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Cancer refers to a group of diseases characterized by the presence of cells that divide 

uncontrollably and have the ability to spread to other tissues.  

During the past years, the protein kinase p38α has emerged as an important regulator 

of tumorigenesis that often functions as a tumor suppressor in normal epithelial cells. However, 

recent studies provided evidence for a function of p38α promoting tumor cell proliferation and 

survival in some cancer types. Moreover, p38α inhibition has been shown to cooperate with 

chemotherapeutic drugs such as cisplatin and sorafenib. Given that the role of p38α in cancer 

seems to be cell and context dependent, in this work we have addressed the function of p38α 

in the particular context of breast cancer progression. 

Using the Polyoma middle T mammary tumorigenesis model, we have found that p38α 

expression in epithelial cancer cells is essential for tumor cell survival. In order to analyze the 

underlying molecular mechanisms, we established cell lines from the PyMT-induced mammary 

tumors. We observed that p38α downregulation resulted in replication stress, elevated DNA 

damage, and increased chromosome missegregation, which correlated with decreased viability 

of the PyMT-expressing cancer cells.  

The defects in replication fork progression and the increased DNA damage led us to 

investigate the status of the DNA damage response in p38α-deficient cancer cells. We observed 

impaired single strand-DNA generation, ATR activation and RAD51 recruitment after DNA 

damage, indicating that homologous recombination DNA repair was defective in p38α deficient 

cells. Moreover, we identified CtIP, a key factor that promotes DNA-end resection in mammalian 

cells, as a p38α substrate. De-regulation of CtIP due to decreased p38α-mediated 

phosphorylation is likely to affect the DNA damage response and explain many of the observed 

phenotypes. Altogether, our results indicated that p38α was required for effective DNA damage 

response and repair, which in turn impinged on proper DNA replication and maintenance of 

chromosome stability in breast cancer epithelial cells. 

The above results suggested that targeting p38α could increase tumor cell sensitivity to 

chromosome instability-inducing agents such as taxanes. We confirmed this hypothesis using 

both PyMT-induced tumors and patient-derived xenografts, in which p38α inhibitors enhanced, 

accelerated or prolonged the anti-tumoral response observed with the taxanes alone. 

In summary, we describe a novel role of p38α in coordinating the DNA damage response 

and limiting chromosome instability in cancer cells, and propose the combination of p38α 

inhibitors and taxanes as a potential therapeutic option in breast cancer treatment. 
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Cáncer es un término que engloba a un amplio grupo de enfermedades caracterizadas 

por un crecimiento descontrolado de células que pueden propagarse a otros tejidos. 

Durante los últimos años, la proteína quinasa p38α se ha identificado como un 

importante regulador de la actividad tumoral y está considerada como un supresor tumoral. Sin 

embargo, estudios recientes sugieren que p38α puede promover el crecimiento y la 

supervivencia en algunos tipos de células tumorales, así como que su inhibición coopera con 

agentes quimioterapéuticos como el cisplatino o el sorafenib. Así pues, la función de p38α 

parece depender tanto del tipo de célula como del contexto. Por ello, este trabajo abordó el 

papel de p38α en el contexto concreto de la progresión del cáncer de mama. 

Usando el modelo de cáncer de mama “Polyoma middle T” (PyMT), hemos observado 

que la expresión de p38α en las células epiteliales que conforman el tumor es esencial para la 

supervivencia y crecimiento del mismo. Para analizar los mecanismos moleculares implicados 

establecimos un sistema ex vivo consistente en líneas celulares derivadas de tumores de mama 

inducidos por PyMT. Observamos que en ausencia de p38α estas células mostraban estrés 

replicativo, un mayor daño en el ADN y un incremento en los errores de segregación que 

correlacionaban con una menor viabilidad celular. 

Los defectos durante la replicación y el aumento en el daño en el ADN nos llevaron a 

investigar el estado de la ruta de respuesta al daño en el ADN.  Así pues, encontramos que las 

células tumorales deficientes en p38α mostraban defectos en la generación de ADN 

monocatenario, en la activación de ATR y en el reclutamiento de RAD51 a los focos de daño, lo 

que sugería que la reparación de ADN por recombinación homóloga estaba afectada. Además 

identificamos CtIP, un factor esencial para la resección del ADN, como sustrato directo de p38α. 

La desregulación de CtIP debido a la ausencia de fosforilación por p38α influiría negativamente 

en la respuesta al daño en el ADN y explicaría en gran medida los fenotipos descritos 

anteriormente. En conjunto, nuestros datos sugieren que p38α es necesaria para una eficiente 

reparación del ADN y por tanto para la óptima replicación del ADN y el mantenimiento de la 

estabilidad cromosómica en las células epiteliales de cáncer de mama.  

Los resultados anteriores sugerían que la intervención farmacológica de p38α podría 

incrementar la sensibilidad a agentes inductores de inestabilidad cromosómica como los 

taxanos. Confirmamos esta teoría tanto en tumores inducidos por PyMT como en xenografías 

derivadas de pacientes; en ambos casos la inhibición de p38α potenció, aceleró o prolongó el 

efecto anti-tumoral de los taxanos. 
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En resumen, nuestros resultados demuestran una nueva función de p38α en la 

coordinación de la repuesta al daño en el ADN y el mantenimiento de la estabilidad 

cromosómica, y apoyan la combinación de los inhibidores de p38α con taxanos como una opción 

a tener en cuenta en el tratamiento del cáncer de mama. 
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1. CANCER 

Cancer is the second leading cause of cell death throughout the world and, despite the 

huge amounts of efforts and money, control of the advanced disease has not been achieved 

(World Health Organization).  

Cancer is not one disease, but a large group of almost 100 diseases. According to the 

American National Institutes of Health (NIH), cancer refers to any of the diseases characterized 

by the development of abnormal cells that divide uncontrollably and have the ability to infiltrate 

and destroy normal body tissues. 

Although there are more than 100 different types of cancer and although every single 

cancer has its own mutational profile, Hanahan and Weinberg suggested in 2000 that all cancer 

genotypes are manifestations of six essential alterations in cell physiology. Cancer cells would 

acquire these functional capabilities through different mechanisms and at different times of the 

transformation process, but eventually, they will allow the cancer cells to survive, proliferate 

and disseminate. These six so-called “hallmarks” are: self-sufficiency in growth signals, evasion 

of programmed cell death, limitless replicative potential, sustained angiogenesis, tissue invasion 

and metastasis (Hanahan and Weinberg, 2000). This seminal paper was reviewed eleven years 

later, when four additional hallmarks were added: deregulation of cellular metabolism, 

avoidance of immune system, genomic instability and inflammation (Hanahan and Weinberg, 

2011). These characteristics are thus a way of summarizing the complexity of cancer biology in 

a set of phenotypes that almost all malignant cells must acquire in order to form a tumor (Fig.1). 

 

 

 

 

 

 

 

 

 

Figure 1. Hallmarks of cancer (Hanahan and Weinberg, 2011). Self-sufficiency in growth signals, 

evasion of apoptosis, limitless replicative potential, angiogenesis, tissue invasion and metastasis were 

initially proposed as the six cancer hallmarks. Eleven year later, two additional hallmarks were 

included, deregulation of cellular energetics and avoidance of immune response, together with two 

enabling characteristics: genomic instability and tumor-promoted inflammation. 
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How normal cells evolve in order to obtain all the mentioned characteristics is a topic 

that has been widely studied. Cancer is nowadays accepted to be an evolutionary process driven 

by stepwise somatic mutations with sequential and subclonal selection; a parallel to Darwinian 

natural selection that was established in 1996 (Nowell, 1976). The mutational process is very 

diverse and the number of mutations in a cancer can vary from 10-20 to hundreds or thousands. 

The great majority are passengers and modest, but an undefined number of them are 

functionally relevant drivers of the disease. 

Cancer becomes cancer, in part, by reactivating and modifying many existing cellular 

programs often used during development. These programs control processes such as cell 

proliferation, migration, polarity, apoptosis, and differentiation (Luo et al., 2009). In summary, 

following the Darwinian principles, cancer evolves through random mutations and epigenetic 

changes that alter these pathways followed by the clonal selection of cells that can survive and 

proliferate under adverse circumstances.  

 

1.1. ONCOGENE and NON-ONCOGENE ADDICTION 

Despite the extensive genetic and epigenetic alterations found in a tumor, including 

point mutations, translocations, rearrangements, deletions or transcriptional silencing that help 

and contribute to tumorigenicity, a given tumor is likely to be driven by certain few changes (Luo 

et al., 2009). Mutations in oncogenes are likely to be one of the most important examples of 

“cancer drivers”. Many cancers require increased activity of oncogenes for tumor initiation and 

maintenance, and this dependency was coined as “oncogene addiction” by Bernard Weinstein 

in 2002 (Weinstein, 2002). This concept arose, among others, from the work of Jain et al. (Jain 

et al., 2002), where brief inactivation of Myc resulted in the sustained regression and 

differentiation of the tumors, suggesting that Myc inactivation may be effective in certain 

tumors. Similar addictions were shown for H-RAS in melanoma (Chin et al., 1999) or BCR-ABL in 

leukemia (Huettner et al., 2000); in both cases the inactivation of these genes induced apoptosis 

and increased the survival of the mice. This “oncogene addiction” theory has been proved to be 

applicable to some human cancers, and in some cases it has been therapeutically exploited as 

in the case of Her2/Neu. This tyrosine kinase receptor is known to be functionally involved in 

the pathogenesis of human breast cancer (Slamon et al., 1987). Her2/Neu antisense 

oligonucleotides prevented proliferation of breast cancer cells with amplified Her2/Neu, but had 

no effect on other breast cancer types (Colomer et al., 1994). These “Her2 oncogene hypothesis” 

led to the development of anti-Her2 antibodies like Trastuzumab, which have resulted in a 

significantly improved clinical efficacy, transforming the clinical approach to cancer therapy 

(Moasser, 2007). Other examples of addiction in the clinics are EGFR-mutant non-small cell lung 
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cancers, BRAF-mutant melanomas or ALK-mutated lung tumors; a high percentage of these 

tumors respond to drugs that selectively inhibit these mutationally activated kinases (Settleman, 

2012). 

Oncogenes, however, may display increased dependence on other genes, neither 

mutated nor overexpressed, that are known to be non-oncogenic per se, but turn out to be 

essential for supporting the tumorigenic phenotype. In other words, the survival of malignant 

cells also relies on a set of proteins that are not inherently tumorigenic. This strong dependency 

of tumors on normal functions is known as “non oncogene addiction” (Solimini et al., 2007). 

Importantly, these genes are rate-limiting for tumor cells but are not required to the same 

extent for the viability of normal cells. The biological reason underlying this “non-oncogene 

addiction” is that developing tumors are subjected to adverse microenvironmental conditions 

and to elevated intracellular stress, such as DNA damage and replication stress, metabolic or 

oxidative stress, or protein missfolding, making them more dependent on stress support 

pathways for their survival (Fig. 2). Non-oncogene addiction genes can be classified as intrinsic 

or extrinsic. Intrinsic genes, including those involved in DNA damage and replicative stress 

protection, mitotic stress, metabolic stress, hypoxia, etc. are those which support the tumor in 

a cell-autonomous manner. Extrinsic genes function in stromal and vascular cells and are often 

related to angiogenesis. 

 

 

 

Many authors agree that non-oncogene addiction may constitute an attractive approach 

for the development of novel therapeutic strategies. Investigation of the genetic interactions 

taking place in cancer, both in vivo and in vitro might help in the identification of new therapeutic 

strategies, being the base for synthetic lethality (Freije et al., 2011). The synthetic lethality 

concept arose in yeast and describes the functional interaction between two genes, in which 

defects in any of them are viable, while in combination they lead to fitness impairment or cell 

death. This concept can be applied to cancer therapy as malignant cells with alterations in 

Figure 2. Schematic of oncogene and non-oncogene addiction during the transformation process 
(Galluzzi et al., 2013). Oncogene addiction is a phenomenon where the tumor development and 
survival depend on the continuous activation of certain pathways. Non-oncogene addiction genes, 
however, are usually not required for oncogenesis itself, but help the cancer cell to buffer the 
increased stress levels. 
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specific genes or pathways or with a particular dependency on a stress signaling pathway would 

be especially sensitive to certain therapies. This could be achieved by either stress sensitizing, 

diminishing the activity of the stress support pathways, or by stress overload, which involves the 

exacerbation of an existing oncogenic stress in order to overload the cell (Solimini et al., 2007). 

