF-193. The caffeine-insensitive nature of the ICRF-193-mediated G2 arrest observed 

in MCPH1 patient cells was not influenced by the presence of nocodazole in our experiments, 

as the fraction of G2 and PLCs remain similarly higher – and the mitotic frequency equally 

reduced - when nocodazole was omitted from the assays (figure CIII-1C). When we analyzed 

the chromosome structure of control cells treated with ICRF-193 and caffeine we observed a 

high frequency of mitotic cells with tangled, unresolved and uncondensed chromosomes (figure 

CIII-1D). Those chromosome alterations, which are a consequence of cells entering mitosis 

without active Topoisomerase II (Downes et al., 1994; Deming et al., 2002; Giemenz-Abian et 

al., 2000; Bower et al., 2010a), were not observed in MCPH1 patient cells treated with ICRF-

193 and caffeine. Instead, an elevated frequency of PLCs was observed (figure CIII-1D). 

 

MCPH1-depleted HeLa cells are also deficient in G2 decatenation checkpoint adaptation. 

The prominent adaptive response of the decatenation checkpoint is not well understood. No cell 

lines have been examined in which cells permanently arrest in G2 in the presence of Topo II 

inhibitors. Since MCPH1 patient cells lack this adaptive response, MCPH1 may be a crucial 

factor required for decatenation checkpoint bypass. We therefore sought to test directly if 

MCPH1 is a component of this adaptation response. We employed HeLa cells depleted of 

MCPH1 function by siRNA because this strategy has been previously characterized (Arroyo et 

al., 2017). HeLa H2B-Red1 cells synchronized at G1/S using excess thymidine were transfected 

with siRNAs against MCPH1 and then monitored by fluorescent live-cell microscopy upon 

release into the cell cycle (experimental outline in figure CIII-2A). We previously used this 

approach to demonstrate that the timing of mitotic entry is similar in control and MCPH1 
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depleted cells following release from the G1/S arrest (Arroyo et al., 2017). Here, ICRF-193 was 

added 7 hours after release from the thymidine block, at the time when MCPH1 deficient cells 

start to prematurely condense their chromosomes during G2 (Arroyo et al., 2017). Caffeine was 

added to parallel samples one hour after ICRF-193. As depicted in figure CIII-2B, control cells 

efficiently activated the G2 decatenation checkpoint in the presence of ICRF-193 with typical 

kinetics. That is, Topo II inhibition immediately blocked entry of cells into mitosis and then 

following three hours, some cells began to spontaneously adapt to the arrest. Therefore, robust 

decatenation checkpoint activation followed by checkpoint adaptation was readily observed. 

This was important to establish using the approach because decatenation checkpoint kinetics 

varies significantly between different human cell lines (Damelin and Bestor 2007). Caffeine 

efficiently bypassed the G2 decatenation checkpoint as most control cells treated with ICRF-

193 entered into mitosis without delay (figure CIII-2B, videos CIII-1-2) Like in control cells, 

HeLa H2B-Red1 cells depleted of MCPH1 by RNAi efficiently activated the G2 decatenation 

checkpoint (figure CIII-2B, videos CIII-3-4).  

 

However, unlike the controls, but consistent with the MCPH1 patient cells, the MCPH1 

depleted cells did not adapt to the decatenation checkpoint as no spontaneous override was 

observed. In the presence of caffeine, there was no immediate entry into mitosis as occurred in 

control cells. Strikingly, in this case a significant number of cells remained arrested in G2 for 

many hours. Thus, unlike control cells, spontaneous decatenation checkpoint adaptation was 

severely impaired and the ability of caffeine to induce adaptation in the presence of ICRF-193 

was strongly perturbed in MCPH1 depleted cells. As described above for lymphoblast cells, 

single incubation with caffeine only produced a slight increase in the rate of mitotic entry, 

especially in MCPH1 depleted HeLa cells (figure CIII-2E). 

 

Overall these results are in line with the findings in lymphoblastoid cells and demonstrate that 

(1) MCPH1 function is dispensable for decatenation checkpoint activation but (2) MCPH1 is 

required for decatenation checkpoint adaptation. Our finding that MCPH1 is dispensable for 

activation and maintenance of the G2 decatenation checkpoint was a surprising outcome. The 

decatenation checkpoint depends on the ATR-signaling pathway (Deming et al., 2001), and the 

ATR- pathway requires MCPH1 function to efficiently stop the cell cycle in response to UV 

irradiation (Alderton et al., 2006). Taken together, these data support the idea that while the 

pathways responding to UV irradiation and ICRF-193-mediated Topo II catalytic inhibition 

both depend on ATR, they are nevertheless distinct in their mechanisms of activation and some 

of their signaling components. 
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The G2 decatenation checkpoint induces decondensation in PLCs dependent on the 

ATM/ATR pathway. 

MCPH1 deficient cells have a functional decatenation checkpoint. Furthermore, we observed 

that ICRF-193 treatment induced decondensation of the chromatin in G2- arrested PLCs (Fig 

2C-D). PLCs have prematurely condensed chromatin in G2-phase because MCPH1 deficiency 

results in inappropriate CDK1 activation in G2 (Alderton et al., 2006; Arroyo et al., 2017). That 

ICRF-193 treatment induced decondensation is consistent with efficient activation of the 

decatenation checkpoint, which activates the ATM/ATR pathway and thereby inhibits CDK1 

activity. In HeLa H2B-Red1 cells depleted of MCPH1, PLCs were visualized from the first 

frame of the live-cell movies (7hr after release from the G1/S-phase thymidine block). 

Condensation in PLCs was progressively abolished during the incubation with ICRF-193. 

Decondensation typically occurred over a period of 386 (±126) minutes, after which PLCs 

lacked any sign of condensation (Figure CIII-2C and D, video CIII-3). However, when caffeine 

was added simultaneously with ICRF-193, condensation persisted in the PLCs for much longer 

(734 ±235 minutes), and many cells remained with condensed chromatin at the end of the movie 

(>1000 minutes) (Figure CIII-2C and D, video CIII-4). These data are also in agreement with 

the PLCs dynamic observed in lymphoblast patient cells (figure CIII-1B and C). Taken together 

these results clearly indicate that PLCs progressively reverse their condensation state while 

arrested in G2 by decatenation checkpoint activation. Strikingly, decondensation is prevented by 

caffeine, presumably because the ATR/ATM signaling pathways initiated by the decatenation 

checkpoint are required for CDK1 inhibition, and thus decondensation, in PLCs.       

 

PLCs have prematurely condensed chromatin in G2-phase because MCPH1 deficiency results in 

inappropriate CDK1 activation in G2 (Alderton et al., 2006; Gruber et al., 2011). Therefore, 

chromosome decondensation induced by ICRF-193 treatment in MCPH1 depleted cells would 

be explained by efficient activation of the decatenation checkpoint, which activates the 

ATR/ATM pathway and thereby blocks CDK1 activation. This hypothetical scenario would 

also explain why decondensation will be prevented when the ATR/ATM pathway is inhibited 

by caffeine. To verify our hypothesis, we compared the protein levels of total and phospho-Y15 

(inactive) CDK1 in control and patient samples after prolonged incubation with either ICRF-

193 alone or combined with caffeine (figure CIII-2 F). After six hours of ICRF-193 treatment 

the levels of inactive CDK1 increased in both control and patient cells, while simultaneous 

adding of caffeine reduced those levels enormously as expected, especially in control samples. 

In agreement with our assumption, the differences in the amount of inactive CDK1correlated 

inversely with the condensation dynamic described for the patient cells in each case. On the 

other hand, the levels of total CDK1 remained quite similar in all cases. Of interest, the levels of 

phospho-Y15 CDK1 were already increased after three hours of ICRF-193 incubation in patient 
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cells, while in control cells it still remained reduced as in untreated cells (figure CIII-2 F). 

However, a robust G2 arrest was equally observed in both control and patient cells (see figure 

CIII-1A), which indicates that ICRF-193-induced checkpoint response occurs despite 

substantial CDK1 activity, in line with previous reports (Deming et al. 2001). Moreover, our 

results could indicate that MCPH1 deficiency favored amplification of the inactive CDK1 signal 

in response to decatenation checkpoint activation. In line with this, after six hours of incubation 

with ICRF-193 and caffeine the phosphoY15-CDK1 signal was still detectable in patient but not 

in control cells. 

 

ICRF-193-induced G2 arrest and PLC decondensation are not dependent on the P38 MAPK 

pathway in MCPH1 deficient cells. 

MCPH1 deficient cells condense their chromosomes in G2 due to premature CDK1 activation to 

a level that is enough to start condensation but is insufficiently high to induce entry into mitosis. 

Indeed, MCPH1 deficient cells perform Nuclear Envelop Breakdown (NEBD) and enter 

prometaphase with the same timing as controls cells (Arroyo et al., 2017; Thesis chapter II). 

The lack of decatenation checkpoint bypass in the presence of ICRF-193 and caffeine suggest 

that CDK1 activity does not reach the threshold needed for mitosis, and this indicates that 

MCPH1 might act between ATM/ATR and CDK1. Another explanation is the possibility that 

MCPH1 deficiency and Topo II inhibition synergize in a more complex manner, perhaps 

leading to the activation of another G2 checkpoint pathway. One such pathway is the antephase 

checkpoint. We considered this in part because PLCs decondense their chromosomes while 

arrested in G2 in the presence of ICRF-193, and this phenotype resembles the activity of the 

G2/M “antephase” checkpoint. This checkpoint acts at the end of G2 in response to a variety of 

cellular stresses including hypotonic shock, UV-irradiation and chromatin topological 

perturbations, and triggers chromatin decondensation in early prophase cells (Rieder and Cole, 

2000; Mikhailov et al., 2004). It is distinct from DNA damage response checkpoints as it does 

not require ATM or ATR; however, it is critically dependent P38 MAPK signaling (Matsusaka 

and Pines, 2004; Mikhailov et al., 2004). These facts, together with the caffeine-insensitive 

nature of the G2 arrest triggered by ICRF-193 in MCPH1 deficient cells, prompted us to 

examine whether the persistent G2 arrest could be explained by activation of P38 MAPK 

signaling. In order to test this, we inhibited P38 MAPK with the well-characterized inhibitor 

SB202190 (Lee et al., 2010) in lymphoblastoid cells from control and a MCPH1 patient, and 

determined whether checkpoint adaptation is restored. FACS analyses revealed that SB202190 

did not abolish the G2 arrest imposed by ICRF-193 in either control or MCPH1 deficient cells 

(figure CIII-3A and B). Therefore, the G2 arrest is independent of P38 kinase signaling. To 

corroborate the results in patient cells, experiments were next performed in HeLa-H2B-Red1 
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cells depleted of MCPH1 using siRNAs. Cells synchronized at the G1/S transition were released 

and 7 hours later ICRF-193 was added, followed by addition of SB202190 2 hour later (figure 

CIII-3C). Our results showed that neither control nor MCPH1-siRNA treated cells performed 

NEBD before the end of the movie (figure CIII-3D and E).  Therefore, like in the MCPH1 

patient cells, the HeLa cells depleted of MCPH1 did not arrest in G2 dependent on the P38 

kinase antephase checkpoint. Importantly, SB202190 alone did not affect the progression 

through G2 and the rate of mitosis entrance in the lymphobast and HeLa cell models 

investigated (figure CIII-3A-B, 3F), in accordance with previous reports (Kukkone-Macchi et 

al., 2010; Lee et al., 2010). Taken together, our results show that P38 MAPK is unlikely to 

trigger G2 arrest upon ICRF-193 treatment, in agreement with previous studies (Damelin and 

Bestor, 2007) and in contrast with those previously reported by Mikhailov et al., (2004). 

Interestingly, the frequency of PLCs was decreased in MCPH1 patient cells after 7 hours of 

incubation with ICRF-193 and SB202190 (figure CIII-3B). In MCPH1 depleted HeLa cells 

condensation was progressively reversed in PLCs in the presence of ICRF-193 and SB202190 

(figure CIII-3E), but this process took longer (564 ±133 minutes) than when cells were 

incubated with ICRF-193 alone (386 ±126) (figure CIII-4F). Therefore, PLC decondensation is 

delayed but not abolished in the absence of P38 MAPK activity, which suggests that P38 

MAPK is not a key regulator of the signaling pathway that triggers chromosome decondensation 

in MCPH1 depleted cells while arrested at G2. Together the data provide evidence that P38 

kinase signaling is not involved in ICRF-193-induced G2 arrest, neither in control nor in 

MCPH1 deficient cells.  

 

G2 arrest after DNA damage induced by Topo II poisons requires ATR/ATM in MCPH1 

deficient cells 

ICRF-193 is a catalytic inhibitor of Topo II that blocks the strand passage reaction without 

causing DNA breakage. In contrast, there are chemicals known as Topo II poisons that inhibit 

the strand passage reaction by trapping the covalent enzyme-DNA complex in such a way as to 

generate massive DNA breakage in cells (Damelin and Bestor, 2007). In this way, Topo II 

poisons arrest cells in G2 exclusively due to DNA damage checkpoint activation that requires 

ATM/ATR (Clarke et al., 2006; Luo et al., 2009; Bower et al., 2010B). Studies have revealed 

that the canonical ATM-dependent G2 checkpoint that responds to DNA damage induced by 

irradiation functions normally in cells lacking MCPH1 (Gavvovidis et al., 2010; Brown et al., 

2010; Gruber et al., 2011; Zhou et al., 2013). Therefore, we sought to determine if MCPH1 

deficient cells respond like control cells when treated with Topo II poisons. That is, whether 

unlike the caffeine-insensitive G2 arrest triggered by ICRF-193, MCPH1 depleted cells would 

behave like control cells after incubation with Topo II poisons. To test this, we examined cell 
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cycle dynamics in control and MCPH1 patient cells incubated with etoposide (alone or 

combined with caffeine), an extensively studied Topo II poison (Loike et al., 1976) that is used 

widely as a cancer therapeutic. Nocodazole was included to arrest cells in mitosis. As shown in 

Figure CIII-4A, both control and patient cells do not enter into mitosis in the presence of 

etoposide; however, the G2 arrest is efficiently bypassed by caffeine.  