PARP inhibitors are one of the best examples of non-oncogene addiction and synthetic lethality. 

Although PARP is not mutated in cancer, its inhibition has shown to be effective in tumors with 

defective DNA damage response pathways (Esposito et al., 2015) or in tumors harboring 

mutations in certain DNA damage repair genes as in the case of BRCA1/2 (Farmer et al., 2005, 

Bryant et al., 2005).  

 

1.2. BREAST CANCER 

Breast cancer refers to a malignant tumor that has developed from cells in the breast. 

About 95% of malignant breast tumors are carcinomas that are initiated in the epithelium of the 

mammary gland. The formation of a carcinoma usually proceeds from a benign, well-

differentiated localized tumor called carcinoma in situ, to an invasive cancer that penetrates the 

basal membrane infiltrating the adjacent tissue, and ultimately to a metastatic tumor that 

disseminates to other parts of the body through the lymphatic system and blood vessels.  

Breast cancer can be traced up to Ancient Egypt, where Edwin Smith papyrus described 

the first recorded case around 1600 BC. In 460 BC Hippocrates described breast cancer as a 

humoral disease and it was considered as a whole body illness. This humoral hypothesis was not 

challenged till the 17th century, and it was not until mid-18th when breast cancer started to be 

considered a local illness and when surgery came up. This breakthrough gave rise to breast 

cancer etiology study and in 19th century the first non-invasive treatments such as hormone 

therapy or radiation appeared. 

Nowadays, although breast cancer is the most frequently diagnosed cancer, the most 

common invasive cancer in females and the second leading cause of cancer in woman worldwide 

(Siegel et al., 2016), its life expectancy has been greatly increased thanks to the improvement 

both in surgery and adjuvant methods. Further improvements require not only better 

prevention and diagnosis, but also better understanding of tumor biology for developing more 

targeted therapies and avoiding recurrence and resistance. 

There is a high degree of diversity within breast tumors, as well as among patients, and 

all of these factors together determine the risk of disease progression and therapeutic resistance 

(Polyak, 2011). This heterogeneity evidences the importance of understanding the breast cancer 
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biology and developing better clinically useful classifications in terms of prognosis, prediction 

and therapy design.  

There are several ways to classify breast cancers according to several parameters. 

Classically, breast tumor have been classified according to their pathology, mainly into in situ or 

invasive carcinomas; according to their grade in grade I, II or III depending on their 

differentiation status and growth pattern; according to the stage from 0 to 4, depending on the 

size, the spreading and the metastasis of the tumor; or according to the status of the estrogen 

receptor, progesterone receptor and Her2 receptors. Recently, new approaches have tried to 

put together the former classifications and the new knowledge obtained from gene expressions 

profiles of different breast cancers, giving rise to the “molecular subtypes” (Fig.3). Several 

subtypes have been proposed, but maybe the most spread classification would be the one 

where breast cancers are divided into four groups: Luminal A, Luminal B, Her2 and Basal 

subtypes, which not only differ in their molecular features but also in their prognosis and 

responsiveness to treatments (Prat et al., 2015, Sorlie et al., 2001).  

 

1.2.1. BREAST CANCER MODELS: PyMT TRANSGENIC MOUSE 

Polyoma middle T (PyMT) transgenic mice have been widely used to study breast 

tumorigenesis and metastasis not only due to their short latency and high penetrance, but also 

because of the PyMT tumors similarities to human breast cancers, both in terms of disease 

morphology and expression markers. 

Figure 3. Main features of the different molecular subtypes. Obtained from McMaster 
Pathophysiology Reviews. Summary of the histological features, prognosis and therapy response in 
the main molecular subtypes. ER: Estrogen receptor; PR: Progesterone receptor. 
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This transgenic mouse model is driven by the ectopic expression of the middle T antigen 

of the polyomavirus in the mammary gland under control of the MMTV promoter. It results in 

the transformation of the mammary epithelial cells, the development of multifocal mammary 

adenocarcinomas and later metastatic lesions in the lymph nodes and the lungs (Guy et al., 

1992). 

PyMT anchors to the plasma membrane through its hydrophobic C-terminus. It interacts 

with and activates the non-receptor tyrosine kinase c-Src, which in turn phosphorylates PyMT 

on several Tyr residues. These phosphorylated residues serve as docking sites for SH2 or PTB 

domains, leading to the recruitment of intracellular signaling molecules such as PI3K, SHC and 

PLC-γ (Dilworth et al., 1994, Whitman et al., 1985, Su et al., 1995, Lee et al., 2011b). Although 

PyMT has no intrinsic enzymatic activity itself, it mimics the activation process of constitutively 

activated receptor tyrosine kinases, which are activated by ligand binding and 

autophosphorylated, leading to the subsequent activation of similar downstream signaling 

pathways.  

Tumor progression in these mice shows four distinct stages: hyperplasia, adenoma, early 

carcinoma and late carcinoma (Fig. 4), which are comparable to the human breast cancer 

development from in situ proliferative lesions to invasive carcinomas (Lin et al., 2003). 

Figure 4. Summary of PyMT-induced tumorigenesis (Fluck and Schaffhausen, 2009). Gross panel 

shows the overall development of lesions (indicated by blue dots) in the mammary gland. H&E panel 

displays the histology of the lesions. Cellular morphology boxes represent changes in the morphology 

of cancer cells and integrity of basement membrane in every stage. Lower panel summarizes the 

expression tendency of the main biomarkers during tumor progression. 
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Moreover, PyMT mice progressively loss the estrogen and progesterone hormone receptors and 

increase Her2 and cyclin D1 (Fig. 4) (Lin et al., 2003, Maglione et al., 2001), characteristics 

associated to poor-outcome human breast cancer.  

Altogether, PyMT has proven a useful model for studying breast cancer biology, being 

especially interesting because its resemblance to poor prognosis human tumors.  

 

1.2.2. BREAST CANCER MODELS: HUMAN DERIVED XENOGRAFTS 

Genetically engineered mouse models allow the study of tumor initiation and 

progression in an immunocompetent context. However, in most of them, including PyMT model, 

tumorigenesis is induced by the expression of a powerful oncogene, and do not fully recapitulate 

the diversity of human tumor mutations in the primary or metastatic sites (Whittle et al., 2015). 

This problem has been recently overcome by the generation and generalization of the human 

patient derived xenografts (PDXs). PDXs consist of engraftments of actual human tumor tissues 

into immunodeficient mice, which can be propagated by serial transplantation without any in 

vitro step, avoiding the selective pressure imposed by cell culture conditions.  This “tumorgrafts” 

resemble the original characteristics of the tumors from the patients in terms of clinical and 

histological markers, hormone responsiveness, genomic features and metastasis preferences 

(DeRose et al., 2011), and more importantly, they conserve the intra-tumor heterogeneity, 

which is involved in therapy response and resistance development (Cassidy et al., 2015)  

 

 

2. CHROMOSOME INSTABILITY 

Genomic instability is defined as a process prone to genomic changes or increased 

tendency of genomic alterations in cells. These alterations include mutations on genes, 

amplifications, deletions or rearrangements of chromosomes segments or whole chromosome 

gain or loss among others. Genomic instability is associated with the failure of cells to properly 

duplicate the genome and accurately segregate the genetic material among daughter cells 

(Shen, 2011). There are several forms of genomic instability in cancers, but most of them exhibit 

a form called chromosomal instability (CIN), defined by a high rate of chromosome structural 

and numerical abnormalities (Negrini et al., 2010).  

The main recognized outcome or consequence of CIN is aneuploidy, defined as the 

abnormal number of chromosomes in a cell, a state where certain chromosomes no longer come 

in pairs. Aneuploidy, especially in cancer, is a byproduct of CIN and karyotypic complexity 

frequently correlates with CIN (Nicholson and Cimini, 2013). However, although aneuploidy and 

CIN often coexist, these concepts are not equivalent. CIN can originate aneuploidy due to a 



32 
 

single misssegregation event, resulting in a chromosomal imbalance that can be stably 

propagated (Zasadil et al., 2013). Although less obvious, aneuploidy can, though not necessarily 

does, induce CIN by unbalancing the expression of genes required for mitosis (Duesberg et al., 

1998). An interesting proof of principle was carried out in yeast (Sheltzer et al., 2011), where 

69% of S. cerevisiae strains carrying an extra chromosome showed higher missegregation than 

the haploid strains. More recently, this fact was further corroborated using mammalian cells 

(Passerini et al., 2016); the addition of one or two extra chromosomes in colorectal HCT116 or 

retinal RPE cell lines promoted misssegregation and chromosome instability by deregulating in 

this case replication-required genes, elevating DNA damage and replication stress. 

  

2.1. CIN and ANEUPLOIDY in NON TRANSFORMED CELLS 

Last century, Theodor Boveri observed that aneuploid sea urchin embryos died while 

polyploid ones survived. Nowadays polyploidy is known to be physiologically found in nature, 

especially in plants and non-vertebrates. In human cells, however, it is restricted to liver and 

placental tissues. In contrast, aneuploidy interferes with growth and development and is 

associated with disease, sterility and tumor formation. Indeed, just three trisomies are not 

embryonically lethal in humans (chromosomes 13, 18 and 21) and just trisomy 21 is viable more 

than a year. Meanwhile, no trisomy has found to be viable in mice (Torres et al., 2008).  

Most of the work done in aneuploidy and CIN in cell physiology has been performed in 

yeast. Aneuploid Saccharomyces cerevisiae showed defects in growth, altered metabolism and 

proteotoxic stress, independently of the exact additional chromosomes (Torres et al., 2007). 

Interestingly, duplication of the entire genome is not as deleterious as the duplication of a subset 

of chromosomes, indicating that genomic imbalances underlie the detrimental effect of 

aneuploidy. Similar results were obtained in MEFs, were aneuploidy also impairs the kinetic of 

spontaneous immortalization in culture (Williams et al., 2008). Most of the mammalian cells 

showing CIN also proliferate poorly as shown for example in BUB1 or MAD2 deregulated MEFs 

(Baker et al., 2004, Sotillo et al., 2007), evidencing the detrimental consequences of CIN and 

aneuploidy in the cellular and organismal fitness of every organism studied.  

 

2.2. CIN AND ANEUPLOIDY in CANCER 

Defects on chromosome structure and number, together with abnormal mitoses were 

first observed in cancer samples more than 100 years ago by David Hanseman. Based on these 

studies and his own observations, Theodor Boveri proposed in 1914 (Boveri, 1914) that 

abnormal chromosome constitution might enhance cancer. It was not until 1997 when a direct 

link between chromosome missegregation and cancer was found in cancer cell lines (Lengauer 
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et al., 1997). Nowadays, CIN is an established cancer hallmark (Hanahan and Weinberg, 2011) 

and it is a general feature of most cancer types: 86% of epithelial tumors are aneuploidy 

according to the “Database of Chromosome Aberrations and Gene Fusions” and 50% of them 

exhibit CIN (Zasadil et al., 2013). Accordingly, CIN has been correlated with poor prognosis 

(Carter et al., 2006, Habermann et al., 2009, Chibon et al., 2010) and with drug resistance 

(Duesberg et al., 2000, Swanton et al., 2009, Swanton et al., 2007, Lee et al., 2011a).  

The mechanism by which CIN determines cancer outcome can be considered from the 

Darwinian point of view (Cahill et al., 1999) (Fig.5). Natural selection depends on cell to cell 

variations and CIN, together with epigenetic plasticity, originates a plethora of phenotypic 

heterogeneity of cancer cell populations. Progression to a malignant state would involve genetic 

diversification and non-linear clonal evolution (Tsao et al., 1999), as evidenced by the fact that 

metastases often contain aberrations not found in the primary tumor or detected at a low 

frequency in the primary site (Roschke and Rozenblum, 2013). CIN-derived subclones would 

provide almost endless options in a selection process providing opportunities for the cells to 

adapt to environmental and stromal pressures, explaining why CIN is found at early stages in 

tumor development.  

 

 

 

 

 

 

 

 

 

 

In this line, MAD2-induced CIN has been shown to facilitate recurrence after oncogene 

withdrawal in both KRAS and Her2 models (Sotillo et al., 2010, Rowald et al., 2016) and it would 

Figure 5. Model for clonal selection during tumorigenesis. Adapted from (Cahill et al., 1999). Normal 
cells carry low rates of instability, the diversity of the population is low and therefore tumor 
progression is blocked. If CIN is too high, the accumulated damage is excessive and cells dye, blocking 
thus the transformation process. In tumor cells, however, the increased genetic instability gives a 
broad genotype heterogeneity which ensures that at least one cell contains the required alteration to 
overcome the first barrier. This cell can expand and keep on changing, originating different clones. 
Consequently, these mutations that allowed every transformation step will be present in the final 
tumor.  
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explain why some tumors relapse after apparently effective therapies. Indeed, from a 

Darwininan perspective, anticancer therapies can be considered selective pressures and 

increased heterogeneity may increase the probability of a resistant population to emerge 

(McGranahan et al., 2012), giving rise to resistances.  

How CIN originates such heterogeneity? CIN modifies the chromosomal configuration, 

resulting in a wide range of karyotypes showing a plethora of genetic alterations such as the 

formation of fusion gene products, unbalance of the gene dosage favoring gene amplification of 

tumor promoter genes like MYC or loss of heterozygosity of tumor suppressors as p53, besides 

general changes in gene expression. This massive alterations in the gene and the protein 

expression profiles affect the physiological equilibrium of essential cell functions such as 

metabolism, cell cycle checkpoints, cell division or cell-to cell communication (Masuda and 

Takahashi, 2002). This would lead to a relaxation of the strict control of cell growth and give cells 

enough flexibility to adapt and respond to their microenvironment and undergo malignant 

transformation. 

Despite their high prevalence in human cancers, aneuploidy and CIN do not always 

elevate tumor incidence in mice. Although CIN and aneuploidy increases or accelerates the 

spontaneous or carcinogen-induced appearance of tumors (Sotillo et al., 2007, Ricke et al., 2011, 

Schvartzman et al., 2011), in other models they do not affect the tumor fate (Malureanu et al., 

2010, Cowley et al., 2005) or even show a tumor suppressor function (Godek et al., 2016, Maia 

et al., 2015, Silk et al., 2013). Interestingly, in some cases CIN enhances or inhibits tumor growth 

depending on the context (Weaver et al., 2007). Moreover, high CIN signatures have been 

associated with improved prognosis relative to intermediate ones in ER(-) breast cancer (Birkbak 

et al., 2011, Roylance et al., 2011, Jamal-Hanjani et al., 2015) and the same tendency has been 

observed in ovarian, gastric and lung cancers (Roylance et al., 2011). Therefore, the relationship 

between CIN and tumor outcome is not as straightforward as initially predicted and it seems to 

depend on the CIN levels, the development stage of the tumor and the cellular context. 

Altogether, there may be a certain degree of CIN or specific karyotypes that would promote 

tumorigenesis and aggressiveness, while excessive levels would be detrimental for cell survival, 

leading to lower tumor incidence or tumor regression. This fact suggests enhancing CIN as a 

plausible therapy strategy (Martin et al., 2010). On the one hand, inactivating the genome 

instability survival pathways may potentiate the efficacy of anticancer drugs and enhance the 

therapeutic window, independently of the individual mutations (Swanton et al., 2011). On the 

other hand, the higher instability of cancer cells makes them more susceptible to stress-inducing 

agents. Therefore, the identification of CIN-related genes has been shown to be a promising 

approach to fight cancer (Tang et al., 2011). 
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During the cell cycle, chromosome stability relies in the proper functioning of four 

essential mechanisms: high fidelity DNA replication in S-phase, precise chromosome segregation 

in mitosis, error free repair of sporadic DNA damage and a coordinated cell cycle progression. 

Errors in any of these functions, which will be addressed in the following sections, have been 

described to originate CIN (Giam and Rancati, 2015). 

 

 

3. CELL CYCLE PROGRESSION AND CELL CYCLE CHECKPOINTS 
 

The cell cycle is a collection of highly ordered events whose goal is to ensure that DNA 

is faithfully replicated once and that identical chromosomal copies are distributed equally to two 

daughter cells (Sherr, 2000). It is composed of four phases: G1, the gap before DNA replication, 

S, the DNA synthetic phase, G2, the gap after DNA replication, and M, the mitotic phase that 

culminates in cell division. Cells in G1 can also enter in a resting state known as G0. In mammals 

most of the adult cells but the gut epithelium and the hematopoietic system are in this quiescent 

phase. During G1, S and G2 phases the nucleus seems morphologically uniform and that is why 

these phases are collectively known as interphase. At the molecular level, however, during 

interphase the cell both grows and replicates its DNA in an orderly manner, accounting thus for 

the 90-95% of the total cell cycle time. Mitosis is the time where a cell divides into two 

genetically identical daughter cells and is probably the most complex and delicate phase of the 

cell cycle, since errors during segregation can generate aneuploidy and CIN hampering cell 

viability. According to morphological features, mitosis can be divided into five different phases: 

prophase, prometaphase, metaphase, anaphase and telophase, after which the cell divides in a 

process called cytokinesis. Prophase is characterized by the condensation of the chromatin into 

chromosomes and the migration of the centrosomes to the opposite sides of the cell. 

Prometaphase is marked by the nuclear envelope breakdown and the invasion of the nuclear 

space by the microtubules. In metaphase, chromosomes form the “metaphase plate” where the 

two sister chromatids are tightly associated at the centromeric region and still bind the 

microtubules. In anaphase, chromosome cohesion is lost and sister chromatids are split apart 

towards opposite spindle poles. In telophase, chromosomes reach the poles of the spindle, 

chromatin starts to decondense and the nuclear envelop reforms around the two masses of 

chromatin. Finally, cell division occurs in cytokinesis. During this stage that starts in anaphase 

and progress through telophase, a contractile ring assembles at the cell cortex and shrinks 
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forming the so-called cleavage furrow, which eventually separate the whole cytoplasm into two 

daughter cells. 

A correct cell cycle involves the ordered and unidirectional transition from one phase to 

another. The timing and ordering of cell cycle progression is dependent on positive and negative 

regulatory circuits that allow passage only after completion of critical events. At the molecular 

level, this cell cycle progression is regulated by a family of cyclin dependent kinases (CDKs) 

together with their activators (cyclins) and inhibitors (Ink4, Cip and Kip families). Deregulation 

of any of these proteins have been detected in cancer (Malumbres and Barbacid, 2009). 

During unperturbed proliferation, mammalian cells can only withdraw from the cell 

cycle on experiencing growth-factor deprivation or growth inhibitory signals in early-to-mid G1 

phase (Massague, 2004). In cancer, however, cells are continuously cycling and they are 

particularly susceptible to DNA damage (Kaufmann and Paules, 1996). Upon different genotoxic 

stresses, cells can transiently delay or even temporarily arrest cell cycle in several points of the 

cell cycle known as checkpoints. This control machinery ensures the proper division of the cell 

and limits genomic instability by preventing DNA damage, being thus especially important in 

DNA damage-prone cells as cancer cells. 

 

3.1. G1/S CHECKPOINT 

During G1 phase the cell tests the availability of mitogens and nutrients and the cellular 

environment. If favorable, the decision is made in the restriction point in middle to late G1. In 

case of DNA damage the ATM/ATR and Chk1/Chk2 kinases are activated, which in turn target 

two independent but complementary effectors of the G1 checkpoint, the Cdc25A phosphatase 

and the p53 transcription factor. On the one hand, the phosphorylation of Cdc25A leads to its 

ubiquitination and degradation, preventing thus the Cdc25A-mediated activatory 

dephosphorization of CDK2 and the consequent loading onto chromatin of Cdc45, a protein 

required for replication initiation. On the other hand, p53 activation leads to the accumulation 

of its downstream target p21 (WAF1/Cip1) and the inhibition of the G1/S promoter CDK2. 

Importantly, the Cdc25A cascade is a faster response than the p53 pathway since it does not 

require transcription and newly synthesized proteins. However, p21 accumulation requires up 

to several hours. Therefore, this mechanism complements and eventually replaces the transient 

acute inhibition of CDK2 trough the Cdc25A degradation pathway, leading to a sustained and 

even sometimes permanent cell cycle blockage (Lukas et al., 2004).  
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3.2. INTRA S CHECKPOINT 

The intra-S-phase checkpoint involves a transient and reversible inhibition of the DNA 

replication activated by genotoxic stresses. It is described to work through two parallel branches, 

a Cdc25A dependent pathway described above, that prevents the initiation of new origin firing, 

and a NBS1 and BRCA1 dependent route. Furthermore, this signaling is involved in protecting 

the integrity of stalled replication forks, preventing the conversion of primary lesions into DNA 

breaks (Kastan and Bartek, 2004). 

 

3.3. G2 CHECKPOINT 

The G2 or G2/M checkpoint prevents damaged cells from entering mitosis. Similarly to 

G1, G2 checkpoint can delay or arrest cell cycle via post-translational modifications of Cdc25C 

or alteration of the p53 transcriptional programs. The main target in this phase is the cyclin 

B/CDK1 complex, whose activation is inhibited by the subcellular sequestration, degradation or 

inhibition of the Cdc25 phosphatases (especially Cdc25c) trough ATM/ATR, CHK1/CHK2 or p38 

MAPK. Moreover, other proteins such as PLKs, 53BP1 or BRCA1 also contribute to the G2 

checkpoint responses. The maintenance of this G2 checkpoint relies on the transcriptional 

programs of BRCA1 and p53, leading to the upregulation of proteins such as p21, Gadd45 and 

14-3-3 (Kastan and Bartek, 2004).  

 

3.4. SPINDLE ASSEMBLY CHECKPOINT 

The spindle assembly checkpoint (SAC), also known as the mitotic checkpoint, is a crucial 

mechanism for ensuring fidelity in chromosome segregation during mitosis and defects in this 

machinery have been shown to induce CIN (Cahill et al., 1998) and increase cancer incidence 

(Kops et al., 2005). SAC delays the anaphase onset until all chromosomes are properly bi-

oriented on the mitotic spindle, avoiding the premature separation of the sister chromatids and 

the subsequent missegregation and chromosome copy number alterations (Fig.6). 

The SAC is activated in every cell cycle immediately upon entry into mitosis. The 

inhibitory signal coming from unattached kinetochores results in the recruitment of Mad2, 

BubR1, Bub3 and MPS1. Additional proteins such as the complex formed by Aurora B, Survivin, 

and INCENP are known to collaborate by sensing tension between sister chromatids. Upon 

chromosome alignment, Mad2 is released from the complex, resulting in the activation of 

APC/C-CDC20, which in turn targets securin and cyclin B1 for degradation. Consequently, 

separase is activated, leading to the separation of the sister chromatids, and CDK1 is inactivated, 

an essential requirement for mitotic exit (Perez de Castro et al., 2007). 
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4. DNA REPLICATION 

DNA replication is essential for cell proliferation and most mutations that affect this 

process are deleterious. However, some mutations or differential expression in core DNA 

replication proteins have been identified in human cancers (Pillaire et al., 2010, Suzuki and 

Takahashi, 2013). Proper control and execution of DNA replication is critical for faithful 

transmission of the genome and defects in this process can cause genomic instability, 

compromise cell proliferation and promote cancer susceptibility.  