  

Similar results were obtained after live-cell analyses of HeLa H2B-Red1 cells depleted of 

MCPH1 function by siRNAs (Figure CIII-4C; videos CIII-7-10). Cells synchronized at the G1/S 

transition were released, and etoposide was added 7 hours later. Caffeine – or an equal volume 

of medium – was added 1 hour after the etoposide. In this case, caffeine induced rapid entrance 

into mitosis in control and MCPH1-depleted etoposide-treated cells (figure CIII-4C and D). 

Without caffeine, etoposide-treated cells remained arrested in G2. Therefore, the DNA damage 

response induced by a Topo II poison was efficiently activated in MCPH1 deficient cells and 

moreover this G2 checkpoint arrest was entirely reliant on the ATM/ATR kinases that are 

inhibited by caffeine. Consistent with efficient G2 checkpoint activation that inhibits CDK1 

activity in MCPH1 depleted cells, PLCs progressively decondensed their chromatin during the 

G2 arrest triggered by etoposide (figure CIII-4B and E). When monitored by live-cell imaging, 

PLCs required 606 (±193) minutes to completely decondense (video CIII-9), which is a similar 

timing to the observed after simultaneous incubation with ICRF-193 and SB202190 (figure 

CIII-4F). 

 

In order to verify that catalytic inhibition of Topo II with ICRF-193, in contrast to etoposide, 

did not induce an ATM-based DNA damage response in MCPH1 patient cells we performed 

immunofluorescence analyses using a well-recognized DNA damage marker, γH2AX, on cells 

treated with either ICRF-193 or etoposide. As showed in figure CIII-5A, both control and 

MCPH1 patient cells exhibited an increase in γH2AX positive cells after 3h of etoposide 

treatment; however, 3h of incubation with ICRF-193 induced no detectable γH2AX staining 

above background levels. Similar results were also observed in HeLa cells depleted of MCPH1 

function by siRNAs (figure CIII-5B). The number of γH2AX foci per cell increased ten-fold in 

etoposide-treated cells compared with either untreated or ICRF-193-treated cells in both control 

and patient cells (figure CIII-5C). These results indicate that ICRF-193 does not induce DSBs 

formation neither in control cells, in agreement with previous reports (Bower et al., 2010b, Luo 

et al., 2009), nor in cells lacking MCPH1 function. Interestingly, as a reduced number of patient 

cells exhibited an abnormally higher number of γH2AX foci after ICRF-193 treatment (figure 

CIII-5C), we next analyzed if this was influenced by the occurrence of prolonged chromosome 

condensation. Therefore, we compared the number of foci observed in PLCs and non-PLCs 

from patient cells after the indicated treatments, and we confirmed that the increased number of 
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γH2AX foci induced by ICRF-193 occurs mostly in PLCs (figure CIII-5D). A similar trend was 

also observed after etoposide incubation. Further analyses are required to better understand how 

the condensation state of the nuclei influences the accumulation of γH2AX foci after the 

indicated treatments.     

 

Together, our results demonstrate that the checkpoint response to DNA damage induced by 

etoposide is caffeine-sensitive in MCPH1 depleted cells. Thus, while MCPH1 function is 

essential for G2 checkpoint adaptation in the presence of ICRF-193, it is dispensable for bypass 

of the ATM-dependent G2 checkpoint that operates in response to etoposide-induced DNA 

damage. Our results are in accordance with previous irradiation analyses in patient cells 

(Gavvovidis et al., 2010), and with other studies that reported a canonical ATM-based 

checkpoint response in MCPH1 depleted cells (Brown et al., 2010; Gruber et al., 2011; Zhou et 

al., 2013). Importantly, the opposite results observed here with ICRF-193 and etoposide, both 

specific Topo II inhibitors, provide support to the notion that the G2 DNA damage checkpoint 

and the decatenation checkpoint are distinct signaling pathways (Damelin and Bestor, 2007; 

Bower et al., 2010b).     

 

CHK1 is required for decatenation checkpoint G2 arrest and functions downstream of 

MCPH1 during checkpoint adaptation 

There is a substantial body of published evidence, including this study, demonstrating that the 

G2 checkpoints activated by Topo II poisons versus Topo II catalytic inhibitors are distinct 

signaling pathways. Though both involve ATM/ATR kinases, other components of these 

checkpoint mechanisms are unique to each pathway. To gain further insight into the G2 

checkpoint that responds to the catalytic Topo II inhibitor, ICRF-193, we examined the potential 

role of CHK1 kinase. CHK1 is a key element of the ATR signaling pathway but there is no 

consensus about its contribution at the decatenation checkpoint (Deming et al., 2001; Robinson 

et al., 2007). However, previous studies have reported that MCPH1 regulates centrosomal 

CHK1 function during unperturbed cell cycle progression (Tibelius et al., 2009). Interestingly, 

such interplay was also observed during activation of the DNA damage response, with MCPH1 

function being critical to restrict the levels of active CHK1 (Antonczak et al., 2015). 

Considering these molecular links between MCPH1 and CHK1, we examined if active CHK1 is 

required to sustain the ICRF-193 mediated G2 arrest in control and MCPH1 patient cells. To do 

that we incubated lymphoblastoid cells with UCN-01, a well-characterized CHK1 inhibitor 

(Graves et al., 2000), alone or in combination with ICRF-193 during 4h and 7h treatments in the 

presence of nocodazole. We determined the rate of mitotic accumulation by FACS analysis 

(figure CIII-6A). This revealed that CHK1 inhibition bypasses the G2 arrest imposed by ICRF-

193 in both control and MCPH1 patient cells. Therefore, CHK1 is required for the G2 
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decatenation checkpoint induced by Topo II catalytic inhibition. When we analyzed 

chromosome structure in cells treated with ICRF-193 and UCN-01 we observed a high 

frequency of mitotic cells with uncondensed and disorganized chromosomes (Figure CIII-6B). 

These alterations, observed to an equal degree in control and MCPH1 patient cells, are the 

expected outcome after bypass of the decatenation checkpoint and progression into mitosis 

without Topo II function (Bower et al., 2010b; Gimenez-Abian et al., 2000). 

 

We next confirmed these results by live-cell microscopy in HeLa H2B-Red1 cells depleted of 

MCPH1 function by siRNAs. Cells synchronized at the G1/S transition were released and 

ICRF-193 was added 7h after release while UCN-01 was added after a further hour.  As shown 

in figure CIII-6C, UCN-01 addition induced a massive entrance into mitosis in both control and 

MCPH1-depleted cells treated with ICRF-193. Further progression through mitosis was similar 

in both control and MCPH1-siRNA treated cells. In all cases cells completed mitosis aberrantly 

as chromosome segregation could not occur in the absence of Topo II activity (Figure CIII-6D; 

videos CIII-11-12). By contrast, cells incubated only with UCN-01 finished mitosis successfully 

(figure CIII-6E). Since CHK1 activity is essential for the checkpoint response we also 

investigated if the levels of CHK1 phosphorylated at Ser345, the main hallmark of CHK1 

activation, correlates with the cell cycle dynamics observed in our study (figure CIII-4F). 

Interestingly, an increase in the levels of phospho-CHK1 was observed after prolonged 

treatment with ICRF-1 in both control and MCPH1 patient cells. However, those levels 

remained elevated in control cells that bypassed the checkpoint arrest after caffeine addition, 

while in patient cells, which are unable to override the arrest in the same conditions, the levels 

of phospho-CHK1 were strikingly diminished. It must be also noted that in our experimental 

conditions caffeine alone did not reduce as expected the levels of phospho-CHK1. Despite this 

apparent contradictory observation, which demands further investigations, as overall our results 

clearly indicate that the contribution of CHK1 to the decatenation checkpoint occurs through a 

mechanism that does not involve phosphorylation at Ser345. A similar scenario has been 

previously described in HeLa cells, where a CHK1 dependent mechanism that responds to DNA 

synthesis inhibition and does not involve phosphorylation of CHK1 at Ser345 exists 

(Rodriguez-Bravo et al., 2006).   

 

From our results several conclusions can be drawn. First, CHK1 inhibition abrogates the G2 

arrest imposed by ICRF-193 in control cells, a clear indication that CHK1 activity is required 

for the G2 decatenation checkpoint. In line with this, previous studies showed that DT40 CHK1 

-/- cells have a defective decatenation checkpoint (Robinson et al., 2007). Secondly, the levels 

of CHK1 phosphorylated at Ser345 increased after ICRF-193 treatment, unlike previous reports 

(Deming et al., 2001; Bower et al., 2010); however, these levels remained still elevated after 
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abrogation of the checkpoint arrest. Therefore, the exact role of CHK1 in this checkpoint 

remains to be elucidated as it does not depend apparently on its phosphorylation at Ser345, 

which is considered a hallmark for CHK1 activation (Liu et al., 2000; Zhao et al., 2001). 

Finally, the defect in decatenation checkpoint adaptation that prevented cells lacking MCPH1 

from entering mitosis (either spontaneously or in the presence of caffeine) was rescued by 

CHK1 inhibition. MCPH1 is likely to act upstream of CHK1 – and downstream of ATR - to 

promote recovery from decatenation checkpoint arrest. 

 

Previous studies revealed a delayed release from cell cycle arrest after irradiation in cells that 

lack MCPH1 function (Gavvovidis et al., 2010; Brown et al., 2010B). Thus, it was proposed 

that MCPH1 function is critical for timely inactivation of the CHK1 signal that arises upon the 

DNA damage response. Notably, in those studies mitotic entry was analyzed after the DNA 

damage was repaired. Here, we have however investigated the mechanism of cell adaptation to 

the decatenation checkpoint, that is, the capacity to bypass the checkpoint response despite the 

persistence of the molecular event (Topo II catalytic inhibition) that triggered the checkpoint 

(Coats et al., 1999; Gimenez-Abian et al., 2000). These analyses are of importance to better 

understand the genetic requirements of cells to allow adaptation to G2 checkpoints. For 

example, PLK1 and TLK1 are required to bypass the DNA damage checkpoint (Van Vugt et al., 

2004; Bruinsma et al., 2016). Our current data highlight that G2 cells challenged by DNA 

catenation present different requirements for mitotic entry compared to either unperturbed cells 

or cells damaged by UV or IR. Thus, while MCPH1 function seems dispensable for the onset of 

mitosis in the last two scenarios, it is essential for cell adaptation to the decatenation checkpoint.  
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FIGURES LEGEND 

Figure CIII-1: A) Frequency of histone H3PS10 positive cells in control and MCPH1 patient 

cells, determined by FACS, after incubation with nocodazole alone or combined with either 

ICRF-193, caffeine or both for the indicated time points. Data from at least two independent 

experiments are presented. B) Fraction of mitotic (M) and G2 cells, determined by FACS, in 

control and MCPH1 patient cells after either 3h or 6h of incubation with ICRF-193 alone or 

combined with nocodazole, a spindle poison that produce M arrest. For each sample, we 

determined in parallel the fraction of PLCs (prophase-like cells) by microscopic analyses of 

cytogenetic preparations. More than 500 cells were scored per sample. Data from at least two 

independent experiments are presented. C) Similar analyses as in B but adding caffeine to the 

cell cultures to bypass the ICRF-193-mediated G2 arrest. D) Representative images from 

cytogenetic preparations of control and MCPH1 patient cells treated simultaneously with ICRF-

193 and caffeine. Arrowheads point to mitotic cells showing entangled and disorganized 

chromosomes, frequently observed in control cells. Arrows point to PLCs, frequently observed 

in MCPH1 patient cells. Scale bars, 5 µM. 

Figure CIII-2: A) Description of the experimental procedure employed: HeLa cells stably 

expressing fluorescent histone H2B fused to Red1 were synchronized at the G1/S border by 

double thymidine block. MCPH1 depletion was achieved by transfection with siRNAs during 

the release from the first thymidine block. ICRF-193 was added 7h after release from the second 

thymidine block to coincide with the occurrence of PLCs during G2 in the siRNA treated cells. 

Caffeine (or an equal volume of medium) was added one hour after ICRF-193 treatment.  Time-

lapse images were collected using “Nikon Biostation IM Cell incubator” immediately after 

caffeine (or medium) adding. B) Cumulative frequency chart showing the timing (in minutes) of 

nuclear envelope breakdown (NEB) after the indicated treatments in control and MCPH1-

siRNA treated cells monitored as explained in A. Time after caffeine (or mock) addition is 

shown. At least 50 cells were analyzed in each case. C) Box-plot showing the time (in minutes) 

that PLCs from MCPH1-siRNA treated cells required to completely decondense their 

chromosomes after adding ICRF-193 alone or combined with caffeine. The broken line 

indicates the mean value. 30 PLCs were monitored. Statistical comparisons for the mean and 

median data were done by T-student and Wilcoxon (W) tests respectively. ** p<0.01 D) 

Selected frames of representative cells from C showing the dynamics of PLCs in MCPH1-

siRNA treated cells. Time after caffeine (or mock) addition is indicated in minutes. Note that the 

PLC phenotype, visible from the first frame, is progressively reduced in ICRF-193 treated cells. 

However, after incubation with ICRF-193 and caffeine PLCs remain visible up to the end of the 

recording. E) Cumulative frequency chart showing the timing (in minutes) of nuclear envelope 

breakdown (NEB) in control and MCPH1-siRNA treated HeLa cells after incubation with 
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caffeine or mock (untreated). Time after release from the second thymidine block is shown. 

Caffeine was added 200 minutes after the release. At least 50 cells were analyzed in each case. 

F) CDK1 and phosphoY15-CDK1 protein levels were visualized by inmunoblotting with anti-

CDK1 and anti-phosphoY15-CDK1antibodys in control and patient samples after prolonged 

incubation with either ICRF-193 alone or combined with caffeine. 

Figure CIII-3: A) Frequency of histone H3PS10 positive cells in control and MCPH1 patient 

cells, determined by FACS, after incubation with nocodazole alone or combined with either 

SB202190 or SB202190 and ICRF-193 for the indicated time points. B) Fraction of mitotic (M) 

and G2 cells, determined by FACS, in control and MCPH1 patient cells after either 4h or 7h of 

incubation with ICRF-193, SB20219 and nocodazole. For each sample, we determined in 

parallel the fraction of PLCs (prophase-like cells) by microscopic analyses of cytogenetic 

preparations. More than 500 cells were scored per sample. Data from two independent 

experiments are presented. C) Experimental procedure employed in HeLa H2B/Red1 cells to 

monitor cell cycle progression by live-cell miscroscopy after incubation with ICRF-193 and 

SB202190. D) Cumulative frequency chart showing the timing (in minutes) of nuclear envelope 

breakdown (NEB) for control and MCPH1 depleted HeLa cells treated as explained in C. Time 

after SB202190 (or mock) addition is shown. At least 50 cells were analyzed in each case. E) 

Selected frames showing the condensation dynamic of MCPH1-siRNA treated HeLa cells while 

incubated with ICRF-193 and SB202190. Note that the PLC phenotype of the cells, visible from 

the first frames, is progressively reduced. Time from SB202190 addition is indicated in minutes. 

F) Cumulative frequency chart showing the timing (in minutes) of nuclear envelope breakdown 

(NEB) in control and MCPH1-siRNA treated HeLa cells after single incubation with SB202190 

or mock (untreated). Time after release from the second thymidine block is shown. SB202190 

was added 300 minutes after the release. At least 50 cells were analyzed in each case. 

Figure CIII-4: A) Fraction of mitotic cells, determined by FACS, in control and MCPH1 

patient cells after 4h of incubation with nocodazole alone or combined with either etoposide or 

etoposide and caffeine. Data from at least two independent experiments are presented. B) 

Fraction of PLCs (prophase-like cells) in MCPH1 patient cells after prolonged incubation with 

etoposide. More than 500 cells were scored microscopically per sample. Data from two 

independent experiments are presented. C). Cumulative frequency chart showing the timing (in 

minutes) of nuclear envelope breakdown (NEB) for control and MCPH1depleted HeLa H2B-

Red1 cells after the corresponding treatments. Time after caffeine (or mock) addition is shown. 

At least 50 cells were analyzed in each case. Cells were synchronized at G1/S border by double 

thymidine block and MCPH1 depletion was achieved by transfection with siRNAs during the 

release from the first thymidine block. Etoposide was added 7h after release from the second 

thymidine block, which is coincident with the occurrence of PLCs. Caffeine was added 1.5 h 
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later. Time-lapse phase contrast and fluorescent images were collected using “Nikon Biostation 

IM Cell incubator” immediately after adding caffeine. D) Selected frames showing the mitotic 

progression of representative control and MCPH1-depleted HeLa cells treated with etoposide 

and caffeine as indicated in A. Time from etoposide addition is indicated in minutes. Note that 

in both cases chromosome segregation is altered probably as consequence of the DNA damage 

induced. E) Selected frames showing the condensation dynamic of control and MCPH1-siRNA 

treated HeLa cells while arrested in G2 by etoposide. Note that the PLC phenotype of MCPH1 

depleted cells, visible from the first frames, is progressively reduced. Time from etoposide 

addition is indicated in minutes. F) Box-plots showing the time (in minutes) that PLCs from 

MCPH1-siRNA treated cells incubated required to completely decondense their chromosomes 

after adding ICRF-193 alone, combined with SB202190 or after adding etoposide. The red line 

indicates the mean value. 30 PLCs were monitored. Statistical comparisons for the mean and 

median data were done by T-student and Wilcoxon (W) tests respectively. ** p<0.01; N.S. not 

significant.  

Figure CIII-5: A) Representative images from immunofluorescence analyses using an antibody 

against γH2AX protein in proliferating lymphoblast from control and MCPH1 patient cells 

treated with either DMSO (untreated), ICRF-193 or etoposide. Cells were incubated for 3h 

before being processed. Scale bars, 5 µM. B) Same analyses as in A in HeLa cells either mock 

or MCPH1 depleted. Cells were synchronized at G1/S border by double thymidine block and 

MCPH1 depletion was achieved by transfection with siRNAs during the release from the first 

thymidine block. DMSO (untreated), ICRF-193 or etoposide were added 6h after release from 

the second thymidine block, and cells were processed 3h after. Scale bars, 10 µM. C) Box-plots 

showing the number of γH2AX foci per cell from A. At least 200 cells from two independent 

experiments were analyzed. The red line and the number in red indicate the mean value. D) 

Box-plots showing the number of γH2AX foci in PLCs and non-PLCs from the patient cells 

analyzed in C. At least 50 PLCs from two independent experiments were analyzed. The red line 

and the number in red indicate the mean value. Statistical comparisons for the mean and median 

data were done by T-student and Wilcoxon (W) tests respectively. **p<0.01; N.S. not 

significant. 

Figure CIII-6: A) Frequency of histone H3PS10 positive cells in control and MCPH1 patient 

cells, determined by FACS, after incubation with either nocodazole alone or combined with 

UCN-01 or UCN-01 and ICRF-193 for the indicated time points. Data from at least two 

independent experiments are presented. B) Representative images from cytogenetic preparations 

of control and MCPH1 patient cells treated simultaneously with ICRF-193 and UCN-01. 

Arrows point to mitotic cells showing entangled and disorganized chromosomes, typical of cells 

treated with Topo II inhibitors. Scale bars, 5 µM. C) Cumulative frequency chart showing the 
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timing (in minutes) of nuclear envelope breakdown (NEB) in control and MCPH1 depleted 

HeLa H2B-Red1 cells after the indicated treatments. Time from UCN-01 addition is shown. At 

least 50 cells were analyzed in each case. Cells were synchronized at G1/S border by double 

thymidine block. MCPH1 depletion was achieved by transfection with siRNAs during the 

release from the first thymidine block. ICRF-193 was added 7h after release from the second 

thymidine block, which corresponds in time with the occurrence of PLCs. UCN-01 was added 2 

h later. Time-lapse phase contrast and fluorescent images were collected using “Nikon 

Biostation IM Cell incubator” immediately after adding UCN-01. D) Selected frames showing 

the mitotic progression of representative control and MCPH1-depleted HeLa cells treated with 

UCN-01 and ICRF-193. Time from UCN-01 addition is indicated in minutes. Note that cells 

end mitosis aberrantly as chromosome segregation is prevented. E) Selected frames showing the 

mitotic progression of representative control and MCPH1-depleted HeLa cells treated only with 

UCN-01. Time from UCN-01 addition is indicated in minutes. In this case cells progress 

normally through mitosis. F) PhosphoS345-CHK1 protein levels were visualized by 

inmunoblotting with anti- phosphoS345-CHK1 antibody in control and patient samples after 

prolonged incubation with either ICRF-193 alone or combined with caffeine. 

 

VIDEOS LEGEND 

Video CIII-1: synchronized HeLa H2B-Red1 control cells were incubated with ICRF-193 and 

medium (mock) at 7 and 8 hours respectively after release from the second thymidine block. 

Time from mock adding (in minutes) is indicated.  

Video CIII-2: synchronized HeLa H2B-Red1 control cells were incubated with ICRF-193 and 

caffeine at 7 and 8 hours respectively after release from the second thymidine block. Time from 

caffeine adding (in minutes) is indicated. 

Video CIII-3: synchronized HeLa H2B-Red1 MCPH1-siRNA treated cells were incubated with 

ICRF-193 and medium (mock) at 7 and 8 hours respectively after release from the second 

thymidine block. Time from mock adding (in minutes) is indicated. 

Video CIII-4: synchronized HeLa H2B-Red1 MCPH1-siRNA treated cells were incubated with 

ICRF-193 and caffeine at 7 and 8 hours respectively after release from the second thymidine 

block. Time from caffeine adding (in minutes) is indicated. 

Video CIII-5: synchronized HeLa H2B-Red1 control cells were incubated with ICRF-193 and 

SB202190 at 7 and 9 hours respectively after release from the second thymidine block. Time 

from SB202190 adding (in minutes) is indicated. 
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Video CIII-6: synchronized HeLa H2B-Red1 MCPH1-siRNA treated cells were incubated with 

ICRF-193 and SB202190 at 7 and 9 hours respectively after release from the second thymidine 

block. Time from SB202190 adding (in minutes) is indicated. 

Video CIII-7: synchronized HeLa H2B-Red1 control cells were incubated with etoposide and 

medium (mock) at 7 and 8,5 hours respectively after release from the second thymidine block. 

Time from mock adding (in minutes) is indicated. 

Video CIII-8: synchronized HeLa H2B-Red1 control cells were incubated with etoposide and 

caffeine at 7 and 8,5 hours respectively after release from the second thymidine block. Time 

from mock adding (in minutes) is indicated. 

Video CIII-9: synchronized HeLa H2B-Red1 MCPH1-siRNA treated cells were incubated with 

etoposide and medium (mock) at 7 and 8,5 hours respectively after release from the second 

thymidine block. Time from mock adding (in minutes) is indicated. 

Video CIII-10: synchronized HeLa H2B-Red1 MCPH1-siRNA treated cells were incubated 

with etoposide and caffeine at 7 and 8,5 hours respectively after release from the second 

thymidine block. Time from mock adding (in minutes) is indicated. 

Video CIII-11: synchronized HeLa H2B-Red1 control cells were incubated with ICRF-193 and 

UCN-01 at 7 and 9 hours respectively after release from the second thymidine block. Time from 

mock adding (in minutes) is indicated. 

Video CIII-12: synchronized HeLa H2B-Red1 MCPH1-siRNA treated cells were incubated 

with ICRF-193 and UCN-01 at 7 and 9 hours respectively after release from the second 

thymidine block. Time from mock adding (in minutes) is indicated. 
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Figure CIII-6:  
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ABSTRACT 

The molecular basis underlying G2 checkpoint adaptation in human cells is not fully 

understood. The current knowledge is predominantly derived from analyses about cell response 

to agents inducing double strand breaks (DSBs) in the DNA. However, the pathways conferring 

adaptation to other G2 checkpoints are less explored. In a recent study we have demonstrated 

that MCPH1 function is required for the spontaneous - and induced - bypass of the decatenation 

checkpoint, a G2 pathway that delays entry into mitosis in response to excessive DNA 

catenation. Here, we demonstrate for the first time that PLK1 function is required for the 

adaptive response that bypasses the checkpoint arrest in response to Topo II catalytic inhibition. 

Our results also suggest that PLK1 likely acts downstream of MCPH1 and CHK1 in a linear 

pathway that promote adaptation to the decatenation checkpoint. WEE1 is another factor that 

restrains spontaneous adaptation to the decatenation checkpoint. This contribution is reinforced 

if MCPH1 function is simultaneously lacked. These results are of importance to better 

understand the genetic requirements of cells to allow adaptation to G2 checkpoints. 
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INTRODUCTION 

G2 cell cycle checkpoints are induced in response to agents that alters the DNA and delay 

mitosis onset to allow repair. The induced arrest is necessarily reversible making possible that 

cells resume progression once the damage is full repaired. Coupling between checkpoint 

activation and cell cycle progression is tightly controlled by feedback mechanisms that allow 

shutting the checkpoint signaling off immediately after completion of the repair (Langerak and 

Russell, 2011). This fine-tuning relies in the capacity of damaged cells to lessen their pro-

mitotic G2 transcriptional program temporally but beyond a level still sufficient to allow 

recovery from the checkpoint when appropriate (Alvarez-Fernandez and Medema, 2010). Only 

in those cases where the damage is too extensive or unrepairable, cells will exit from the cycle 

and undergone senescence or programmed cell death (Bartek and Lukas, 2007; Jackson and 

Bartek, 2009). 

An alternative less-understood cell response is checkpoint adaptation. This process refers to the 

spontaneous bypass of the checkpoint arrest after a G2 delay despite the damage that triggers it 

persists. Checkpoint adaptation was initially described in Saccharomyces cerevisae and later 

observed in higher organisms including humans (Sandell and Zakian, 1993; Toczyski et al., 

1997; Yoo et al., 2004; Syljuåsen et al., 2006). Since cells entering mitosis with unrepaired 

damaged DNA are a source of genomic instability, checkpoint adaptation is considered a 

potential contributor to tumorigenesis and cancer resistance during genotoxic therapy.  

The molecular basis underlying G2 checkpoint adaptation in human cells is not fully 

understood. The current knowledge is predominantly derived from analyses about cell response 

to agents inducing double strand breaks (DSBs) in the DNA as ionizing irradiation (Toczyski et 

al., 1997; Yoo et al., 2004; Syljuasen et al., 2006, 2007). A key regulator of checkpoint 

adaptation in that context is PLK1. Thus, mutations in the yeast orthologous Cdc5 or 

downregulation of human PLK1 abolish cellular adaptation to IR-induced G2 checkpoint 

(Toczyski et al., 1997; Syljuasen et al., 2006). Furthermore, CHK1 activity is also required in 

human cells to sustain the IR-induced checkpoint (Syljuasen et al., 2006, 2007). However, the 

evidences suggest that both PLK1 and CHK1 control checkpoint adaptation through 

independent signaling pathways which converge on a common possible target as is Cyclin B-

CDK1 (Syljuasen et al., 2006, 2007). Other cell cycle regulators required also in this context are 

Aurora A, WEE1, CDC25B and TLK2 (Van Vugt et al., 2004; Macurek et al., 2008; Serrano and 

D’Amour, 2014; Bruinsma et al., 2016).  

The pathways conferring adaptation to other G2 checkpoints are less explored. In a recent study 

we have demonstrated that MCPH1 function is required for the spontaneous - and induced - 

bypass of the decatenation checkpoint (DC), a G2 pathway that delays entry into mitosis in 
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response to excessive DNA catenation (Chapter III of this Thesis). Cells lacking MCPH1 

function were permanently arrested at G2 during incubation with the Topoisomerase II catalytic 

inhibitor ICRF-193, the molecular signal that triggers the checkpoint activation. This was 

surprising considering that the DC is leaky and induces only a transient delay in G2 (Damelin 

and Bestor, 2007). Moreover, this permanent G2 arrest was not reverted even after simultaneous 

inhibition of ATR, the primary checkpoint effector (Deming et al., 2001). However, MCPH1 

function is dispensable for decatenation checkpoint activation. Furthermore, CHK1 function is 

essential for sustaining an effective DC response, and is downstream of MCPH1 in the pathway 

that triggers adaptation to it (Chapter III of this Thesis).  