This process is organized into three distinct phases: initiation, elongation and 

termination. DNA replication is initiated at defined loci known as replication origins and 

comprises two step processes: origin licensing and firing. Origin licensing starts in late mitosis or 

early G1 and is characterized by the assembly of the pre-replication complex (pre-RC) at the 

origins. This pre-RC comprises the origin recognition complex (Orc 1-6), Cdc6, Cdt1 and the core 

replicative helicase component Mcm2-7. Origin firing occurs in S phase and involves the 

activation of the Mcm2-7, which is now capable of unwinding the DNA and allow DNA synthesis 

(Mazouzi et al., 2014). Interestingly, eukaryotic chromosomes have a wide distribution of 

licensed origins, but not all of them are activated and used during normal replication, providing 

a backup in case of replication slow-down or failure (Blow et al., 2011). Once the DNA duplex is 

Figure 6. Schematic of the SAC. Adapted from (Holland and Cleveland, 2012). A) Unattached kinetochores 
release a diffusible signal that inhibits ubiquitination of securin and cyclin B1 by the APC/CDC20 complex. 
B) When all kinetochores are properly attached, APC/CDC20 ubiquitinates securin and cyclin B1, which are 
degraded by the proteasome, silencing SAC. C) Securin destruction activates separase and cyclin B1 
degradation inactivates CDK1, inducing sister chromatid separation and exit from mitosis. 
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unwound, the single strand DNA generated is stabilized by RPA and DNA polymerases are 

recruited to proceed with the replication elongation. Much less is known about the termination 

step and several mechanisms as the existence of termination regions (Fachinetti et al., 2010), 

the convergence of two forks (Santamaria et al., 2000) or encountering of telomeric sequences 

have been described to participate in this final process. 

Given its high complexity, DNA replication is considered one of the biggest challenges 

for genomic integrity since every step intrinsically makes DNA vulnerable to damage. Any 

damage generated by errors during DNA replication is referred as replication stress (Mazouzi et 

al., 2014). 

 

4.1. REPLICATION STRESS 

Replication stress is defined as slowing or stalling in replication fork progression, which 

can lead to replication fork collapse and DNA breaks. Defects during DNA replication are thought 

to be especially deleterious; since the double-strand nature of the DNA is temporarily lost, a 

mild single strand break (SSB) can be, upon convergence with progressing replication forks, 

converted into a double strand break (DSB), a much more serious lesion (Ruzankina et al., 2008). 

It has been shown that even mild replication stress levels increase the frequency of 

chromosomal lesions that are transmitted to daughter cells (Lukas et al., 2011) and replication 

stress was recently proposed as the link between structural and numerical chromosome 

aberrations (Burrell et al., 2013) and the major driving force of CIN in cancer (Gorgoulis et al., 

2005, Halazonetis et al., 2008). 

The detrimental potential of replication stress relies on its deleterious consequences in 

the subsequent phases of the cell cycle, especially in mitosis, ultimately impairing chromosome 

segregation and genome stability. One reason is that the DNA damage response may not be 

activated following a moderate replication stress (Koundrioukoff et al., 2013, Wilhelm et al., 

2014), allowing damaged cells to enter mitosis and leading to chromosome breaks at under-

replicated regions. Consequently, unreplicated or not-fully replicated regions originate 

anaphase bridges and ultra-fine bridges. These chromatids might break, potentially leading to 

breakage-fusion-bridge events that are found in cancer cells (Gisselsson et al., 2000). These 

structures create a physical link between the two sister chromatids which is subjected to a 

mechanical tension during cytokinesis. If broken, these bridges lead to an uneven segregation 

of the broken chromosome arms and therefore to potential translocations. If not resolved, the 

two sister chromatids can be pulled toward the same mitotic spindle pole leading to aneuploidy 

(Gelot et al., 2015), again evidencing the potential of replication stress to create both structural 

and numerical CIN. The result of these replicative and mitotic stresses is inherited and the main 
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sign in the daughter cells is the presence of micronuclei and 53BP1 bodies. The protein 53BP1 is 

thought to surround non-repaired mitotic DSBs to allow their repair in G1 (Lukas et al., 2011). 

Micronuclei are the consequence of lagging chromosomes, acentric chromosomes or broken 

fragments that have been embedded into their own nuclear envelope (Fenech et al., 2011); 

micronuclei replication is defective and provokes DNA damage in G2, giving rise to chromosome 

aberrations (Crasta et al., 2012) and further rearrangements.    

One of the most accepted source of replication stress are unrepaired DNA lesions (Fig. 

7), which impact on DNA replication both due to the generation of physical barriers to replication 

fork progression and the activation of cell cycle checkpoints. Such lesions can be originated by 

exogenous agents (e.g. ionizing radiation, ultraviolet light or chemical compounds used in cancer 

therapy as alkylating agents such as cisplatin or topoisomerase inhibitors like camptothecin) or 

endogenous sources such as defects in the DNA replication itself or the oxidized bases generated 

from the reactive oxygen species (ROS), derived from the normal cellular metabolism (Ciccia and 

Elledge, 2010).   

Collisions between replication and transcription complexes have also been identified as 

a source of replication stress (Fig. 7), illustrated by the identification of certain DSB-prone 

regions in highly transcribed regions (Barlow et al., 2013). Additionally, other loci known as 

“fragile sites” have been identified as DSB-prone, although the reason why is still under debate. 

Another major cause of replication stress relies on the inappropriate regulation of origin 

firing (Fig. 7). Insufficient firing can lead to loss of genetic information while excessive firing can 

deplete nucleotide pool, an essential component of the replication machinery that has been 

recently proposed as an essential player regulating replication stress and genomic instability 

(Poli et al., 2012, Bester et al., 2011). Interestingly, overexpression or activation of oncogenes 

such as Myc, HRas or cyclin E promotes increased origin firing, leading to depletion of nucleotide 

pools and collisions with transcription complexes (Zeman and Cimprich, 2014). 

Figure 7. Causes of replication stress. Adapted from (Zeman and Cimprich, 2014). Several conditions 
or obstacles can lead to DNA replication slow-down or stalled replication forks. DNA lesions, 
nucleotides scarceness, fragile sites, or collisions with transcription machinery are among the most 
recognized ones. Some of the key resolution pathways for each source of stress are indicated in bold. 
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5. DNA DAMAGE RESPONSE 

Correct duplication of the genome requires the coordination between DNA replication 

and DNA damage response machineries. As cancer cells often show higher levels of replication 

stress and consequently higher levels of DNA damage, they usually rely more on the DNA 

damage signaling compared to normal cells in order to maintain genomic integrity and survive. 

Therefore, DNA damage sensing and repair mechanisms become especially important in a 

tumorigenic context. DNA damage in the cell is combated by the DNA damage response (DDR), 

which consists of a collection of mechanisms in charge of detecting DNA lesions, signaling their 

presence and promoting their repair (Jackson and Bartek, 2009). In response to damage, DDR 

coordinates two general but essential processes: activation of cell cycle checkpoints, which have 

been addressed above, and DNA repair. Therefore, DDR normally suppresses CIN and its status 

influence cancer progression and treatment responses. 

DDR comprises a network of interacting pathways that cooperate to elaborate a 

response and is organized in sensors, transducers and effector proteins (Fig. 8). Sensor proteins 

recognize the diverse DNA lesions. DSBs are mainly detected by the MRN complex, which 

consists of Mre11, Rad50 and Nbs1 proteins, or by Ku, formed by Ku70 and Ku80 (Ciccia and 

Elledge, 2010). Both MRN and Ku are localized to DSBs within seconds after DNA damage occurs 

(Hartlerode et al., 2015) and contribute to the recruitment and activation of ATM and DNA-PKcs 

respectively. Meanwhile, RPA binds single-stranded DNA (ssDNA), generated by the unwinding 

of the DNA after fork stalling during replication stress or by DNA resection during DSB 

homologous recombination repair. RPA coating of ssDNA prevents formation of secondary 

structures and localizes ATR to the damaged forks (Zou and Elledge, 2003). Interestingly, RPA 

not only recruits ATR, but it is also an ATR target and its phosphorylation seems to play a role in 

DNA repair and checkpoint activation (Marechal and Zou, 2015). 

ATR and ATM are the main transducers in this network (Fig. 8). ATR (Ataxia telangiectasia 

mutated- and Rad3-related) is the main kinase sensing replication stress and is activated in S 

phase by its physical recruitment to the ssDNA binding protein RPA. Of note, not all sources of 

replication related damage produce long ssDNA, and replication stress is not necessarily linked 

to ATR activation (Koundrioukoff et al., 2013, Wilhelm et al., 2014); accordingly, mild insults may 

induce few forks to stall and a global cellular response may not be required. However, when 

activated and once assembled at a DNA lesion or stalled fork, ATR coordinates replication, cell 

cycle progression and DNA repair through the phosphorylation of numerous substrates. The best 

characterized mediator of ATR is Chk1, which in turn can phosphorylate effector proteins that 

stabilize stalled forks, repair collapsed forks and prevent late origin firing (Allen et al., 2011). 
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However, the most studied function of Chk1 is its role in cell cycle progression. Once activated, 

Chk1 is taken away from chromatin and signals DNA damage along the nucleus, leading to 

growth arrest by the modulation of CDK regulators (Smits et al., 2006), especially the Cdc25 

family. Moreover, Chk1 also activates p53, which contributes to the maintenance of the cell 

cycle arrest. While Chk1 is spread, other ATR substrates act on the chromatin, more specifically 

in the replication forks such as RPA1, RPA2, MCMs, or DNA polymerases that are suggested to 

contribute to fork stabilization (Cimprich and Cortez, 2008). Finally, ATR substrates are also 

involved in DNA repair. ATR function in repair is likely restricted to breaks arising at the 

replication fork (Lopez-Contreras and Fernandez-Capetillo, 2010) and involved in the repair of 

DNA breaks by homologous recombination (Wang et al., 2004, Brown et al., 2014, Bakr et al., 

2015).  

Ataxia Telangectasia Mutated (ATM) kinase is activated upon DSBs. ATM is recruited to 

DSBs by interacting with Nbs1 in the called MRN complex (Lee and Paull, 2004) and once 

activated, it phosphorylates a plethora of downstream effectors that modulate processes such 

as DNA repair, cell cycle checkpoints, cell death or senescence, being thus essential to the cell 

fate following DNA damage (Shiloh and Ziv, 2013). ATM is considered less important in response 

to replication stress; however ATM signaling has been proposed to inhibit origin firing by 

promoting stabilization and repair of damaged replication forks (Bakr et al., 2015). 

Figure 8. DNA Damage Response network (Sulli et al., 2012). Depending on the damaging source, 
sensor proteins can activate ATM, which responds mainly to DSBs, and ATR, which is activated by 
ssDNA. Recruitment of these kinases to the damaged foci occurs through the interaction with NBS1 and 
ATRIP. Once activated, they phosphorylate downstream kinases such as Chk1/2, which in turn regulate 
the activity of downstream effectors that coordinate cell cycle progression and DNA repair. 
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5.1. DNA REPAIR 

DSBs are considered the most toxic of all DNA lesions, as it is believed that a unique 

unresolved DSB can induce apoptosis (Sonoda et al., 2006). If unrepaired, they lead to broken 

chromosomes; if repaired improperly, they can lead to chromosome translocation, often 

resulting in CIN. Endogenous DSBs can directly arise from ROS generated during cellular 

metabolism or can be a consequence of milder lesions or replication stalled forks that could not 

be properly overcome. Moreover, many exogenous chemicals induce DNA lesions that interfere 

with replication fork progression, eventually resulting in DSBs such as the alkylating agent 

cisplatin, DNA synthesis inhibitors (hydroxyurea or aphidicolin) or topoisomerase inhibitors 

(such as camptothecin or etoposide). On the contrary, ionizing radiation or bleomycin cause 

replication-independent DSBs (Helleday et al., 2008) (Fig. 9).   

DNA repair is cell-cycle regulated and direct DSBs are mainly repaired by non-

homologous end joining (NHEJ) while replication-associated DSBs are preferentially repaired by 

homologous recombination (HR) and related replication pathways. 