In previous studies cells treated with ICRF-193 displayed a significant although not complete 

inhibition of PLK1 activity (Deming et al., 2002). Moreover, overexpression of a constitutive 

active PLK1 variant abolished the decatenation checkpoint response (Deming et al., 2002; Luo 

et al., 2009). These data suggest that ICRF-193 meditated G2-arrest requires blockade of PLK1 

activity. Considering these data, we have investigated here whether PLK1 activity is essential in 

the opposite context, that is, checkpoint adaptation. Our analyses demonstrate for the first time 

that PLK1 function is required for the adaptive response that bypass the checkpoint arrest in 

response to Topo II catalytic inhibition. Furthermore, our data provide evidences that PLK1 

likely acts downstream of MCPH1 and CHK1 in a linear pathway that promote adaptation to the 

DC. These results are of importance to better understand the genetic requirements of cells to 

allow adaptation to G2 checkpoints.  
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METHODS 

Cell cultures and treatments 

We have used a modified H2B-Red1 tagged HeLa cell line. and lymphoblast cell lines 

(LCLs, non-transformed EBV immortalized) from one MCPH1 patient (S25X mutation) 

and one healthy control subject (Neitzel et al., 2002; Trimborn et al., 2004). HeLa cell 

lines were grown following standard conditions using DMEM medium supplemented 

with 10% of foetal bovine serum. LCLs were grown under usual conditions in RPMI 

medium supplemented with 15% foetal bovine serum. 

For RNAi treatments cells were transfected with 120 nM siRNA duplexes using 

Lipofectamine (Invitrogen) at 50% confluency. OptiMEM medium (Invitrogen) was 

used for cell transfection. RNA oligos were purchased from Qiagen. The sequences of 

the siRNA duplexes used deplete specifically both major isoforms of MCPH1 mRNA, 

and were based on a previous study (Gavvovidis et al., 2012). These validated siRNA 

oligos knocked-down the MCPH1 protein levels efficiently (Trimborn et al., 2006; 

Gavvovidis et al., 2012; Arroyo et al., 2017). Synchronization of cells at G1/S was 

achieved by a double-thymidine protocol. The inhibitors employed were Nocodazole 

(final concentration 1,5 µM), ICRF-193 (final concentration 7 µM), caffeine (final 

concentration 2 mM), UCN-01 (final concentration 200 nM), BI2536 (final 

concentration 200 nM) and MK1775 (final concentration 300 nM). Untreated control 

cells were incubated in all cases with a similar volume of solvent. 

Live-cell microscopy 

The procedure was similar to the described in Arroyo et al., 2017. Cells were plated 

onto 35 mm tissue culture dishes fitted with glass cover-slips (MatTek Cultureware). 

siRNA transfection and cell synchrony was performed as described in the results 

section, except that upon release from the second thymidine the standard medium 

containing the thymidine was exchanged for DMEM without phenol red, supplemented 

with 10% FBS, penicillin/streptomycin and 200 mM Trolox (Calbiochem). The dishes 

were transferred to a microscope humidified stage incubator containing 5% CO2 at 

37ºC. Cells were filmed with three to five z sections using a Nikon Biostation IM 

microscope fitted with 20x and 40x/0.8 n.a. objectives and coupled with Biostation IM 

software. Images were stacked and processed using Image J software. Timing data were 
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obtained after visual inspection of a minimum of 50 cells. Statistical comparisons were 

done using Statgraphics software. 

Flow cytometry 

Flow cytometry analyses were done using lymphoblast cell cultures in log-phase. One 

million cells approximately were recovered, washed in PBS and fixed in ice-cold 

Ethanol 70 overnight. Phospho-histone H3 positive cells were detected with a rabbit 

anti-histone H3PS10 antibody (Abcam) at a dilution of 1/250, and a donkey anti-mouse 

IgG FITC-conjugated secondary antibody (Santa Cruz). Propidium iodide was used as a 

counterstain for DNA content. Fluorescence detection was performed using an 

analytical flow cytometer (LSR Fortessa, BD Bioscience) equipped with BD 

FACSDiva™ software for data acquisition. Quantitative cell cycle analysis was done 

with Flowing Software v.2.5.1. 

Cytogenetic analyses 

Cytogenetic preparations following standard protocols were obtained in parallel from 

the same log-phase cell cultures analyzed by FACS. Chromosome preparations were 

fixed using Carnoy’s solution (methanol/glacial acetic acid, 3:1), stained with Giemsa 

(10 %) and finally visualized by bright-field microscopy. The fraction of “prophase-like 

cells” (PLCs) and metaphases was determined after counting 1000 nuclei from coded 

slides. Microscopy images were captured with a CCD camera (Olympus DP70) coupled 

to a microscope (Olympus BX51) and finally managed with ImageJ software. 
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RESULTS AND DISCUSSION 

 

PLK1 function is required for decatenation checkpoint adaptation in both control and 

MCPH1 depleted cells 

We first have analyzed the cell cycle dynamics of control and MCPH1 patient cells lacking 

PLK1 function during undamaging conditions. In order to do that we made use of log-phase 

lymphoblast cultures and we assayed the dynamics of mitotic entry after incubation with 

nocodazole alone or combined with BI2536, a well-known PLK1 inhibitor (Steegmaier et al., 

2007; Lenart et al., 2007). Mitotic cells were detected by FACS using a mitotic marker (Histone 

H3PS10) (Figure CIV-1A). Our data revealed that PLK1 inhibition slowed down the 

accumulation of mitotic cells in both control and patient cells, in comparison with the 

progressive accumulation observed when only nocodazole was added. In parallel to a reduced 

mitotic entry, the fraction of G2 cells appeared increased during prolonged incubation with 

BI2536 and nocodazole (Figure CIV-1B). Therefore, inhibition of PLK1 by BI2536 delays 

mitosis onset in control and MCPH1 patient lymphoblast cells with similar kinetics. Our results 

are in accordance with previous studies which demonstrated that mitotic entry is delayed but not 

blocked following PLK1 inhibition (Van Vugt et al., 2004; Petronczki et al., 2008). To get more 

evidences about the efficiency of PLK1 inhibition followed in our study we also analyzed 

chromosome morphology in cells after prolonged treatment with BI2536 and nocodazole. As 

observed in figure CIV-1E, chromosomes from both control and patients cells appeared 

hypercondensed and the sister chromatids retained cohesion after incubation with B12536. 

However, in cells treated only with nocodazole chromosomes were less compacted and the 

cohesion between chromatids was removed except for centromeric regions. These results are in 

agreement with previous descriptions about the impact of PLK1 inhibition on mitotic 

chromosomes (Lenart et al., 2007). Moreover, we also observed that after prolonged incubation 

with BI2536 alone the fraction of mitotic cells increased over the time in both control and 

patient cells (figure CIV-1B). This indicates that BI2536 further delays mitosis transition in 

lymphoblast cells as described for other cellular models (Lenart et al., 2007; Li et al., 2015).  

 

Previous studies have showed that cells treated with ICRF-193 displayed a significant although 

not complete inhibition of PLK1 activity, while overexpression of a constitutive active PLK1 

variant abolished the decatenation checkpoint response (Deming et al., 2002; Luo et al., 2009). 

These data suggest that ICRF-193 meditated G2-arrest requires blockade of PLK1 activity. How 

PLK1 function is exactly counteracted by other modulators of this pathway as ATR, MDC1 or 

Topo II alpha is still not well understood (Deming et al., 2002; Luo et al., 2009). Considering 

these data, we hypothesized that PLK1 activity would be an essential factor in the opposed 

cellular context, that is, adaptation to the decatenation checkpoint. In line with this, previous 
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studies have already showed that PLK1 is essential for recovery from DNA damage checkpoint 

(Van Vugt et al., 2004). To test our hypothesis, we assayed the dynamics of mitotic entry after 

simultaneous incubation with BI2536 and the Topoisomerase II inhibitor ICRF-193 during 

either 4h or 7h. Nocodazole was also added to trap those cells entering into mitosis, which were 

detected by FACS as explained above. As observed in figure CIV-1C, the rate of mitotic cells in 

control and patient samples slightly decreased during the time course of our experiment. In 

parallel, the fraction of G2 cells became increased over time (figure CIV-1D). These results are 

in sharp contrast to the leaky nature of the arrest mediated by the decatenation checkpoint 

previously noticed in control – nor in MCPH1 patient - cells (Chapter III of this Thesis). Taking 

together, these data indicated that PLK1 function, similarly to MCPH1, is also required for the 

adaptive response that spontaneously bypasses the decatenation checkpoint G2 arrest in human 

cells.  

 

We also investigated the contribution of PLK1 activity during induced bypass of the 

decatenation checkpoint arrest. In order to do that we made use of caffeine, a well-known 

inhibitor of ATM/ATR kinases which override the ICRF-193-imposed G2 arrest (Deming et al., 

2001; Chapter III of this Thesis). As showed in figure CIV-1 C and D, caffeine addition does 

not have any effect in the cell cycle dynamic of control and patient cells treated with ICRF-193 

and BI2536, which remain permanently arrested at G2. This result implies that in control cells, 

which retain functional MCPH1, the ability of caffeine to induce adaptation in the presence of 

ICRF-193 requires active PLK1. Previous studies have already showed that MCPH1 depleted 

cells are defective in both spontaneous and caffeine-induced adaptation to the decatenation 

checkpoint (Chapter III of this Thesis). Therefore, both MCPH1 and PLK1 are crucial factors 

required for decatenation checkpoint bypass in lymphoblast cells.  

 

Another remarkable aspect noticed in the Chapter III was the chromosome condensation 

dynamic of MCPH1 depleted cells arrested at G2 through decatenation checkpoint activation. 

MCPH1 depletion results in premature chromosome condensation during mid G2 phase of the 

cell cycle - and delayed decondensation after mitosis (Neitzel et al., 2002; Arroyo et al., 2017). 

As consequence, an elevated rate of cells containing condensed chromatin, named as “Prophase-

like cells” (PLCs), are observed within a cycling population of cells lacking MCPH1 function. 

Interestingly, while arrested at G2 by ICRF-193 incubation PLCs arise but progressively reverse 

their condensation state. However, this condensation dynamic is prevented by caffeine, which 

suggests that ATR/ATM signaling pathways activated by the decatenation checkpoint trigger 

PLCs decondensation (Chapter III of this Thesis). Here we were interested in analyze how 

PLK1 inhibition influences the condensation dynamic of PLCs during ICRF-193-mediated G2 

arrest. In order to do that we compared the fraction of G2 cells, determined by FACS, with the 
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frequency of “Prophase-like cells” (PLCs), determined through microscopic inspection of 

cytogenetic preparations made in parallel (figure CIV-1D). We observed that the frequency of 

PLCs increased over time during the incubation with ICRF-193 and BI2536, and a similar trend 

was observed if caffeine was simultaneously added. These results suggest that PLK1 inhibition 

prevents the decondensation of PLCs arrested at G2 during decatenation checkpoint activation. 

Interestingly, although with dramatically less numbers a similar tendency was also observed in 

control cells.  

 

MCPH1 reinforces the contribution of PLK1 to the spontaneous and induced decatenation 

checkpoint adaptation in HeLa cells 

In our previous study we have demonstrated that HeLa cells depleted of MCPH1 function by 

siRNAs do not spontaneously override the G2 arrest triggered by ICRF-193 as do control cells 

(Chapter III of this Thesis). Moreover, the ability of caffeine to induce adaptation in the 

presence of ICRF-193 was also impaired in MCPH1-siRNA treated cells. These data were 

obtained using HeLa H2B-Red1 cells synchronized at G1/S with thymidine, transfected with 

siRNAs against MCPH1, and then monitored by fluorescent live-cell microscopy upon release 

into medium containing ICRF-193 alone or combined with caffeine. This approach was of big 

help to accurately compare the activation and adaptation kinetics of the decatenation checkpoint 

in single cells. In fact, this strategy allowed distinguishing the kinetics of the spontaneous and 

induced adaptation to this checkpoint. We therefore sought to compare here the activation and 

adaption kinetics to the decatenation checkpoint in cells with PLK1 function inhibited, and the 

possible impact of MCPH1 function into them. In order to do that, ICRF-193 was added 6 hours 

after release from the thymidine block, at the time when MCPH1 deficient cells start to 

prematurely condense their chromosomes during G2 (Arroyo et al., 2017), and either BI2536 

alone or combined with caffeine was added to parallel samples two hours later (experimental 

outline in figure CIV-2A). These analyses were done in both control and MCPH1-siRNA cells. 

As depicted in figure CIV-2B, most control cells incubated with BI2536 arrest permanently 

during ICRF-193 incubation, consistent with the results obtained in lymphoblasts.  

 

However, late adaptation to the decatenation checkpoint was still observed as some cells began 

to spontaneously enter into mitosis following ten hours of arrest. When caffeine was 

simultaneously added a similar fraction of cells finally bypassed the G2 arrest but early in time. 

When the same analyses were done in HeLa cells depleted of MCPH1 by RNAi we did not 

observe the same kinetics (figure CIV-2B). In this case spontaneous overriding was negligible 

(one single cell), while caffeine addition did not induced a significant increase of this rate. In 

order to discard that the observed responses in HeLa cells were directly consequence of the 
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incubation with BI2536 itself, and thus unrelated to the activation of decatenation checkpoint, 

we attended similar analyses in synchronized HeLa H2B-Red cells treated only with BI2536 

upon release (figure CIV-3A). Our data clearly demonstrate that during undamaging conditions 

PLK1 inhibition delays but do not block mitosis onset neither in control nor in MCPH1-siRNA 

treated cells, in accordance with the findings in lymphoblast cells and with previous studies 

(Lenart et al., 2007; Van Vugt et al., 2004). From our results it could be concluded that PLK1 

inhibition perturb but does not impair completely the capacity of HeLa cells to override the 

decatenation checkpoint. However, an effective permanent G2 arrest is achieved if MCPH1 

function is simultaneously lacked, which demonstrate that both MCPH1 and PLK1 have 

synergize effects into the mechanism triggering cellular adaptation to the decatenation 

checkpoint.  

 

This HeLa H2B-Red1 model was also important to unravel the chromosome decondensation 

dynamic of MCPH1 depleted cells upon ICRF-193 treatment (Chapter III of this Thesis). 

Therefore, it was of interest to monitor the timing that cells remain with condensed chromatin in 

the experimental setup from above, in order to analyze how PLK1 influences this dynamic. To 

get comparable and reliable data these measurements were done only in cells that did not attend 

apoptosis (Figure CIV-2C, representative stacks in figures CIV-2D and 2E, videos 1, 2, 3, 4 

(CIV)). In ICRF-193 treated cells depleted of MCPH1 most PLCs were visible from the first 

frame of the live-cell movies and persisted for long time: when BI2536 was only added PLCs 

occurs during 657 ±265 minutes; however, this length was extended to 824 ±85 minutes when 

caffeine was simultaneously added (videos CIV-3 and CIV-4). The notorious increase in the 

timing of PLCs after caffeine adding could be explained by the inhibitory effect into the CDK1 

activity that exhorts the ATR/ATM signaling pathways, which become inactive upon caffeine 

addition. The same rationale was used previously to explain the progressive decondensation of 

PLCs during the G2 arrest triggered by the decatenation checkpoint (Chapter III of this Thesis).  

 

Interestingly, in control cells we also observed visible signs of chromosome condensation 

during long time. Thus, condensation persisted for 403 ±157 minutes when cells were incubated 

with BI2536, and a similar timing was also observed after simultaneous addition of caffeine 

(429 ±238 minutes) (Figure CIV-2 C, representative pictures in 2D and 2E). The occurrence of 

chromosome condensation during such a long interval was not previously observed in control 

G2 cells incubated with ICRF-193 (Chapter III of this Thesis). These results could indicate that 

PLK1 regulates the chromosome condensation dynamics of cells arrested at G2 by ICRF-193 

incubation. Alternatively, the contribution of PLK1 to chromosome condensation could happen 

in a broader context. In line with this, cells lacking PLK1 function present hypercondensed 

chromosomes, a sign of abnormal chromosome condensation (Van Vugt et al., 2004; Lenart et 
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al., 2007; figure CIV-1E). To get more insights about the contribution of PLK1 in the 

chromosome condensation dynamics we analyzed undamaged HeLa H2B-Red cells treated only 

with BI2536 upon release from thymidine block. As presented in figures CIV-3B and C 

chromosome condensation was visualized for long time before cells attended nuclear envelope 

breakdown (NEB) in BI2536 treated control cells (109 ±88 minutes) compared with untreated 

cells (18 ±11 minutes). These data are in agreement with previous work (Lenart et al., 2007). A 

similar trend was observed in MCPH1 depleted cells. In this case, before attending NEB PLCs 

were visualized during 298 ±123 minutes in BI2536 treated cells while in untreated cells PLCs 

appeared visible during 202 ±51 minutes. As expected from cells lacking PLK1 function in all 

cases cells were further arrested in mitosis permanently (data not shown), a hallmark of “Polo” 

phenotype (Aspinall et al., 2015; Steegmaier et al., 2007; Gilmartin et al., 2009). In conclusion 

our data indicate that PLK1 inhibition increases the time that chromosome condensation appears 

visible in undamaged cells before entering into mitosis. A similar extension of the timing of 

chromosome condensation is also observed in cells arrested at G2 by decatenation checkpoint 

activation. This contribution remains also intact in cells where chromosome condensation starts 

prematurely during G2 as consequence of MCPH1 lack of function. 

 

PLK1 function is required to bypass the decatenation checkpoint in cells following CHK1 

inhibition  

CHK1 is a key element of the ATR signaling pathway. Our previous study has proved that 

CHK1 function is required for an effective activation of the decatenation checkpoint (Chapter 

III of this Thesis), in agreement with some previous reports (Robinson et al., 2007).  Moreover, 

we also demonstrated that the incompetence of cells lacking MCPH1 function to adapt to the 

decatenation checkpoint was rescued after CHK1 inhibition by UCN-01. Therefore, CHK1 

could act at some point downstream of MCPH1 in the pathway that triggers recovery form the 

decatenation checkpoint arrest. Since our data from above demonstrate that cells also required 

PLK1 function to adapt to the decatenation checkpoint, we next examined how PLK1 inhibition 

influences the recovery capacity of cells with CHK1 inhibited. To asses that we incubated 

lymphoblastoid cells with ICRF-193, BI2536 and UCN-01, a well-characterized CHK1 

inhibitor, during 4h and 7h in combination with nocodazole. We next determined the rate of 

mitotic accumulation by FACS analyses (Figure CIV-4A and B).  This revealed that neither 

control nor MCPH1 patient cells entered into mitosis during the time course of our experiment; 

in fact, the mitotic rate slightly decreased during it while the fraction of G2 cells increased in 

parallel (Figures CIV-4A-C). Furthermore, simultaneous inhibition of ATR/ATM by caffeine 

addition did not abolish the G2 arrest in both control and MCPH1 patient cells (Figures CIV-

4A-C). However, when PLK1 function was not inhibited the G2 arrest was efficiently bypassed 
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in both control and MCPH1 patient cells treated in the same conditions. In conclusion, we 

revealed that both caffeine- and UCN01-mediated release from an ICRF-193-mediated G2 

checkpoint requires active PLK1 activity. These results clearly indicate that PLK1 is likely to 

act downstream of CHK1, MCPH1 and ATR in a linear pathway to promote recovery from the 

decatenation checkpoint arrest. The cell cycle dynamic observed was not influenced by the 

presence of nocodazole in our experiments as the same results were observed when nocodazole 

was omitted from the assays (figures CIV-4E and F). These data clearly differ from the 

published roles for PLK1 and CHK1 during cellular adaptation to the DNA damage checkpoint. 

In this case both regulators control checkpoint adaptation apparently through independent 

signaling pathways (Syljuasen et al., 2006). Therefore, while PLK1 is commonly required to 

bypass both the DNA damage and the decatenation checkpoints, other regulators specific of 

each pathway do exists as is the case of MCPH1, which acts upstream of PLK1 to confer 

adaptation to the decatenation checkpoint but not to the damage checkpoint. 

 

We also examined the condensation dynamic of PLCs in the conditions from above. As 

observed in figure CIV-4 D, the frequency of PLCs increased over time in MCPH1 patient cells 

during simultaneous incubation with ICRF-193, BI2536, UCN-01 and nocodazole. The same 

tendency was observed if caffeine was simultaneously added. These results are similar to those 

from figure CIV-1 D, and reinforce the idea that PLK1 inhibition prevents the decondensation 

of PLCs arrested at G2 during decatenation checkpoint activation. In parallel samples where 

PLK1 function was not inhibited the PLC rate was not increased over time, which is the 

expected outcome after efficient bypass of the G2 arrest (noticed by a reduction in the G2 

fraction in parallel to an increased mitotic frequency). In control cells we also observed an 

increment in the time that cells remain with visible chromosome condensation after the same 

treatments (figure CIV-4C). Furthermore, a similar dynamic was also observed when 

nocodazole was omitted from the assays in both control and MCPH1 patient cells (figures CIV-

4E and 4F). Taking together these data reinforce the idea that chromosome condensation gets 

longer when PLK1 function is blocked during both undamaging conditions and altered 

chromatin topology.  

  

Partial bypass of decatenation G2 checkpoint arrest after WEE1 inhibition depends on 

functional PLK1 and MCPH1 

We finally were interested in analyzing the contribution of WEE1 to the decatenation 

checkpoint. WEE1 is a kinase that selectively phosphorylates the Y15 residue of CDK1 and 

promotes its inactivation. This inhibitory function is antagonized by CDC25 phosphatases, 

being their balances and results determinant to regulate the full activation of CDK1 (Lindqvist 
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et al., 2009). In order to do that we first compared if the dynamic of mitotic entry is disturbed in 

control and MCPH1 patient cells following WEE1 inhibition. Following the strategy previous 

explained lymphoblast cells were incubated during different times (1, 4 or 7 hours) with 

nocodazole alone or combined with MK-1775, a potent small-molecule inhibitor that aborts 

WEE1 function by abolishing PY15-CDK1 phosphorylation (Hirai et al., 2009). Our results 

clearly showed that the rate of mitotic entry is similarly accelerated during the first hours of 

incubation with MK-1775 in both control and MCPH1 patient cells (Figure CIV-5A). In 

parallel, the fraction of G2 cells was reduced during the same time compared with untreated 

samples (Figure CIV-5B and Figure CIV-6C). These results clearly indicate the WEE1 

inhibition induces, as expected, rapid G2 progression and accelerates mitosis onset in a similar 

way in both control and MCPH1 patient cells. A similar dynamic has been also previously 

observed in another cell models after MK-1775 treatment (Hirai et al., 2009). We also observed 

a similar dynamic when we inhibited WEE1 in the HeLa H2B-Red1 model depleted of MCPH1 

by siRNA (Supplementary Figure CIV-S1).  

 

We next investigated if WEE1 function is required for efficient activation of the decatenation 

checkpoint, which remained fairly unknown. Previous studies about the role of WEE1 during 

DNA damage activation showed contradictory results, as some claim that WEE1 is not required 

to efficiently arrest cells at G2 (Van Vugt et al., 2004), while others showed that its inhibition 

by MK-1775 abrogates such arrest (Hirai et al., 2009). Following the same strategy as before 

cells were simultaneously incubated with ICRF-193, MK-1775 and nocodazole during 4h and 

7h, and the rate of mitotic cells was determined by FACS. As showed in figures CIV-6A and B 

MK-1775 incubation abrogates only partially the ICRF-193 induced G2 arrest in control cells. 

Thus, the rate of mitotic cells was progressively increased over time, although with reduced 

kinetics compared with cells that were treated only with nocodazole. This dynamic differs from 

the observed in MCPH1 patient cells. In this case MK-1775 treatment produced only a minor 

increase in the fraction of mitotic cells over time compared with nocodazole single-treated cells 

(figure CIV-6A). In line with this, the fraction of G2 cells was found higher in MCPH1 patient 

cells compared with controls after the indicated treatments (figure CIV-6B). Taking together 

these results indicate for the first time that WEE1 inhibition perturbs the capacity of the 

decatenation checkpoint to achieve an efficient G2 arrest. However, in cells that lack 

simultaneously MCPH1 function this alteration was almost alleviated. Our results could be also 

interpreted as follows: WEE1 is another factor that restrains spontaneous adaptation to the 

decatenation checkpoint and this contribution is reinforced if MCPH1 function is 

simultaneously lacked.  
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We finally analyzed how WEE1 inhibition alters the response of the decatenation checkpoint in 

cells were PLK1 function was abolished. To do that we analyzed the mitotic rate of cells 

simultaneously treated with ICRF-193, MK-1775 and BI2536 for 4 and 7 hours. In these 

conditions both control and MCPH1 patient cells remain permanently arrested in G2 (figure 

CIV-6 A and B). These results indicate that in cells where WEE1 function is inhibited PLK1 

inhibition restored an efficient G2 arrest after ICRF-193 treatment. This response remains 

unaltered independently of the presence of functional MCPH1. In other words, active PLK1 is 

an essential factor to allow cellular adaptation to the decatenation checkpoint and its likely 

located downstream of CHK1, WEE1 and MCPH1 in the pathway that controls it. Moreover, 

when we compared the dynamic of PLCs after the indicated treatments we observed that 

inhibition of PLK1 and WEE1 result in an increase of the PLC rate over time of cells while 

arrested at G2 by ICRF-193. However, this rate was reduced when WEE1 but not PLK1 

function was abolished, which could be in line with the occurrence of a leaky G2 arrest and, 

consequently, a partial restore of mitotic entry.  

 

Our results demonstrate that cellular adaptation to the decatenation checkpoint depends on a 

single pathway that comprises PLK1, CHK1, MCPH1, and ATR (Figure CIV-7). Interestingly, 

all of them are dispensable for the onset of mitosis during undamaging conditions (our data and 

other published work). Previous analyses have demonstrated that PLK1 is essential during 

cellular adaptation to the DNA damage checkpoint that responses to DSBs (Toczyski et al., 

1997; Syljuasen et al., 2006; Van Vugt et al., 2004). Our study demonstrates that the signaling 

pathways that confer cellular adaptation are variable depending on the particular alteration that 

is signalized. One example is MCPH1, which is required to confer cellular adaptation in 

response to alterations in the topology of the DNA but not to UV- or IR- induced damage. 

Another difference is the contribution of WEE1 to these pathways. Inhibition of WEE1 function 

avoids the cellular dependence on PLK1 to abrogate the G2-arrest induced by the occurrence of 

DSBs, and indication that WEE1 acts downstream of PLK1 in this pathway (Van Vugt et al., 

2004). Our current results suggest that PLK1 and WEE1 contribute however in a different 

manner to allow cell recovery from an ICRF-193-mediated G2 arrest. In this case, the inhibition 

of WEE1 does not alleviate the PLK1 requirement to override the G2 arrest, which is 

compatible with PLK1 emplaced downstream of WEE1 in the pathway triggering adaptation to 

the decatenation checkpoint. On the other hand, it could not be excluded that WEE1 and PLK1 

contribute through independent pathways during adaptation to the decatenation checkpoint.  
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FIGURES LEGEND 

Figure CIV-1: (A) Rate of histone H3PS10 positive cells in control and MCPH1 patient cells, 

determined by FACS, after incubation with nocodazole alone or combined with BI2536 for the 

indicated time points. Data from two independent experiments are presented. (B) Fraction of 

mitotic (M) and G2 cells, determined by FACS, in control and MCPH1 patient cells after either 

4h or 7h of treatment with nocodazole alone or combined with BI2536. Data from two 

independent experiments are presented. For each sample, we determined in parallel the fraction 

of PLCs (prophase-like cells) by microscopic analyses of cytogenetic preparations. More than 

500 cells were scored per sample. (C) Rate of histone H3PS10 positive cells in control and 

MCPH1 patient cells, determined by FACS, after incubation with nocodazole alone or 

combined with the indicated inhibitors after either 4h or 7h. Data from two independent 

experiments are presented. (D) Fraction of mitotic (M) and G2 cells, determined by FACS, in 

control and MCPH1 patient cells after either 4h or 7h of treatment with nocodazole alone or 

combined with the indicated inhibitors. Data from two independent experiments are presented. 

For each sample, we determined in parallel the fraction of PLCs as explained in B. (E) 

Representative images from cytogenetic preparations of control and MCPH1 patient cells 

treated with nocodazole alone or simultaneously incubated with BI2536 during 4h. Scale bars, 5 

µM. 