Figure 9. DNA lesions derived from different cancer treatments and relative importance of HR and 

NHEJ in their repair. Adapted from (Helleday et al., 2008). Different exogenous insults form different 

DNA lesions in different phases of the cell cycle. Many routes are involved in their repair but in this 

graph just the relative implication of the HR and NHEJ is represented. 
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5.1.1. NON HOMOLOGOUS END JOINING 

NHEJ pathway is more efficient than HR and can take place in every phase in the cell 

cycle, although it is mainly employed in G1 and early S phases, when sister chromatids are not 

available (Shrivastav et al., 2008). In NHEJ the ends of the break are ligated independently of 

their sequence, being thus error-prone. It is a relatively simple repair pathway where both ends 

of the break are initially bound by the Ku70/80 heterodimer, which in turn recruits the catalytic 

subunit of the complex, DNA-PKcs. Then, ends can be processed by nucleases or polymerases in 

order to create compatible ends. Finally, a ligation complex formed by DNA ligase IV, XRCC4 and 

XLF ligates the ends (Ciccia and Elledge, 2010). It often results in small insertions, deletions, 

substitutions or even translocations, especially when multiple DSBs are present, since there is 

no way to determine which breaks were contiguous (Huertas, 2010). Although apparently 

harmful, with this rapid repair mechanism, otherwise lethal DSBs are exchanged for “just” 

structural aberrations. 

 

5.1.2. HOMOLOGOUS RECOMBINATION 

Replication-associated DNA lesions are preferentially repaired by HR. HR repairs breaks 

by using the undamaged sister chromatid as a template; therefore, it usually results in a clean 

and accurate repair and that is why HR is known as an “error-free” pathway. Given that this 

repair option needs a sister chromatid, HR only occurs in late S and G2 phases. When DNA is 

packed and sister chromatids are significantly separated chromosome condensation makes 

homology search difficult and that is why HR is restricted in the cell cycle (Sonoda et al., 2006).  

MRN complex recognizes DSBs, recruiting and activating ATM, which in turn triggers 

multiple signaling pathways and recruits repair proteins to the damaged sites (Falck et al., 2005). 

The basic step in HR is the resection of DSBs to generate extensive 3´ ssDNA overhangs on each 

side of the break, which are bound by RPA. Importantly, DNA resection decreases the occurrence 

of NHEJ since Ku complex has poor affinity for ssDNA (Dynan and Yoo, 1998), tipping the balance 

toward HR. RPA-coated ssDNA recruits the ATR-ATRIP complex, facilitating its recognition of 

substrates for phosphorylation and the initiation of checkpoint signaling and repair (Zou and 

Elledge, 2003). Thus, the conversion from dsDNA to ssDNA involves a switch from ATM to ATR 

signaling (Shiotani and Zou, 2009). RPA is then displaced from the ssDNA by RAD51 in a BRCA1/2 

dependent process. RAD51-ssDNA filaments facilitate the homology searching and invasion of 

the ssDNA into homologous dsDNA. DNA synthesis takes place at the invading end using the 

homologous region of DNA as a template, eventually resulting in an error-free repair of the DSB 

(Fig. 10).  
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An essential factor in the DSB repair pathway choice is CtIP (CtBP-Interacting Protein). 

CtIP is a relatively conserved protein in mammals whose C-terminus is highly conserved from 

yeast to humans (Huertas and Jackson, 2009, You and Bailis, 2010). CtIP interacts with the MRN 

complex and facilitates ssDNA formation, ATR signaling and homologous recombination (Sartori 

et al., 2007). CtIP is believed to promote DNA end-resection in conjunction with Mre11, since its 

nuclease activity is under debate (Makharashvili et al., 2014). Interestingly, removal of both 

Mre11 and CtIP reduces HR to the same extent than CtIP or Mre11 downregulation individually 

(Sartori et al., 2007), further confirming that these proteins act in the same pathway. CtIP is 

subjected to a tight regulation, both at the transcriptional and post-transcriptional levels, in 

order to maintain chromosome stability. Although mRNA levels are pretty constant throughout 

the cell cycle, the CtIP protein expression is induced in S and G2 phases together with other HR-

related proteins such as BRCA1 (Yu and Baer, 2000). Moreover, phosphorylation of CtIP has been 

shown to control its activity (Huertas and Jackson, 2009, Anand et al., 2016, Makharashvili et al., 

2014, Wang et al., 2013), its protein stability (Steger et al., 2013, Lafranchi et al., 2014, Ferretti 

et al., 2016) or its interaction with other proteins such as ATM (Wang et al., 2013). Mutations in 

specific phosphorylation sites have been described to impact CtIP functionality and therefore 

impair the whole DSB repair pathway.  

 The relevance of HR for genome integrity is demonstrated by the fact that mice lacking 

key genes such as CtIP, BRCAs, or RAD51 are embryonically lethal and heterozygous mice are 

cancer prone. Interestingly, these HR-deficient cancers are hypersensitive to DNA damaging 

agents, including some chemotherapeutics drugs (reviewed in (Krajewska et al., 2015)). 

 

 

Figure 10. Simplified Homologous recombination process. Adapted from (Buisson et al., 2010). The 

most important steps of HR are represented: DSB recognition, DNA end-resection, RPA coating, 

RAD51 filaments formation and strand invasion. 
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6. p38 MAPK 

6.1. MAPK SUPERFAMILY 

Mitogen-activated protein kinases (MAPKs) are a family of proline-directed Ser/Thr 

kinases whose function and regulation have been conserved during evolution from yeast to 

humans (Widmann et al., 1999). MAPKs are key components in the signal transduction process, 

sensing changes in the extracellular environment and elaborating an appropriate cellular 

response. They are players in regulating several cellular processes such as cell proliferation, cell 

movement, cell differentiation or programmed cell death among others (Roux and Blenis, 2004). 

In higher eukaryotes there are three well characterized MAPK arms: the extracellular 

signal-regulated kinases (ERK), composed by ERK1 and ERK2; the c-JUN NH2-terminal kinases, 

formed by JNK1, JNK2 and JNK3; and the p38 subfamily, containing four isoforms p38α, p38β, 

p38γ and p38δ. Other MAPK subfamilies have been identified as ERK5, ERK3, ERK4, ERK7 and 

ERK8, but their functions are not yet fully understood. 

ERK 1/2 are known to be preferentially responsive to growth factors and mitogens, while 

JNKs and p38 MAPKs are strongly activated by environmental stresses and inflammatory 

cytokines (Morrison, 2012). In yeast, individual MAPK families often signal independently from 

each other, existing thus a pathway specificity even when individual components participate in 

more than one signaling pathway. In higher organisms, however, MAPK activation highly 

depends on the cell type and the biological context, and several MAPK branches can be activated 

at a time in order to elaborate the proper cellular response (Schaeffer and Weber, 1999). 

MAPKs are typically organized in a three-kinase module consisting of a MAPK, a MAPK 

activator (MEK, MKK or MAP2K) and a MEK activator (MEKK or MAP3K). Each cascade is initiated 

by certain extracellular stimuli and the signal is transmitted through the sequential 

phosphorylation and consequent activation of these components. This three-step organization 

confers specificity to this phosphorelay system.  

There are at least 20 MAP3Ks, which are often activated by interactions with a small 

GTPase and/or phosphorylation by protein kinases downstream from cell surface receptors 

(Cargnello and Roux, 2011). This large number of MAP3K allows for diversity of inputs to feed 

into particular MAPK pathways (Widmann et al., 1999). MAP3Ks selectively phosphorylate and 

activate different combinations of the seven MAP2Ks, resulting in a precise activation profile 

depending on the stimuli (Cuevas et al., 2007). In turn, these seven MAP2Ks generally recognize 

docking sites present in the at least 12 MAPKs (Bardwell and Thorner, 1996) and activate the 

MAPKs through a conserved dual Thr/Tyr phosphorylation in their activation loop (TxY motif). 

The tridimensional recognition of the docking site, and not simply a linear sequence surrounding 
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the TxY motif confers another level of specificity, favoring the fidelity of the transmission 

between signal and response. Once activated, MAPKs can phosphorylate on Ser and Thr  diverse 

substrates comprising transcription factors, protein kinases and many other kinds of proteins 

(Kyriakis and Avruch, 2012), eventually inducing the appropriate biological response.  

 

6.2. DISCOVERY 

The first human p38 MAPK was originally identified in a pharmacological screen to 

identify compounds modulating the production of the inflammatory cytokine tumor necrosis 

factor alpha (TNFα) in lipopolysaccharide-stimulated human monocytes (Lee et al., 1994). This 

new kinase had a high sequence homology to the Saccaromyces cerevisieae HOG1 kinase, 

involved in host protection from hyperosmotic stress. Further experiments suggested that p38 

MAPKs participate not only in inflammatory responses but also in stress induced signaling, in 

cell proliferation and cell death (Cuadrado and Nebreda, 2010). The number of articles about 

p38 MAPK, and more specifically about p38α, has increased exponentially over the years and so 

has the knowledge about this protein (Fig. 11). 

 

6.3. p38 MAPK FAMILY  

Four isoforms of p38 MAPKs encoded by four different genes have been identified in 

mammals; p38α, encoded by MAPK14, p38β, encoded by MAPK11, p38γ, encoded by MAPK12 

and p38δ, encoded by MAPK13. They share more than 60% identity in their overall amino acid 

sequence and more than 90% within their kinase domains (Coulthard et al., 2009). Despite their 

high homology, these isoforms have notable differences in tissue expression, upstream 

activators and downstream effectors, as well as in their sensitivity to chemical inhibitors. These 

differences are so functionally important that p38α knockout mice are embryonically lethal 

Figure 11. Number of PUBMED entries containing MAPK14 per year. Data obtained from NCBI 

showing the increasing interest on MAPK14 since its discovery. 
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(Adams et al., 2000, Mudgett et al., 2000), while p38β, p38γ or p38δ deficiency does not affect 

embryonic viability (Beardmore et al., 2005, Sabio et al., 2005). 

p38α and p38β are closely related proteins that are expressed in most tissues but to a 

different extent. While p38α is highly abundant in most of cell types, p38β is expressed at lower 

levels and its contribution to p38 MAPK signaling is not well defined (Kumar et al., 2003, Wagner 

and Nebreda, 2009). Meanwhile, p38γ and p38δ show a more restricted expression pattern. 

p38γ has been shown to be more prominent in skeletal muscle and p38δ in endocrine glands.  

Different members of this family show overlapping substrate specificities. The genetic 

deletion of p38 MAPK family members has confirmed the existence of functional redundancy 

(Cuadrado and Nebreda, 2010). One example was carried out in MEFs, where SAP97/hDlg, is 

usually phosphorylated by p38γ, but in its absence other p38 MAPKs can perform this function 

(Sabio et al., 2005). Other cases have been found in vivo, such as p38α knockout embryos, where 

p38β is able, to a certain extent, to compensate for functions such as the lung developmental 

defect (del Barco Barrantes et al., 2011). However, in this same work, authors show the 

requirement of both p38α and p38β isoforms for a proper heart development, indicating the 

existence of specific roles of these isoforms. Taken together, the literature suggests that 

redundancy exists and compensation among isoforms takes place. Nevertheless, there are 

specific functions that are likely to be determined by the selectivity of the upstream activators 

and the identities and functions of the preferred downstream substrates. 

 

6.4. ACTIVATION 

Mammalian p38 MAPKs are activated in response to most environmental and cellular 

stresses, inflammation and other signals such as cytokines like TNF-α or IL-1 and growth factors 

(Zarubin and Han, 2005). Similar activation profiles have been described for the four p38 MAPK 

members (Jiang et al., 1996, Jiang et al., 1997, Cuenda et al., 1997), however, some differences 

have been observed in terms of kinetics and level of activation of these isoforms.  

p38 MAPKs are mostly catalytically inactive in basal conditions, but become rapidly 

activated by MKK-dependent dual phosphorylation in the activation loop sequence Thr-Gly-Tyr. 

This phosphorylation induces a conformational change in the protein, enabling ATP and 

substrate to bind (Cuenda and Rousseau, 2007). Three MKKs have been described to activate 

the different p38 MAPKs: MKK6, MKK3 and MKK4. The relative contribution of the different 

MKKs in every case depends on both the stimulus and the cell type. MKK6 and MKK3 share 80% 

sequence homology (Stein et al., 1996) and are highly specific for p38 MAPKs (Enslen et al., 

1998). MKK6 can phosphorylate the four p38 MAPK family members, while MKK3 activates the 

p38α, p38γ and p38δ isoforms, but not the p38β (Cuadrado and Nebreda, 2010). Additionally, 



 

49 
 

p38α can also be phosphorylated by MKK4 (Derijard et al., 1995), a typical activator of the JNK 

pathway.  