 

Figure CIV-2: (A) Description of the experimental procedure employed: HeLa cells stably 

expressing fluorescent histone H2B fused to Red1 were synchronized at the G1/S border by 

double thymidine block. MCPH1 depletion was achieved by transfection with siRNAs during 

the release from the first thymidine block. ICRF-193 was added 6h after release from the second 

thymidine block to coincide with the occurrence of PLCs during G2 in the siRNA treated cells. 

BI-2536 alone or combine with caffeine were added two hours after ICRF-193 treatment.  

Time-lapse images were collected using “Nikon Biostation IM Cell incubator” immediately 

after BI2536 adding. (B) Cumulative frequency chart showing the timing (in minutes) of 

nuclear envelope breakdown (NEB) in control and MCPH1-siRNA treated cells incubated with 

BI2536, alone or simultaneously with caffeine. Time from ICRF-193 addition is shown. At least 

50 cells were analyzed in each case. (C) Dot-plot showing the time (in minutes) that PLCs from 

control and MCPH1-siRNA treated cells required to completely decondense their chromosomes 

after adding BI2536 alone or combined with caffeine. The red line indicates the mean value. 

The analyses are only referred to cells that did not enter into apoptosis while monitored. 

Statistical comparisons for the mean and median data were done by T-student and Wilcoxon 

(W) tests respectively. ** p<0.01. (D-E) Selected frames of representative cells from B showing 
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the dynamics of PLCs in control and MCPH1-siRNA treated cells after the indicated treatments. 

Time after BI2536 addition is indicated in minutes. 

 

Figure CIV-3: (A) Cumulative frequency chart showing the timing (in minutes) of nuclear 

envelope breakdown (NEB) in control and MCPH1-siRNA treated cells incubated with BI2536. 

Cells were synchronized and siRNA treated as explained in Figure 2 (A), and BI2536 was 

added immediately after release from the second thymidine block. At least 50 cells were 

analyzed in each case. Time from thymidine release is shown (B) Dot-plot showing the length 

of PLCs in control and MCPH1-siRNA cells untreated or incubated with BI2536. The red line 

indicates the mean value. The analyses are only referred to cells that did not enter into apoptosis 

while monitored. Statistical comparisons for the mean and median data were done by T-student 

and Wilcoxon (W) tests respectively. ** p<0.01. (C) Selected frames of representative cells 

from B showing the dynamics of PLCs in control and MCPH1-siRNA treated cells after the 

indicated treatment. Time after BI2536 addition is indicated in minutes.  

 

Figure CIV-4: (A-B) Rate of histone H3PS10 positive cells in control (A) and MCPH1 patient 

cells (B), determined by FACS, after incubation with nocodazole alone or combined the 

indicated inhibitors for the indicated time points. Data from two independent experiments are 

presented. (C-D) Fraction of mitotic (M) and G2 cells, determined by FACS, in control (C) and 

MCPH1 patient cells (D) after either 4h or 7h of treatment with nocodazole combined with the 

indicated inhibitors. Data from two independent experiments are presented. For each sample, we 

determined in parallel the fraction of PLCs by microscopic analyses of cytogenetic preparations. 

More than 500 cells were scored per sample. (E-F) Same analyses as in C and D but without 

adding nocodazole to the cell cultures.  

 

Figure CIV-5: (A) Rate of histone H3PS10 positive cells in control and MCPH1 patient cells, 

determined by FACS, after incubation with nocodazole alone or combined with MK1775 for the 

indicated time points. Data from two independent experiments are presented. (B) Fraction of 

mitotic (M) and G2 cells, determined by FACS, in control and MCPH1 patient cells after either 

4h or 7h of treatment with nocodazole alone or combined MK1775 for the indicated time points. 

Data from two independent experiments are presented. For each sample, we determined in 

parallel the fraction of PLCs (prophase-like cells) by microscopic analyses of cytogenetic 

preparations. More than 500 cells were scored per sample.  

 

Figure CIV-6: (A) Rate of histone H3PS10 positive cells in control and MCPH1 patient cells, 

determined by FACS, after incubation with nocodazole alone or combined with the indicated 

inhibitors after either 4h or 7h. Data from two independent experiments are presented. (B) 
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Fraction of mitotic (M) and G2 cells, determined by FACS, in control and MCPH1 patient cells 

after either 4h or 7h of treatment with nocodazole alone or combined with the indicated 

inhibitors. Data from two independent experiments are presented. For each sample, we 

determined in parallel the fraction of PLCs as explained in B. (C) Fraction of mitotic (M) and 

G2 cells, determined by FACS, in control and MCPH1 patient cells after either 4h or 7h of 

treatment with MK1775 alone or combined with ICRF-193. Data from two independent 

experiments are presented. For each sample, we determined in parallel the fraction of PLCs as 

explained in B.  

 

Figure CIV-7: Model for the signaling pathway triggering decatenation checkpoint adaptation 

in human cells: both spontaneous and caffeine-induced adaptation requires MCPH1 function to 

block CHK1 activity, which results in a PLK1-dependent checkpoint bypass. 

 

 

VIDEOS LEGEND 

Video CIV-1: synchronized HeLa H2B-Red1 control cells were incubated with ICRF-193 at 6 

hours and BI2536+medium (mock) at 8 hours respectively after release from the second 

thymidine block. Time from mock adding (in minutes) is indicated.  

Video CIV-2: synchronized HeLa H2B-Red1 control cells were incubated with ICRF-193 at 6 

hours and BI2536+caffeine at 8 hours after release from the second thymidine block. Time from 

caffeine adding (in minutes) is indicated. 

Video CIV-3: synchronized HeLa H2B-Red1 MCPH1-siRNA treated cells were incubated with 

ICRF-193 at 6 hours and BI2536+medium (mock) at 8 hours after release from the second 

thymidine block. Time from mock adding (in minutes) is indicated. 

Video CIV-4: synchronized HeLa H2B-Red1 MCPH1-siRNA treated cells were incubated with 

ICRF-193 at 6 hours and BI2536+caffeine at 8 hours respectively after release from the second 

thymidine block. Time from caffeine adding (in minutes) is indicated. 
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Figure CIV-1: 
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Figure CIV-2: 
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Figure CIV-3: 
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Figure CIV-4: 
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Figure CIV-5: 
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Figure CIV-6: 

 

               

 

 

A 

B 

C 



CHAPTER IV_________________________________________________________________ 

156 

 

Figure CIV-7: 
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SUPPLEMENTARY INFORMATION 

 

 

Supplementary figure CIV-S1: Dot-plot showing the timing of NEB onset in control and 

MCPH1 depleted cells either untreated or incubated with BI2536. Cells were synchronized and 

transfected with siRNAs as explained in Figure CIV-2. BI2536 was added immediately after 

release from the second thymidine block. At least 50 cells were analyzed in each case. Time 

from thymidine release is shown. The red line indicates the mean value. Statistical comparisons 

for the mean and median data were done by T-student and Wilcoxon (W) tests respectively. ** 

p<0.01. 
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DISCUSIÓN 

Capítulo I: Deficiencias en la estructura cromosómica en el síndrome MCPH1 

Los resultados presentados en el primer capítulo de este estudio demuestran que la falta de función 

para el gen MCPH1 produce una serie de alteraciones concretas en la estructura de los cromosomas 

metafásicos. En concreto, los ejes cromatídicos están hiperenrollados y la longitud de los 

cromosomas está en consecuencia reducida. Además, las cromátidas hermanas aparecen sin resolver 

muy frecuentemente. La combinación de ejes cromatídicos hiperenrollados y cromátidas sin 

resolver da lugar a una morfología ondulada distintiva que hemos denominado morfología 

“twisted”. Por otro lado, también se ha observado una pérdida de la cohesión centromérica. Todas 

estas alteraciones también se observan en líneas celulares convencionales humanas (U2OS) cuando 

se silencia temporalmente la expresión de MCPH1 con RNAi. Nuestro estudio es clave para 

entender la contribución de MCPH1 en los mecanismos que controlan la organización y formación 

del cromosoma mitótico. En este sentido, las alteraciones descritas en la resolución de las 

cromátidas hermanas y la cohesión centromérica podrían apuntar a una nueva función molecular de 

este gen desconocida hasta la fecha. 

La visualización de cromátidas hermanas en apariencia no resueltas podría tener implicaciones 

funcionales importantes. La resolución de las cromátidas hermanas es un proceso dinámico y 

complejo que requiere la formación de los ejes cromatídicos, la liberación de uniones entre 

cromatina-cohesina y la eliminación de concatenaciones entre moléculas de ADN que componen 

ambas cromátidas hermanas (Shintomi y Hirano, 2010; Losada et al., 2002; Miyazaki y Orr-

Weaver, 1994). Este conjunto de procesos se completa durante prometafase temprana en células 

animales, y es fundamental para la correcta segregación anafásica (Losada et al., 2005B; Shintomi 

et al., 2010). Nuestros resultados sugieren que este proceso podría estar desregulado en ausencia de 

función para MCPH1.  

En este sentido, destacan las semejanzas entre la morfología “twisted” descrita en nuestro estudio y 

algunos de los estadios intermedios en la organización cromosómica durante mitosis temprana 

descritos en estudios previos (Gimenez-Abian et al., 1995). Estos autores sugieren la existencia de 

asociaciones físicas entre los ejes estructurales de ambas cromátidas hermanas durante el límite 

profase/prometafase, que las hacen permanecer estrechamente asociadas e indistinguibles. Dichas 

asociaciones serían muy transitorias y extremadamente difíciles de observar debido a la rapidez con 

que ocurre en condiciones normales el proceso de individualización de las cromátidas hermanas 

(Gimenez-Abian et al., 1995). Tampoco puede descartarse que la aparición de cromosomas con 
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morfología “twisted” tenga un significado biológico diferente y que debería tenerse en cuenta en 

futuras investigaciones sobre los mecanismos moleculares responsables de la condensación 

cromosómica.    

Otro resultado interesante de nuestro trabajo es el aumento en el porcentaje de cromosomas con 

división centromérica prematura (PCDs, “Premature Centromeric Division”) en células sin función 

para MCPH1. Si bien el defecto en la cohesión centromérica no es demasiado acusado – aunque 

significativo – bajo condiciones de choque hipotónico normales, éste es más pronunciado tras un 

tratamiento hipotónico más intenso. La pérdida de cohesión cromosómica es una característica 

común de algunos síndromes o desordenes genéticos, entre otros el Síndrome de Roberts (RBS), el 

síndrome de aneuploidía variegada en mosaico (MVA) o el síndrome de Cornelia-de-Lange (CdLS) 

(Tomkins et al., 1979; Kajii et al., 1998; Kaur et al., 2005). Mientras que RBS y CdLS son 

cohesinopatías, causadas directamente por mutaciones en genes que regulan la cohesión 

cromosómica (Vega et al., 2005; Tonkins et al., 2004), MVA representa un defecto en el punto de 

control del huso mitótico (Hanks et al., 2004). Sin embargo, la pérdida de cohesión en células sin 

función para MCPH1 es menos dramática y más similar a la situación descrita en pacientes con el 

síndrome de “enanismo osteodisplásico microcefálico primordial tipo II” (MOPDII), asociado a 

mutaciones en el gen PCNT (Rauch et al., 2008), o en pacientes afectados por “alfa-Talasemia y 

retraso mental ligado al cromosoma X” por mutaciones en el gen ATRX (Ritchie et al., 2008). En 

ambos síndromes, al igual que hemos descrito en células de pacientes MCPH1, la cohesión 

centromérica se ve reducida pero no se pierde completamente, y solo es detectada tras condiciones 

de choque hipotónico fuertes. Tanto PCNT como ATRX son genes que codifican complejos 

remodeladores de cromatina que influyen en la cohesión cromatídica a través de diferentes vías: el 

punto de control del huso mitótico para PCNT, y la unión del complejo cohesina para ATRX 

(Rauch et al., 2008; Ritchie et al., 2008).  

Alteraciones en factores remodeladores de la cromatina también están involucradas en la 

patogénesis del síndrome MCPH, ya que mutaciones en el gen PCH1, un factor remodelador de 

cromatina, fueron identificadas en una familia afectada por microcefalia primaria (Awad et al., 

2013). Sin embargo, los pacientes con este síndrome no mostraban ningún defecto en la cohesión 

cromosómica. Como conclusión, nuestros resultados podrían indicar que MCPH1 regula 

directamente la cohesión centromérica. Alternativamente, las PCDs podrían ser consecuencia 

indirecta de alteraciones estructurales relacionadas asociadas a la hipercondensación de la 

cromatina.   
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Hasta la fecha no hay estudios que describan incrementos en los niveles de aneuploidía en células 

de pacientes MCPH1, por lo que la reducción en la cohesión centromérica no parece alterar la 

segregación cromosómica posterior en células sin función para MCPH1, aunque faltan estudios más 

detallados al respecto (ver sección siguiente). A pesar de que el número de pacientes MCPH1 es 

extremadamente pequeño, la inexistencia de aneuploidías se ve reforzada al no haber evidencias que 

indiquen una incidencia elevada de casos de cáncer entre ellos. Tampoco se ha encontrado una 

mayor predisposición a cáncer en los síndromes CdLS (Liu y Krantz, 2008), RBS (Van den Berg y 

Francke, 1993), MOPDII (Rauch et al., 2008) o ATRX (Gibbons et al., 1995). Sin embargo, si se ha 

observado un incremento en los niveles de aneuploidía en los síndromes RBS y MOPDII, pero la 

incidencia es muy baja comparada con pacientes afectados por el síndrome MVA, muchos de los 

cuales sufren cáncer durante la infancia (Callier et al., 2005).  

A pesar de estos datos previos, la correlación entre mutaciones en MCPH1 y cáncer debe ser 

investigada en mayor profundidad, ya que la desregulación de su expresión ha sido descrita en 

algunos tipos de tumores en los últimos años (Venkatesh y Suresh, 2014). Además, estudios 

recientes en un modelo de ratón muestran que la deficiencia de Mcph1 promueve la inestabilidad 

genómica e incrementa la susceptibilidad a cáncer (Liang et al., 2014).  
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Capítulo II: MCPH1 controla el proceso de alineamiento cromosómico durante mitosis 

En la segunda parte de nuestro estudio hemos analizado como están coordinadas la condensación 

cromosómica y la progresión del ciclo celular en células humanas sin función para el gen MCPH1.  

Los resultados obtenidos demuestran en primer lugar que cuando falta la función de este gen la 

progresión a través de la fase G2 del ciclo celular y la posterior entrada en mitosis no se ve 

retrasada. Esto concuerda también con otros resultados que muestran que la mayoría de PLCs en 

pacientes MCPH1 no son positivas para marcadores mitóticos – H3PS10, H3PS28 y ciclina B – 

algo descrito previamente y confirmado en nuestro trabajo (Trimborn et al., 2006; Alderton et al., 

2006). Además, la tasa de entrada en mitosis sigue dinámicas similares tanto en controles sanos 

como en células de pacientes MCPH1. En conjunto, estos resultados confirman que las PLCs 

corresponden a células en las fases G2 o G1 del ciclo, que surgirían como consecuencia de una 

descoordinación entre la condensación cromosómica y la progresión normal del ciclo celular 

(O´Driscoll et al., 2006). A pesar de esta descoordinación, las vías moleculares que regulan la 

transición G2/M son robustas en ausencia de función para este gen, y determinan que la mitosis se 

inicie según el patrón temporal establecido y no prematuramente.  

Se ha propuesto que el inicio de la condensación cromosómica prematura en el síndrome MCPH1 

es consecuencia de la activación precoz de CDK1 durante fase G2 (Alderton et al., 2006; Gruber et 

al., 2011). Nuestros resultados confirman esta implicación, ya que si se impide la activación de 

CDK1 en células sin función para MCPH1 no se visualizan PLCs. El papel exacto de MCPH1 en la 

regulación de CDK1 es por el momento desconocido, aunque parece ocurrir de forma independiente 

a la vía de señalización de ATR (Alderton et al., 2006; Vassiley et al., 2014). La activación 

completa del complejo ciclina B-CDK1 es el evento clave para la entrada en mitosis, y está 

controlada por diferentes vías, redundantes entre sí, organizadas en bucles de retroalimentación que 

garantizan la activación coordinada de los diferentes eventos mitóticos (Lindqvist et al., 2009). 

Aunque la mayor parte de CDK1 es activada en el límite G2/M, también se detectan niveles bajos 

de su forma activa en fase G2 temprana (Lindqvist et al., 2009). En este contexto, nuestros datos 

podrían indicar que MCPH1 previene, a través de una vía de señalización desconocida, la 

condensación cromosómica durante todo G2 al mantener el nivel de activación del complejo ciclina 

B-CDK1 por debajo del mínimo requerido para el inicio de la condensación. Alternativamente, 

MCPH1 y CDK1 podrían regular la condensación cromosómica a través de vías independientes, ya 

que a día de hoy no se ha identificado una asociación directa entre ambos durante este proceso. 
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Por otro lado, nuestros resultados han identificado una nueva función para el gen MCPH1 durante 

mitosis. Así, las células sin función para este gen emplean más tiempo en alinear completamente 

todos los cromosomas en la placa metafásica en comparación con controles. Esta alteración, no 

descrita previamente, indica que MCPH1 tiene función específica en prometafase controlando el 

alineamiento de los cromosomas. Además, como consecuencia de esta alteración se produce un 

incremento en la duración de la prometafase y, por extensión, en la duración total de la mitosis. 

Estudios previos sugerían que la falta de función para este gen daba lugar a un inicio prematuro de 

la mitosis. Esta conclusión se apoyaba principalmente en el incremento en la frecuencia de mitosis 

en células sin función para MCPH1 (Gruber et al., 2011; Tibelius et al., 2009). Sin embargo, 

nuestros datos revelan claramente que este incremento en el índice mitótico, que también hemos 

observado en nuestro estudio, se explicaría por la mayor duración global de la mitosis que hemos 

descrito - producto de una prometafase de mayor duración- y no por un inicio prematuro. Además, 

tal y como se ha comentado previamente, la transición G2/M en células sin función para MCPH1 

sigue una dinámica similar a la de células control, lo que tampoco estaría de acuerdo con un 

supuesto inicio prematuro de la mitosis.  

Los análisis de inmunofluorescencia en células neuroprogenitoras de un modelo de ratón Mcph1 -/- 

muestran un incremento en la frecuencia de husos mitóticos bipolares con cromosomas sin alinear 

(Gruber et al., 2011). Estos errores se explican por una descoordinación entre la maduración 

centrosómica y el resto de procesos mitóticos. Teniendo en cuenta nuestros resultados y los estudios 

previos (Gruber et al., 2011), resulta evidente que el proceso de alineamiento cromosómico durante 

prometafase se ve alterado por la falta de MCPH1. Además, el aumento en la duración global de la 

mitosis es un dato de interés para la discusión científica sobre los mecanismos patogénicos en el 

síndrome MCPH1 (Woods y Basto, 2014). Así, un incremento en la duración de mitosis tan sutil 

como el aquí descrito, podría tener un gran impacto en la neurogénesis y afectar a la producción 

final de neuronas, mientras que en otros tipos celulares dicha alteración no tendría consecuencias 

tan importantes.  

Por el momento se desconocen las bases moleculares que subyacen al defecto en el proceso de 

alineamiento cromosómico que hemos descrito. Entre otras, podría ser consecuencia de alteraciones 

menores que afecten a la dinámica de unión cinetocoro-microtúbulos y/o a la dinámica de 

movimientos cromosómicos a través del huso mitótico hacia el ecuador de la célula. Los defectos en 

la maduración centrosómica descritos en las células de ratón Mcph1-/- podrían ser otro de los 

factores subyacentes críticos (Gruber et al., 2011). Además, también deben contemplarse en este 

escenario las alteraciones en la estructura cromosómica asociadas a la falta de función de MCPH1 
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(descritas en el capítulo I). En particular, el defecto en la resolución de las cromátidas hermanas, al 

ser éste un proceso crítico que asegura la correcta segregación cromosómica. En este sentido, un 

estudio reciente concluye que fallos en la resolución de las concatenaciones en el ADN durante la 

mitosis son el mecanismo patogénico responsable de la aparición de microcefalia en pacientes con 

mutaciones en el complejo condensina II (Martin et al., 2016). Dada la interacción entre condensina 

II y MCPH1 (Trimborn et al., 2006; Yamashita et al., 2011), la presencia de cromátidas hermanas 

sin resolver, y el incremento en la duración de prometafase en células humanas defectivas para 

MCPH1, una hipótesis atractiva es que el proceso de resolución de concatenaciones y 

superenrollamientos en el ADN durante mitosis está alterado en pacientes MCPH1 y contribuye 

directamente a la aparición de microcefalia primaria. El ligero incremento en los errores durante la 

segregación anafásica que hemos observado es un dato en favor de esta hipótesis, ya que la 

presencia de concatenaciones sin resolver en el ADN es uno de los mecanismos principales que 

provocan errores en anafase como puentes de ADN y cromosomas retrasados (Germann et al., 

2014; Brownlow et al., 2014). 
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Capítulos III-IV: MCPH1 es esencial en la adaptación celular al “Decatenation 

Checkpoint” en fase G2 del ciclo celular 

La investigación sobre el papel de MCPH1 en la vía de señalización de G2 denominada 

“decatenation checkpoint” (DC) responde a algunos datos previos. Tal y como se ha comentado en 

el capítulo anterior, la falta de función para MCPH1 en células HeLa y Hct116 origina un leve 

incremento en los errores durante la segregación cromosómica, lo que podría ser consecuencia de 

un defecto en el proceso que monitoriza este punto de control, esto es, la resolución de 

concatenaciones en el ADN. Por otro lado, la vía de señalización dependiente de ATR requiere de la 

función de MCPH1 para inducir una parada eficiente del ciclo celular en respuesta a la irradiación 

UV (Alderton et al., 2006). Curiosamente, la vía ATR también es esencial para la activación del 

“decatenation checkpoint” (Damelin y Bestor, 2007). 

En primer lugar, nuestros resultados demuestran que el DC se activa en respuesta a la inhibición de 

Topoisomerasa II en ausencia de función para MCPH1, dando lugar a una parada celular en G2 y 

evitando la entrada en mitosis. Esta activación normal se evidenció tanto en líneas celulares de 

pacientes MCPH1 como en células HeLa con silenciamiento temporal de MCPH1 por RNAi. Estos 

datos concuerdan con estudios previos que muestran la existencia de un DC eficiente en líneas 

celulares de linfoblastos humanos (Deming et al., 2001; Bower et al., 2010A), y sugieren que la 

función de MCPH1 es dispensable para su activación. Sin embargo, es destacable que la respuesta 

de este punto de control a largo plazo mostró diferencias interesantes entre células control y células 

sin función para MCPH1. La capacidad del DC para mantener el ciclo celular detenido en G2 es 

solo temporal, de modo que generalmente las células terminan entrando en mitosis a pesar de 

presentar alteraciones graves en la topología cromosómica (Damelin y Bestor, 2007; Lee et al., 

1997; Downes et al., 1994; Gorbsky, 1994; Ishida et al., 1994). Esta dinámica también fue 

observada en nuestro estudio en células control que tienen MCPH1 funcional (Figura CIII-1A y 

Figura CIII-2B). Sin embargo, cuando carecen de la función de este gen las células no son capaces 

de adaptarse espontáneamente al punto de control e iniciar la división celular, permaneciendo 

paradas en G2 de modo permanente.  

Este descubrimiento nos llevó a estudiar más a fondo el fenómeno de adaptación celular al DC, para 

lo que analizamos la dinámica del ciclo celular en presencia de ICRF-193 y tras la inactivación 

forzada de este punto de control. Con ese fin se empleó cafeína, un conocido inhibidor de las 

quinasas ATM/ATR que anula la respuesta celular del DC, determinando así una adaptación celular 

forzada muy rápida al punto de control (Deming et al., 2001). De nuevo se observaron resultados 

sorprendentes. Mientras que en estas condiciones las células control entran en mitosis sin retraso 
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alguno en G2, las células sin función para MCPH1 permanecen detenidas en G2 largo tiempo. 

Cuando se analizó la estructura cromosómica en células control tratadas con ICRF-193 y cafeína se 

observó un elevado número de mitosis con cromosomas muy alterados, consecuencia directa de la 

falta de actividad de Topoisomerasa II (Downes et al., 1994; Deming et al., 2002; Gimenez-Abian 

et al., 2000; Bower et al., 2010B). Sin embargo, en células sin MCPH1 tratadas en las mismas 

condiciones no se observaron dichas alteraciones cromosómicas; por el contrario, en este caso 

aumentaba la frecuencia de PLCs. Por tanto, la adaptación celular espontánea al DC está 

severamente alterada cuando falta MCPH1, y la habilidad de cafeína para inducir una adaptación 

forzada en presencia de ICRF-193 también está comprometida. 

Estos resultados fueron confirmados en dos modelos experimentales distintos, células HeLa con 

MCPH1 silenciado por RNAi y linfoblastos de pacientes, y sugieren que MCPH1 forma parte de la 

vía de señalización que regula la respuesta adaptativa al DC. Sin embargo, su función no es 

imprescindible en la cascada de reacciones que controlan su activación. El DC implica la vía de 

señalización de ATR (Deming et al., 2001), vía molecular que requiere la función de MCPH1 para 

bloquear de forma eficiente el ciclo celular en respuesta al daño en el ADN por radiación UV 

(Alderton et al., 2006). Por tanto, la demostración de una activación eficiente del DC en ausencia de 

MCPH1 funcional es un resultado llamativo e inesperado. En conjunto, estos resultados refuerzan la 

idea de que ambas vías de señalización, las que responden a la radiación UV y a la inhibición 

catalítica de Topoisomerasa II, difieren en sus mecanismos de activación y en algunos componentes 

de las rutas de señalización, si bien ambas dependen en origen de la activación de ATR. 

Otro aspecto interesante que hemos analizado es si la activación del DC influye sobre la 

condensación cromosómica alterada característica de células sin función para MCPH1. Nuestros 

análisis demuestran que el tratamiento prolongado con ICRF-193 induce la descondensación de la 

cromatina en las células que muestran el fenotipo PLC. Dado que el inicio prematuro y el 

mantenimiento prolongado de condensación cromosómica en células deficientes para MCPH1 

depende de la activación prematura de CDK1 (Alderton et al., 2006) (resultados capítulo II de este 

trabajo), la descondensación observada podría ser consecuencia directa de la vía de señalización 

ATR, al producir la inactivación de CDK1. Esto también explicaría la dinámica contraria observada 

para las PLCs tras adicionar cafeína. En este caso la condensación no es revertida, probablemente 

porque CDK1 no se inactiva al estar inhibida la vía de señalización de ATR.  

Por otro lado, las observaciones podrían ser consecuencia directa de la actividad de otro punto de 

control del ciclo celular denominado “antephase checkpoint”. Este punto de control actúa al final de 

G2 en respuesta a diferentes tipos de estrés celular como shock hipotónico, radiación UV o 
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perturbaciones topológicas de la cromatina (Rieder y Cole, 2000; Mikhailov et al., 2004; Ching y 

Yeong, 2010). Su nombre “antefase” hace referencia a la manifestación citológica que se visualiza 

tras su activación, esto es, la descondensación cromosómica en células que se encuentran en profase 

temprana. Su vía de señalización no requiere de la actividad de ATM/ATR; sin embargo, es 

críticamente dependiente de la señalización de P38 MAPK (Matsusaka y Pines, 2004; Mikhailov et 

al., 2004). Por tanto, si nuestros resultados fueran consecuencia directa de la activación del 

“antephase checkpoint”, el silenciamiento del mismo con inhibidores específicos de P38 MAPK 

debería restaurar la progresión celular en células sin función para MCPH1. Sin embargo, esto no fue 

lo observado en nuestro estudio, ya que las células MCPH1 continuaban paradas en G2, lo que 

sugiere que dicha respuesta es independiente de la señalización de P38 MAPK (Figura CIII-3). Por 

tanto, parece poco probable que P38 MAPK participe en la vía de señalización que responde a la 

inhibición catalítica de Topoisomerasa II, lo que concuerda con algunos estudios previos (Damelin 

y Bestor, 2007). Sin embargo, otros autores si consideran que el antephase checkpoint es el punto 

de control que responde a la inhibición de Topoisomerasa II (Mikhailov et al., 2004), por lo que 

estudios adicionales serían de interés para elucidar esta cuestión.  