These MAP2Ks are in turn activated by around 10 of MAP3Ks (Cuadrado and Nebreda, 

2010):ASK1, DLK1, TAK1, TAO1, TAO2, MLK3, TLP3, ZAK1, MEKK3 and MEKK4. Presumably, each 

MAP3K confers responsiveness to distinct stimuli but they are not specific for p38 MAPK. Some 

of them have been described to also activate the JNK pathway; actually, JNK and p38 MAPK 

cascades can be activated on overexpression of at least a dozen MAP3Ks, whose physiological 

roles and specificities remain elusive (Chang and Karin, 2001). ASK1, for example, plays a key 

role in the activation of p38 MAPKs by oxidative stress in mammals (Dolado et al., 2007), but it 

has also been described to activate both JNKs and p38 MAPKs upon H2O2 or TNF in embryonic 

fibroblasts (Tobiume et al., 2001). Upstream of the cascade, the regulation of MAP3Ks is more 

complex, involving phosphorylation by STE20 family kinases and binding to small GTP-binding 

proteins of the Rho family such as Rac or Cdc42, as well as ubiquitination-based mechanisms 

(Cuadrado and Nebreda, 2010). The diversity of MAP3Ks and their flexibility provide the cell with 

versatility to respond to the external stimuli by differentially activating the different MAPK 

pathways.  

Of note, inactivation of the pathway is as important as its activation. In the same way 

that MKK3 or MKK6 can phosphorylate p38 MAPKs in a matter of minutes, inactivation also 

occurs rapidly. Duration of the signaling is controlled by phosphatases, including generic 

phosphatases like phosphatase 1 and phosphatase 2A, or dedicated dual-specificity MAPK 

phosphatases such as MKP-1 and MKP-7 (Owens and Keyse, 2007, Masuda et al., 2001). These 

enzymes can be activated by phosphorylated p38 MAPK, creating a regulatory negative feedback 

loop that tightly controls the activation status of the pathway (Olson and Hallahan, 2004). 

 

6.5. DOWNSTREAM TARGETS  

Many p38 MAPK substrates have been identified by using pyrinidyl imidazole inhibitors 

such as SB203580, which targets p38α and p38β. The use of BIRB796 -a dyaril urea compound 

that at high concentrations inhibits not only p38α and p38β, but also p38γ and p38δ-and 

especially the use of specific knockout mice has provided new tools for identifying new and 

specific substrates (Cuenda and Rousseau, 2007). However, it is possible that the p38α and p38β 

substrates are overrepresented in the general p38 MAPKs substrate lists. 

p38 MAPKs have been found both in the nucleus and the cytoplasm of quiescent cells, 

but upon stimulation, its cellular re-localization is not well understood. Some evidence suggests 

that upon activation, p38 MAPKs translocate from the cytoplasm to the nucleus (Raingeaud et 
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al., 1995), but other reports show that activated p38 MAPKs preferentially accumulate in the 

cytosol (Ben-Levy et al., 1998).  

p38 MAPK functions, independently of their physical localization, are mainly associated 

with the phosphorylation of Ser-Pro or Thr-Pro motifs in their substrates. However, some 

exceptions have been described. On the one hand, the phosphorylation of non-proline directed 

sites by p38 MAPKs like in Tau protein, where the phosphorylation of several non-canonical 

serines and a threonines have been detected (Reynolds et al., 2000). On the other hand, kinase-

independent functions have been described for p38 MAPKs, where they would bind to their 

targets in the absence of phosphorylation. The first kinase-independent function of a MAPK was 

reported for Fus3 and Kss1 in S. cerevisiae in 1997 (Cook et al., 1997, Madhani et al., 1997). In 

this studies, apart from their kinase-dependent functions in mating and filamentation, these 

proteins show kinase-independent inhibitory functions, due in part to the interaction with 

distinct target transcription factors. This work was followed by others, both in yeast and in 

mammals, proposing kinase-independent functions in the regulation of mitotic progression by 

p38α (Fan et al., 2005), the nerve-growth factor induced apoptosis through the induction of 

gadd45 in medulloblastomas (Chou et al., 2001), or the K-Ras-induced transformation of rat 

intestinal epithelial cells, where K-Ras increases p38γ expression without increasing its 

phosphorylation (Tang et al., 2005). Although the underlying mechanisms are non-well 

determined, non-catalytic functions may include the scaffolding of protein complexes, the 

competition for protein interactions, the allosteric effects on other enzymes, or the change in 

the subcellular localization or DNA binding (Rauch et al., 2011). 

In general, it has been estimated that MAPKs may have from 200 to 300 substrates each. 

The main substrates of p38 MAPKs are protein kinases and transcription factors; however, many 

other functions can be performed by p38 MAPK substrates such as chromatin remodeling, 

protein degradation and localization, endocytosis, apoptosis, cytoskeleton dynamics, or cell 

migration (Cuadrado and Nebreda, 2010). 

The main protein kinases directly phosphorylated by p38 MAPKs are MK2/3, MNK1/2 

and MSK1/2. These protein kinase substrates of p38 MAPKs appear to play a role in the 

intracellular amplification of signals. For example, MK2 –the first identified substrate for p38α-, 

together with its related family member MK3, are shown to activate various substrates including 

HSP27 (heat shock protein 27), LSP1 (lymphocyte-specific protein 1), CREB (cAMP response 

element-binding protein) or ATF1 (activating transcription factor 1). Moreover, MK2 has been 

found to phosphorylate TTP (tristetraprolin) (Mahtani et al., 2001), a protein that is known to 

destabilize mRNA, participating in the control of gene expression at the post-transcriptional 

level. MNK1 and MNK2 are believed to regulate translational initiation by phosphorylating eiF-



 

51 
 

4E (eukaryotic initiation factor 4e) (Waskiewicz et al., 1997). Finally, p38 MAPKs can also activate 

MSK1 (Deak et al., 1998), which in turn participates in transcription activation by mediating 

CREB, NFkB or STATs activation and chromatin remodeling via histone phosphorylation. 

Another group of substrates that are activated by p38 MAPKs comprises transcription 

factors. Many transcription factors accounting for a wide range of functions such as 

inflammation, angiogenesis or apoptosis have been observed to be phosphorylated and 

activated by p38 MAPKs. Examples include ATF-1/2/6 (activating transcription factor 1, 2 and 6), 

Sap1 (SRF accessory protein), CHOP (GADD153), p53, MEF2C (myocyte enhance factor 2C), 

MEF2A, or NFAT (nuclear factor of activated T cells) (Zarubin and Han, 2005). p38 MAPKs can 

also repress gene transcription by phosphorylating transcriptional repressors like HBP1 (HMG-

Box Transcription Factor 1) (Xiu et al., 2003), which in turn blocks the expression of various genes 

regulating cell cycle progression. 

Considering just p38α, almost 100 proteins were known to be phosphorylated by this 

p38 MAPK isoform up to 2013 (Trempolec et al., 2013) (Fig.12) 

6.6. p38α IN CANCER 

p38 MAPKs participate in several processes important for normal tissue functioning 

and that are frequently deregulated in many diseases including cancer. Given the wide range 

of targets and the plethora of functions that they perform, p38MAPK in general, and p38α in 

Figure 12. p38α MAPK substrates. Adapted from (Trempolec et al., 2013). Schematic showing the 
functional diversity of p38α substrates. 
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particular, can impact on cancer cell homeostasis at different levels, including the regulation of 

several processes mentioned in previous sections. 

6.6.1. p38α ROLE IN CELL CYCLE REGULATION AND CELL CYCLE CHECKPOINTS 

p38 has been described to play an important role in the regulation of the G1 and G2 

checkpoints.  

p38α can contribute to the induction of the G1 checkpoint in response to several stimuli 

such as senescence, osmotic stimuli, ROS (Thornton and Rincon, 2009) or loss of centrosome 

integrity (Mikule et al., 2007). Of note, p38α has been shown to collaborate in the G1 arrest by 

regulating p21 levels following DNA damage through different mechanisms. Several studies 

describe p38 as a p53 activator which ultimately leads to p21 accumulation and subsequent 

induction or maintenance of the G1 arrest (Mikule et al., 2007, Shaltiel et al., 2014). However, 

p38 can directly regulate p21 levels by phosphorylation (Kim et al., 2002) or by 

posttranscriptional stabilization of its mRNA (Lafarga et al., 2009).  

Meanwhile, the role of p38α in the G2/M transition is more studied. Using UV radiation, 

p38 MAPKs were shown to be required for cell cycle arrest (Bulavin et al., 2001, Warmerdam et 

al., 2013) and MK2 was identified as the key mediator by phosphorylating Cdc25B and Cdc25C 

(Manke et al., 2005). p38α inhibition also impairs topoisomerase inhibitor and histone 

deacetylase-induced checkpoints (Mikhailov et al., 2004). However, p38 role following -

radiation is not so well-characterized and different outcomes have been proposed. This may 

raise the question of whether p38α function in G2/M is as universal as initially proposed and 

whether diverse DNA damage stresses and different degrees of damage would differentially 

activate p38α, originating distinct responses.  

The amount of literature regarding p38α and the mitotic checkpoint is more reduced. 

p38 was shown to be activated following nocodazole-arrest in somatic cells and the 

introduction of an activated p38 form induced arrest in M phase in Xenopus egg extracts 

(Takenaka et al., 1998). p38depletion in oocytes disturbed SAC, resulting in abnormal spindles 

and missaligned chromosomes (Ou et al., 2010). In mammals, p38MAPK has been shown to be 

activated upon nocodazole (Sayed et al., 2001) or cadmiun (Yen and Yang, 2010) and to indirectly 

participate in mitotic arrest. Some authors suggest that p38α would not act during SAC, but in a 

late-interphase checkpoint referred as “antephase”, where p38α would mediate the transient 

decondensation of chromosomes and return to G2 upon certain insults (Lee et al., 2010, 

Matsusaka and Pines, 2004). However, the existence of this antephase checkpoint, as well as 

the potential function of p38α during the SAC is still unknown.  
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6.6.2. p38α ROLE IN DNA REPLICATION AND REPLICATION STRESS 

p38α functions in cell cycle checkpoints in response to a plethora of DNA damage agents 

such as UV, ROS or chemotherapeutic agents such as cisplatin or doxorubicin have been 

extensively addressed along the literature. However, the function of p38α during replication or 

its involvement in the cellular fate following replication stress remains poorly characterized. 

Studies using arsenic trioxide (ATO), a chemical compound that increases ROS and impairs DNA 

repair among other effects, showed that p38α, together with other kinases, was required for 

Ccd6 protein stabilization and cell proliferation following ATO treatment, suggesting that p38α 

was required for proper DNA replication in stress conditions (Liu et al., 2010). p38α has also 

been shown to indirectly control DNA synthesis through the regulation of Myc. The negative 

regulation of Myc by p38α would avoid the Myc-dependent origin firing, restricting replication 

stress following etoposide treatment (Cannell et al., 2010). More focused studies using 

hydroxyurea and gemcitabine, two DNA replication inhibitors, however, showed contradictory 

outcomes. In some reports p38 and p38 were described to collaborate to inhibit mitotic entry 

and avoid genomic instability after hydroxiurea-induced DNA replication arrest (Llopis et al., 

2012), while others showed how MK2, a direct substrate of p38, promotes fork stalling and 

accumulation of DNA damage upon replication stress (Kopper et al., 2013). Therefore, the scarce 

bibliography and the discrepancy among the available results make the role of p38α in DNA 

replication and replication stress unclear. 