Dada la implicación de MCPH1 en la adaptación celular al DC, también hemos investigado si la 

función de este gen es importante en la respuesta adaptativa en otros puntos de control del ciclo 

celular, como el que responde al daño en el ADN durante G2. Mientras que ICRF-193 es un 

inhibidor catalítico de Topoisomerasa II que no causa daño en el ADN, existen inhibidores 

químicos que bloquean este enzima en una conformación que genera DSBs masivamente (Damelin 

y Bestor, 2007) (Figura CIII-4). Según esto, los inhibidores químicos de Topoisomerasa II inducen 

una parada del ciclo celular en G2 debido a la activación del punto de control por daño en el ADN, 

que requiere de ATM/ATR (Clarke et al., 2006; Luo et al., 2009; Bower et al., 2010B). De acuerdo 

con estos datos, era de interés definir si la función de MCPH1 es requerida en la respuesta al 

tratamiento con etoposido, un inhibidor químico de Topoisomerasa II, o durante la adaptación 

celular al mismo. La dinámica observada fue similar en células con y sin función para MCPH1: en 

presencia de etoposido las células no entran en mitosis y quedan paradas en G2; sin embargo, este 

bloqueo es omitido eficientemente cuando se adiciona cafeína.  

Por tanto, en células sin función para MCPH1 la respuesta al daño en el ADN inducida tras la 

inhibición química de Topoisomerasa II es eficiente y sensible a cafeína. De este modo, mientras 

que MCPH1 es esencial para la adaptación al punto de control en G2 en presencia de ICRF-193 

(DC), su función no es necesaria durante la adaptación al punto de control dependiente de ATM que 

responde a la presencia de DSBs. Estos resultados concuerdan con análisis previos de irradiación en 
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células de pacientes MCPH1 (Gavvovidis et al., 2010), y con otros estudios que muestran una 

respuesta canónica del punto de control regulado por ATM en células sin función para este gen 

(Brown et al., 2010; Gruber et al., 2011; Zhou et al., 2013). Hay que destacar que las diferentes 

dinámicas de adaptación celular observadas en respuesta a los diferentes tratamientos con 

inhibidores específicos de Topoisomerasa II, ICRF-193 o etoposido, están de acuerdo con la idea de 

que el punto de control por daño en el ADN y el DC son vías de señalización diferentes que regulan 

la entrada en mitosis (Damelin y Bestor, 2007; Bower et al., 2010B). Aunque ambos puntos de 

control comparten la dependencia de ATR, otros componentes son únicos para cada vía de 

señalización.  

Los resultados de este estudio permiten avanzar en la comprensión sobre la vía de señalización del 

DC, aún bastante desconocida. Dado que MCPH1 regula la función centrosómica de CHK1 durante 

la progresión normal del ciclo celular (Tibelius et al., 2009) y que esta última es un elemento clave 

en la vía de señalización de ATR, hemos examinado el papel potencial de la quinasa CHK1 en el 

DC, donde existe cierta controversia acerca de su contribución (Deming et al., 2001; Robinson et 

al., 2007). Nuestros resultados indican con claridad que CHK1 participa en el DC, ya que su 

inhibición tanto en células control como en células sin función para MCPH1 elimina la parada del 

ciclo en G2 que impone ICRF-193. En línea con esto, estudios previos muestran que células DT40 

Chk1 -/- exhiben un DC ineficiente (Robinson et al., 2007). El papel exacto de CHK1 en este punto 

de control está por determinar, y no parece estar relacionado con un incremento en los niveles de 

CHK1 fosforilada en S345, que es considerada la forma activa de esta quinasa (Deming et al., 2001; 

Bower et al., 2010A) (Figura CIII-6). Por otro lado, las células sin función para MCPH1 recuperan 

su capacidad de adaptación al DC cuando se inhibe CHK1, lo que sugiere que MCPH1 se localiza 

por encima de CHK1 –  y por debajo de ATR – en la ruta de señalización que controla la adaptación 

celular al DC, dónde regularía negativamente su función (Figura D-1). 

Estudios previos han demostrado que la parada del ciclo celular en respuesta a ICRF-193 requiere la 

inactivación de la quinasa PLK1 (Deming et al., 2002). Aún está por definir cómo su función es 

regulada durante la activación del DC, aunque se han identificado algunos moduladores potenciales 

como ATR, MDC1 y Topoisomerasa IIα (Deming et al., 2002; Luo et al., 2000). Considerando 

estos datos, hemos analizado en nuestro estudio si PLK1 es un factor esencial en el contexto celular 

opuesto, es decir, en la adaptación al DC. Nuestro estudio demuestra con claridad que la función de 

PLK1, de forma similar a MCPH1, también es necesaria en el proceso de adaptación celular que 

previene la parada del ciclo tras la activación del DC. Además, la inhibición simultánea tanto de 

ATR como de CHK1 no parece tener ningún efecto en la respuesta celular al tratamiento con ICRF-
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193 y un inhibidor de PLK1 (BI2536), permaneciendo las células, tanto control como con MCPH1 

no funcional, bloqueadas de manera permanente en G2. Estos resultados sugieren que PLK1 actúa 

por debajo de CHK1, MCPH1 y ATR dentro de la vía de señalización que controla la adaptación a 

la activación del DC (Figura D-1).  

Nuestros resultados en conjunto, han permitido avanzar en la comprensión de la vía de señalización 

que controla la adaptación celular al DC, que comprende, entre otros, PLK1, CHK1, MCPH1 y 

ATR. Curiosamente, todos ellos son dispensables para la entrada en mitosis en ausencia de 

alteraciones en el ADN (Pines y Rieder, 2001; Lindqvist et al., 2009; Alderton et al., 2006; Brown y 

Baltimore, 2003) pero se vuelven esenciales en la adaptación celular al DC. Esta dependencia 

refuerza las ideas previas de algunos autores, que establecen que mientras que la entrada en mitosis 

puede ocurrir por diferentes vías alternativas redundantes en condiciones normales, en un contexto 

de alteraciones en el ADN pasa a depender críticamente de una sola de ellas (Lindquvist et al., 

2009). Estudios previos habían demostrado que la función de PLK1 es esencial en la adaptación 

celular al punto de control que responde a la presencia de DSBs en el ADN (Toczyski et al., 1997; 

Syljuasen et al., 2006; Van Vugt et al., 2004).  

Nuestro estudio demuestra que las vías de señalización que inducen adaptación celular están 

integradas por diferentes componentes según el tipo concreto de alteración que se produce. Por 

ejemplo, MCPH1 no es necesario para la adaptación celular en respuesta a la radiación ionizante, 

pero si frente a alteraciones en la topología del ADN. También encontramos diferencias en relación 

con la actividad de la quinasa WEE1 en estas vías de señalización. Mientras que WEE1 actúa por 

debajo de PLK1 en la respuesta adaptativa que responde a la presencia de DSBs (Van Vugt et al., 

2004), la situación parece ser la contraria en la vía que regula la adaptación al DC, estando PLK1 

por debajo de WEE1 (Figura D-1). Por otro lado, tampoco podemos excluir que WEE1 y PLK1 

regulen la capacidad de adaptación celular al DC a través de diferentes vías. 
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Figura D-1: Esquema simplificado del modelo propuesto para la vía de señalización que regula la 

adaptación al “decatenation checkpoint” Las flechas verdes indican activación, las líneas negras 

inactivación. Las versiones activa e inactiva del complejo ciclina B-CDK1 se indica con los colores 

verde y rojo respectivamente.  
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CONCLUSIONES 

1. La falta de función de MCPH1 altera la morfología de los cromosomas mitóticos de forma 

específica. Así, los ejes cromatídicos están hiperenrollados y las cromátidas hermanas 

aparecen frecuentemente sin resolver, lo que da lugar a una morfología ondulada distintiva 

denominada “twisted”.  

2. En ausencia de MCPH1 los cromosomas mitóticos muestran una pérdida de cohesión 

centromérica, lo que podría indicar una función desconocida hasta la fecha para este gen en 

el proceso que determina la cohesión cromosómica. 

3. En condiciones fisiológicas normales (ausencia de daño en el ADN), las células con falta de 

función para MCPH1 progresan a través de la fase G2 del ciclo celular e inician mitosis sin 

retraso comparadas con células que si tienen funcional este gen.  

4. El fenotipo PLC (“Prohase-like cells”) se corresponde con células en fase G2 o G1 del ciclo 

celular en las que la condensación cromosómica es visible, como consecuencia de una 

descoordinación entre la ejecución de este proceso y la mitosis. 

5. La inhibición de la actividad de CDK1 impide el inicio y/o el mantenimiento de la 

condensación cromosómica en las PLCs que se originan durante la fase G2. Según esto, la 

actividad de MCPH1 sería necesaria para regular los niveles mínimos de CDK1 activo 

requeridos para el inicio del proceso de condensación.  

6. MCPH1 regula el proceso de alineamiento cromosómico durante prometafase. Las células 

sin función para MCPH1 necesitan más tiempo en comparación con controles para alinear 

completamente sus cromosomas en la placa metafásica.  

7. Debido a la extensión en los tiempos de alineamiento cromosómico durante prometafase, la 

duración total de mitosis en células carentes de función de MCPH1 está incrementada. Esta 

alteración es de importancia para el mecanismo patogénico responsable de la aparición de 

microcefalia primaria. 

8. La función de MCPH1 no es necesaria para la activación del “decatenation checkpoint” 

(DC), punto de control que funciona durante la fase G2 del ciclo celular en respuesta a la 

inhibición de Topoisomerasa II.  

9. MCPH1 es imprescindible en la respuesta adaptativa al DC. Así, la adaptación celular 

espontánea a este punto de control está severamente alterada cuando falta MCPH1, y la 

habilidad de cafeína para inducir una adaptación forzada en presencia ICRF-193, un 

inhibidor catalítico de Topoisomerasa II, también está comprometida. 
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10. La actividad de MCPH1 es por el contrario dispensable tanto para el funcionamiento como 

en la adaptación al punto de control que se activa por roturas de cadena doble en el ADN. 

Esto demuestra que el punto de control por daño en el ADN y el DC son vías de 

señalización diferentes que regulan la entrada en mitosis. Si bien ambos comparten la 

dependencia de ATR, otros componentes son únicos para cada vía de señalización.   

11. El bloqueo permanente en G2 e insensible a cafeína que muestran células sin función para 

MCPH1 tras la incubación con el inhibidor de Topo II ICRF-193 no se revierte tras la 

inhibición de P38 MAPK, principal regulador del “antephase checkpoint”. Este punto de 

control no está por tanto implicado en el bloqueo celular observado. 

12. La actividad de CHK1 es necesaria para el mantenimiento de un bloqueo eficiente en G2 

por activación del DC. En la vía de señalización que regula la respuesta de adaptación a 

este punto de control CHK1 actúa aguas abajo de MCPH1, ya que la parada permanente en 

G2 que induce ICRF-193 en células sin función para MCPH1 se revierte tras la inhibición 

simultánea de CHK1. 

13. La función de PLK1 también es necesaria para la adaptación celular al DC. PLK1 actúa por 

debajo de CHK1, MCPH1 y ATR dentro de la vía de señalización que controla esta 

respuesta. 

14. WEE1 contribuye parcialmente en la respuesta adaptativa al DC. En esta vía de 

señalización estaría situada aguas arriba de PLK1; alternativamente WEE1 y PLK1 podrían 

regular la capacidad de adaptación a este punto de control a través de vías independientes. 
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CONCLUSIONS 

1. MCPH1 loss of function results in altered shaping of mitotic chromosomes. Thus, 

chromatid axes are hypercoiled and sister chromatids appears frequently unresolved, giving 

rise to a distinctive wavy morphology referred to as “twisted”. 

2. Chromosomes from cells lacking MCPH1 function show loss of centromeric cohesion. This 

alteration might point towards a so far unknown function of MCPH1 in the mechanism 

regulating chromosome cohesion.  

3. Under undamaging conditions cells lacking MCPH1 progress through G2 phase of cell 

cycle and start mitosis on schedule. 

4. PLCs (“Prophase-like cells”) are either G2 or G1 cells that arise as consequence of 

premature chromosome condensation and delayed decondensation respectively. 

5. Inhibition of CDK1 activity prevents chromosome condensation onset and its maintenance 

thereafter in G2 PLCs. According to this, MCPH1 seems to maintain the levels of active 

CDK1 during G2 below the minimum levels required for chromatin condensation onset. 

6. MCPH1 regulates the process of chromosome alignment during prometaphase. Cells 

lacking MCPH1 function employ more time than control cells to fully align all their 

chromosomes at the metaphase plate. 

7. As consequence of lengthened prometaphase, the timing of mitosis is increased in cells 

without MCPH1 function. Such mitotic delay could potentially contribute to the pathogenic 

mechanism of MCPH1 primary microcephaly. 

8. MCPH1 function is not required for the activation of the decatenation checkpoint (DC), a 

molecular pathway that delays mitosis onset in response to Topoisomerase II inhibition. 

9. MCPH1 function is required to allow cellular adaptation to the DC. Both, spontaneous and 

caffeine-induced adaptation to this checkpoint is severely altered when MCPH1 function is 

loss.  

10. MCPH1 is not involved in the pathways controlling either activation or cellular adaptation 

to the G2 checkpoint that responds to double strand breaks in the DNA (DSBs). This result 

supports the notion that DNA damage and decatenation checkpoints are different G2 

pathways regulating mitosis entry.  

11. The permanent caffeine-insensitive G2 arrest observed in MCPH1 cells after inhibition of 

Topoisomerase II by ICRF-193 incubation is not bypassed if P38 MAPK, modulator of the 

antephase checkpoint, is simultaneously inhibited. This checkpoint is thus not involved in 

the ICRF-193-related G2 cell arrest.  
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12. CHK1 activity is required by the DC for establishing an efficient G2 arrest. Since the 

permanent G2 arrest induced by the DC in MCPH1 cells is abolished after simultaneous 

inhibition of CHK1, CHK1 is likely acting downstream of MCPH1 in the pathway 

regulating adaptation to it.  

13. PLK1 function is also required to allow cellular adaptation to the DC. PLK1 likely acts 

downstream of CHK1, MCPH1 and ATR in this signaling pathway. 

14. WEE1 contributes partially in the adaptive response to the DC. Within this pathway, WEE1 

might act upstream of PLK1 or, alternatively, both might control DC adaptation through 

different pathways. 
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