 

6.6.3. p38α ROLE IN DNA DAMAGE 

p38α deals with several kind of environmental insults. However, its role in response to 

DNA damage is not fully described. As mentioned in previous sections, p38 determines cell fate 

following UV radiation while its importance in -irradiation is still under debate. Interestingly, 

p38 and especially its substrate MK2 have been described to be activated in response to 

commonly used DNA-damaging agents such as cisplatin, doxorubicin and camptothecin. MK2 

cell-cycle checkpoint functions have been proposed to be important in cells with a defective p53 

signaling (Reinhardt et al., 2007) and to promote the maintenance of the checkpoint established 

by Chk1 (Reinhardt et al., 2010). Furthermore, p38α has been described to be activated by a 

particular kind of physiological DSBs produced upon V(D)J recombination in thymocytes. In this 

context, p38α would induce a p53-dependent G2/M arrest checkpoint, allowing DNA repair 

(Pedraza-Alva et al., 2006) and promote survival through the attenuation of GSK3β activity by 

its phosphorylation on Ser 389 (Thornton et al., 2016). Altogether, p38α seems to be involved in 
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the cellular response to several damaging stimuli through the regulation of cell cycle 

checkpoints. 

 

Due to these and other evidence, p38α has been classically associated with a tumor-

suppressor role. However, recent reports have illustrated pro-tumorigenic functions of p38α by 

promoting tumor cell proliferation and survival (Gupta et al., 2014) or by facilitating cancer cell 

survival in response to chemotherapy treatments (Pereira et al., 2013, Rudalska et al., 2014). 

Given this duality and since p38α activity has been linked to several homeostatic mechanisms, 

we investigated the contribution of p38α to cancer cell survival and tumor progression in the 

particular context of breast cancer 
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In normal epithelial cells, p38α has a well-established role as a tumor suppressor. 

However, novel functions promoting tumor cell survival and proliferation have been recently 

described. Moreover, p38α targeting has been shown to synergize with several therapeutic 

agents in diverse tumor types. Despite all the literature concerning p38 MAPKs and cancer, the 

roles of p38α during tumor progression and the response to chemotherapy are still elusive. 

We decided to focus on the role of p38α in breast cancer progression and more 

specifically, in the homeostasis of breast cancer cells. Given that most of the bibliography 

concerning p38α and breast cancer is based on the use of p38 MAPK inhibitors, we decided to 

develop a genetic system to analyze the specific functions of p38α in breast cancer cells.  

 

Specific objectives 

- Development of a genetic system to study the role of p38α in breast cancer progression. 

- Characterization of p38α functions in the homeostasis of breast cancer cells. 

- Evaluation of the interest of using p38α inhibitors in breast cancer therapy as single    

agents or in combination with chemotherapeutic drugs. 
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1. MATERIALS 

1.1. Buffers and solutions 

PBS 10X     

1.37M NaCl 
27mM KCl 
100mM Na2HPO4 
17.5mM KH2PO4 
pH 7.4 

Running Buffer 10X 

0.25M Tris base 
2M glycine 
1% SDS 
pH 8.3 

Transfer Buffer 10X                      Transfer Buffer 1X 

0.2M Tris base                                10% Transfer Buffer 10X 
1.5M glycine                               20% 2-propanol 
1% SDS                  70% H2O 

Protein Loading buffer 5X 

250mM Tris pH 6.8 
50% glycerol 
250mM DTT 
10% SDS 
0.1% bromophenol blue 

Ponceau Red 

0.1% Ponceau Red powder 
5% acetic acid 
Disolved in dH2O 

HBS buffer (2X) 

50mM HEPES 
280 mM NaCl 
1.5mM Na2HPO4 
pH 7.12 

RIPA buffer  

50mM Tris-HCl  10µg/ml pepstatin 
150mM NaCl  10µg/ml aprotinins 
1% NP-40  10µg/ml leupeptin 
5mM EDTA  20mM NaF 
1mM DTT  1µM mycrocystin 
1mM PMSF 

Coomassie staining solution 

0.5% Coomassie Blue R250 
10% acetic acid 
45% methanol 
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Coomassie Destaining solution  

25% methanol 
7% acetic acid 

Kinase assay buffer  

50 mM Tris-HCl (pH 7.5) 
10 mM MgCl2 
2 mM DTT 
200 μM ATP 

NID Buffer 

10 mM Tris pH 8.3 
50 mM KCl  
2 mM MgCl2  
0.1 mg/ml gelatin  
0.45% NP40  
0.45% Tween20 
1 mg/ml Proteinase K 

SSC buffer 20X                   SSC buffer  

3M NaCl                                          10ml SSC 20X solution 
0.3M Sodium citrate                90ml H2O 

 

1.2. Commercial Reagents and Kits 

Reagent Company Reference 
   

MOUSE WORK RELATED 

4-OHT  Sigma H6278 

Corn oil Sigma C8267 

Docetaxel Accord 691719.0 

Methylcellulose Sigma M7140 

Paclitaxel  Accord 676253.0 

PH797804 Selleckchem S2726 

   

CELL CULTURE WORK RELATED 

17-β estradiol Sigma E8875 

4-OHT (for cell culture) Sigma H7904 

BrdU Roche 10280879001 

CIdU Sigma C6891 

Colcemide Sigma 10295892001 

Collagenase A Roche 10103586001 

DCFDA Sigma D6883 

DMEM Sigma 5796 

DMSO (for cell culture) Sigma D5796 

DNAse Sigma D4513 

Docetaxel  Accord 691719.0 

FBS ThermoFisher E6541L 

Fluorobritte DMEM ThermoFisher A1896701 
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Glutamine LabClinics M11-004 

H2O2 Sigma H1009 

Hanks Balance salt solution GIBCO 14025092 

Hyaluronidase Sigma H3506 

IdU Sigma I7125 

LY2228820 Selleckchem S1494 

MK2206 Selleckchem S1078 

Monastrol Sigma M8515 

Nocodazole Sigma M1404 

Nutlin Sigma N6287 

Paclitaxel Sigma T7191 

PBS 10X Sigma D1408 

Penicillin/Streptomycin LabClinics P11-010 

PH797801 Selleckchem S2726 

Polybrene Sigma H9268 

Puromycin Sigma P9620 

Reversine Selleckchem S7588 

SB203580  Axon MEDCHEM AX1363 

Trypsin Sigma T3924 

UO126 Calbiochem 662005 

Z-VAD-FMK SM Biochemicals LLC  SMFMK001 

   

HISTOLOGY WORK RELATED 

10% buffered formalin Sigma HT501128 

BrightVision poly-HRP anti-IgG ImmunoLogic DPVO110HRP 

DAB Dako K3468 

DPX Leica Biosystems 08600E 

Eosin Panreac 251301-1611 

Hematoxylin Panreac 254766-1611 

Peroxidase blocking buffer Dako S2023 

Sodium citrate Sigma 71497 

Superfrost glass slides VWR J1800AMNZ 

   

CELLULAR AND MOLECULAR BIOLOGY WORK RELATED 

Acetic acid Panreac 131008.1611 

Acrylamide 40% 29:1 BioRad 161-0146 

Agarose Conda 8019.22 

Aprotinin Sigma A6279 

APS Sigma A3678 

Benzamide Sigma B6506 

Boric acid Sigma B6768 

Bromophenol blue Sigma B8026 

BSA Sigma A7906 

Chloridric acid Sigma 258148 

Chromosome 17 FISH probe Empire genomics CHR17-10-GO 

Crystal Violet Sigma HT90132 

DAPI Life Technologies P36935 

dNTPs mix Fermentas R0192 
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DTT GE Healthcare 17-1318-02 

EDTA Sigma E46758 

EGTA Sigma E4378 

Ethanol Panreac 141086.1214 

Glicerol Sigma 49782 

HEPES GIBCO 15630-049 

Hoescht ThermoFisher 62249 

Leupeptin Sigma L2884 

Low melting agarose Sigma A9414 

Magna protein G magentic beads Millipore 16-662 

Magnesium chloride Merck 1.05833.1000 

Methanol Panreac 131091.1214 

Mycrocystin Enzo LifeScience ALX350012 

Nitrocellulose Membrane 0.2µM GE Healthcare 10600001 

Nitrocellulose Membrane 0.45µM GE Healthcare 10600002 

NP40 AppliChem A16960250 

Paraformaldehyde Aname 15710 

Pepstatin Sigma P4265 

PMSF Sigma P7626 

Ponceau Red Sigma P3504 

ProLong Gold Antifade Mountant with DAPI Life Technologies P36935 

Propidium Iodide Sigma P4864 

Proteinase K Roche 03115852001 

Random Primers Invitrogen 48190-011 

Rnase A Roche 10109142001 

Sarkozyl Fluka 61743 

SDS Sigma 71725 

Sodium fluoride Sigma S7920 

Sodium Hydroxide Sigma S8045 

Sodium orthovanadate Sigma S6508 

Sucrose Sigma 50389 

Superfrost slides VWR J1800AMNZ 

Superscript II Reverse Transcriptase Invitrogen 18064-014 

SYBER green BioRad 1708886 

TEMED Sigma T9281 

Triton X-100 Sigma T9284 

TRIZMA-base Sigma T6066 

TRIZMA-HCl Sigma T3253 

Tween 20 Sigma P7949 

Wheat Germ Agglutinin Alexa Fluor 594 Invitrogen W11262 

β-mercaptoethanol Sigma M7154 

   

COMMERCIAL KITS 
Annexin V FITC Apoptosis Detection Kit BD Biosciences 556547 

Cell Growth Assay Merck Millipore CT02 

FITC Mouse Anti- BrdU Set  BD Biosciences 556028 

In Situ Cell Death Detection Kit (TUNEL) Roche 11684795910 

MycoAlert Lonza LT07-318 
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PureLink on column Dnase set  Invitrogen 121-85-010 

RC DC protein assay kit II BioRad 5000122 

RNA PureLink Minikit Ambion 12183018A 

Telomere PNA FISH Kit/Cy3 Dako K5326 

 

1.3. Antibodies 

Antibody Company Reference 

Western Blot 

Actin Abcam 49846 

AKT 1/2 Santa Cruz sc-1619 

AKT Phospho S473 Cell Signalling 9271 

Caspase 3 Cell Signalling 9665 

CDC20 Santa Cruz 5296 

CDK1 Santa Cruz 54 

Chk1 Phospho S345 Cell Signalling 2348 

CtIP Santa Cruz 271339 

CtIP Phospho S276 Gift from Alessandro Sartori        (Steger et al., 2013) 

CtIP Phospho S327 ThermoFisher PA5-37337 

CtIP Phospho T315 Gift from Alessandro Sartori         (Steger et al., 2013) 

Cyclin E Santa Cruz 247 

CyclinB1 Santa Cruz 245 

E2F1 Santa Cruz 193 

ERα Dako M7047 

GAPDH Sigma G8795 

H2AX Phospho S139 Millipore 05-636 

H3 Phospho S10 Millipore 06-570 

HSP27 Santa Cruz 1049 

HSP27 Phospho S82 Cell Signalling 2401 

JNK Santa Cruz 571 

JNK Phospho T183/Y185 BD bioscience 612145 

Lamin B1 Santa Cruz 20682 

MAD2 MBL K0167-3 

MCM2 Gift from Juan Mendez                   (Alvarez et al., 2015) 

MCM3 Gift from Juan Mendez                   (Alvarez et al., 2015) 

MCM4 Gift from Juan Mendez 

MCM6 Gift from Juan Mendez                   (Alvarez et al., 2015) 

MK2 Cell Signalling 3042 

MKK6 Home-made (Ambrosino et al., 2003) 

Myc Abcam 32072 

p21 Santa Cruz 397 

p38 MAPK Phospho T180/Y182 Cell Signalling 9211 

p38α Santa Cruz 535 

p38α Cell Signalling 9218 

p53 Cell Signalling 2524 

PyMT Abcam 15085 

Ras BD bioscience 610001 
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RPA32 Cell Signalling 2208 

RPA32 Phospho S33 Bethyl A300-246 

RPA32 Phospho S4/S8 Bethyl A300-245 

Securin Santa Cruz 56207 

alpha-Tubulin Sigma T9026 

Goat IgG (Alexa Fluor 680)  Invitrogen A21084 

Rabbit IgG (Alexa Fluor 680) Invitrogen A21076 

Mouse IgG (Alexa Fluor 680) Invitrogen A21057 

Mouse IgG (Alexa Fluor 800) Rockland 611-131-122 

   
Immunofluorescence 

53BP1 Novus Biological NB100-304 

ACA Antibodies incorporated 15-235 

Alpha-Tubulin Sigma T9026 

Aurora A Phospho T288 Abcam 83968 

Aurora B Abcam 2254 

BrdU (ssDNA) BD bioscience 347580 

BrdU anti-CIdU AbD Serotec OBT 0030 

BrdU anti-IdU BD bioscience 347580 

CtIP Phospho T315 Gift from Alessandro Sartori         (Steger et al., 2013) 

E-cadherin BD bioscience 610181 

H2AX Phospho S139 Millipore 05-636 

MCM2 Gift from Juan Mendez                   (Alvarez et al., 2015) 

MCM3 Gift from Juan Mendez                   (Alvarez et al., 2015) 

MCM4 Gift from Juan Mendez 

MCM6 Gift from Juan Mendez                  (Alvarez et al., 2015) 

Rad51 Millipore PC-130 

RPA32 Cell Signalling 2208 

Gamma-Tubulin Sigma T6557 

   

Flow Cytometry 

8-OHdG Jaica N45.1 

APC-CD45  BD Bioscience 559864 

BRDU BD Bioscience 556028 

EPCAM-FITC  Santa Cruz 53532 

H2AX Phospho S139 Millipore 05-636 

H3 Phospho S10 Millipore 06-570 

PE-Pdgfrα  eBioscience 12-1401-81 

   

Immunohistochemistry 

8-OHdG Jaica N45.1 

CK8 Fitzgeral 70R-30587 

CK14 ThermoFischer RB-9020 

E-cadherin BD bioscience 610181 

ERα Dako M7047 

H2AX Phospho S139 Millipore 05-636 

H3 Phospho S10 Millipore 06-570 

HER2 Dako A0485 
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Ki67 Novacastra NCL 

PgR Dako A0098 

SMA BioGenex MU128-UC 

 

1.4. Primers 

Gene Forward Reverse 

BRCA1 AAGAGACAGTAACTAAGCCAGGT GGGGCGGTCTGTAACAATTCC 

BUB1 GTTCCTAGGAGTCAGGGTTCAG ATGATCACCCTTTGTTCCCTAAT 

BUBR1 GCTCTGAAAGCTCCAGGTCA GACGCGGTATCGGCATTTTC 

CAV1 ATACGTAGACTCCGAGGGACA GCGCGTCATACACTTGCTTC 

CDC6 CGGTCTGGAACCAAACCAGT GGCATGATGGCCACACAAACTT 

CDC20 GCCGAACTCCTGGCAAATCT TTGGGGGATAAAGCGGTCAC 

CDK1 GGTCCGTCGTAACCTGTTGA CCACACCGTAAGTACCTTCTCC 

CYCA2 GTC CTT CAT GGA AAG CAG ACG TTC ACT GGC TTG TCT 

CyclinB1 TGAAAAGGGAAGCAAAAACGCT ATCGGGCTTGGAGAGGGATT 

DCN GCTCACGCAGTGAAACCTTAG CTAACTATGCAGCCCAGGCA 

E2F1 GGA TCT GGA GAC TGA CCA CTC CAG GAC ATT GGT GA 

ERα CTGTGCTTGATTATTCTG CTGTGGATAGAGTAAGTC 

FOXA1 ATGAGAGCAACGACTGGAACA TCATGGAGTTCATAGAGCCCA 

FOXM1 CTGTGAGGGTCAAAGCTTGC TCTGATGTTTCACTCGGGGC 

GAPDH CTTCACCACCATGGAGGAGGC GGCATGGACTGTGGTCATGAG 

GAPDH (human) GTCGGAGTCAACGGATTTGG TGAGCCCCAGCCTTCTCC 

GATA3 AGCCACATCTCTCCCTTCAG AGGGCTCTGCCTCTCTAACC 

GREB1 TGCACAACGTTACCACCAGGAG CCTCTGACGGTGGAATGCAA 

GREB1 (human) GTGGTAGCCGAGTGGACAAT AAACCCGTCTGTGGTACAGC 

HMBS (human) GGAGTATTCGGGGAAACCTC AAGCAGAGTCTCGGGATCG 

HPRT GAGAGCGTTGGGCTTACCTC ATCGCTAATCACGACGCTGG 

K14 TGAGAGCCTCAAGGAGGAGC TCTCCACATTGACGTCTCCAC 

K18 GCCAGGCCCAGGAATATGAA AGGGCATCGTTGAGACTGAAA 

K8 AGATCACCACCTACCGCAAG TGAAGCCAGGGCTAGTGAGT 

MAD2 TCAGAAACTGGTGGTGGTCA ACGAACACCTTCCTCTTTTGC T 

MAPK13 CAAGGGCAAGGACTACCTGG  TCTGGGGCAGGGACTGAATA 

MAPK14 exon12 GCCCTCCCTCACTTCAGGAG TGTGCTCGGCACTGGAGACC 

MAPK14 exon2 GCATCGTGTGGCAGTTAAGA GTCCTTTTGGCGTGAATGAT 

MCM2 ACCAACGTATCCGCATCCAG TCAGCTCTATCTCGTCCCCT 

MCM3 CGAGGAGGACCAAGGCATTT TTGTTCAGGAGGCGGTTAGC 

MCM4 AGAGTGAACGTCACAGGCAT GCAGACGTTTTGCATCCGTT 

MCM5 CAGAGGCGATTCAAGGAGTTC CGATCCAGTATTCACCCAGGT 

MCM6 ACACACTACGATCACGTTCTGA ACCAGGTAGGGGTCTTCCTC 

MCM7 GCGTTCGTTTTCTGCTTCCC CGATGAGCCAGATGAACCAACT 

MDM2 CAAGAGACTCTGGTTAGACC GGATCCTTCAGATCACTCCC 

MKK6 GACCAGTTCCACGCCGCCTC CGTCGCCCTCCCGGAAGAGT 

ORC1 GCCCTATGTGGCTAAACTGA GGAGGAACTTCAGCTCCATTTTG 

p107 TCT TGT ATG CGG AAT CCT  ATC TCC ATT CCA TGA AGC 

p21 TATCCAGACATTCAGAGCCACA CACGGGACCGAAGAGACAAC 

p21 (human) CTGAGACTCTCAGGGTCGAA CGGCGTTTGGAGTGGTAGAA 



68 
 

Securin GTGGCGCAGTCTTCGAGTA TCCTTAGATGCCAAACGGCG 

SKPR1 AGCCTCATTCAGGGGAGGAT CAGGGCGATGTGGTCTTCAT 

SLC28a AATCTGCCTAACGCTGTGCT ATGGCTTCAAGGTAGGGCAC 

 

1.5. Plasmids 

Plasmid Addgene Reference 

pBABE-H2BGFP Plasmid #26790 

pCL-ECO Plasmid #12371 

pDR-GFP Plasmid #46085 

pCBASceI Plasmid #26477 

 

2. METHODS 

2.1. MOUSE WORK 

Colony management and animal handling were performed by Dra. Ana Igea Fernández. 

2.1.1. Generation of PyMT mice with inducible Cre 

Mice were housed according to national and European Union regulations, and protocols 

were approved by the animal care and use committee of the Barcelona Science Park (PCB-CEEA). 

PyMT p38αlox/lox CreERT2 or lox/- CreERT2 female mice were generated by crossing p38αlox/lox or lox/- 

mice (Ventura et al., 2007) with MMTV-PyMT, provided by William Muller (McGill University, 

Canada) and UbiquitinC-Cre-ERT2 mice (Ruzankina et al., 2007), being all mostly in FVB 

background.  

Breast tumors were monitored twice a week with a caliper using the formula V= (π x 

length) x wide2 and experiments were started when tumors reached 150-200mm3, usually 

around 2.5 months old. 

2.1.2. Patient-derived xenografts 

PDX models were obtained from Dra. Violeta Serra (VHIO) and Dra. Eva Gonzalez 

(IDIBELL). Tumors were harvested when they reached a size of 1500mm3 and tumor tissue was 

cut into 2- to 3-mm3 pieces in Fetal Bovine Serum (FBS). Under anesthesia with isoflurane, one 

tumor piece was orthotopically implanted in the mammary fat pad by a small incision into 5-6 

weeks old female NOD/Scid mice (Harlan Laboratories). For the experiments, xenografts were 

allowed to grow until they reached a size of 150-200mm3 and then mice were subjected to the 

corresponding treatments. Tumor size was measured every other day by a digital caliper using 

the following formula: Tumor volume = (length × width2)/2. 
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2.1.3. Animal treatments 

 For p38α deletion, 4-hydroxytamoxifen (4-OHT) was dissolved in 10% ethanol/90% corn 

oil and mice were intraperitoneally injected with 1mg each day for five consecutive days.  

For chemotherapeutic treatments, PyMT mice were injected with 20mg/kg paclitaxel or 

docetaxel for three consecutive weeks. The p38α inhibitor PH797804 was dissolved in 0.05% 

methylcellulose in PBS and administered daily at 15 mg/kg by oral gavage during 21 days. In the 

case of PDXs, mice were injected once a week with 20mg/kg of docetaxel for four consecutive 

weeks or 20mg/kg paclitaxel for three consecutive weeks. PH797804 was administered daily at 

15mg/kg by oral gavage during 21 days.  

2.1.4. Histological analysis 

Tumors dissected from mice were fixed in 10% buffered formalin overnight at RT and 

embedded in paraffin. 3µm sections were de-wax in xylene for 10min and the re-hydrated in 

consecutive ethanol solutions (100%, 95%, 75%, 50%) and H2O. Re-hydrated sections were 

either stained with H&E or subjected to additional immunohistochemical analysis. In this case, 

sections were subjected to antigen retrieval  (10mM sodium citrate pH 6 for or Tris-EDTA pH 9 

20min in a steamer), washed in PBS, and endogenous peroxidase activity was inactivated using 

peroxidase blocking buffer for 15min at RT. Sections were blocked in blocking solution (0.05% 

BSA/PBS) for 20min at RT and incubated with primary antibodies. BrightVision Poly-HRP-

Secondary antibodies and DAB were used for signal development. Slides were counter-stained 

with hematoxylin, de-hydrated in consecutive ethanol solutions (50%, 75%, 95% and 100%) and 

mounted using DPX. 

Ki67 and γH2AX stainings were analyzed using Fiji macros written by the Advanced 

Digital Microscopy Core Facility (IRB Barcelona). In both cases microscopy images were split in 

H&E and DAB channels. For Ki67 quantification the ratio between DAB(+) area vs total H&E area 

was determined. In case of γH2AX, only the DAB(+) area was considered and taken as parameter 

(γH2AX(+) area). 

2.1.5. FISH 

Centromeric probe FISH was performed on PDX tumor sections. 5μm sections were de-

paraffined by three xilol washes of 5min each, re-hydrated in consecutive 99% ethanol (three 

times, 5min), 96% ethanol(three times, 5min) and H2O, and subjected to antigen retrieval by 

autoclaving slides 20min in 10mM sodium citrate buffer at pH6.  Tissue was digested with 

proteinase K for 5min at RT, washed in SSC buffer for 5min at RT, fixed in formalin during 

10min and dehydrated in successive washes (1min/each) in 70%, 95% and 100% ethanol. 

When dried, chromosome 17 centromeric probe was added and samples were denatured for 
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5min at 83°C and hybridized at 37°C O/N. Then, samples were washed with 73°C-pre-warmed 

0.3% NP40 SSC buffer, washed again in the same buffer at RT and air-dried. Finally, slides were 

mounted using mounting media containing DAPI. Samples were visualized using a Leica TCS 

SPE confocal microscope. 

 

2.2. MAMMALIAN CELL CULTURE 

2.1.1. Generation of epithelial cell lines from PyMT tumors 

Tumors were chopped using razors and digested at 37°C rocking for 1h in DMEM 

medium containing Collagenase A (1mg/ml) and Hyaluronidase (1.5units/ml). After digestion, 

cell suspension was filtered through a 70µm cell strainer and centrifuged 5min at 1500rpm. The 

cell pellet was resuspended in 10ml DMEM and centrifuged at 1500rpm for 30s. The supernatant 

was discarded and the cell pellet was resuspended and spun again four more times. The final 

cell pellet enriched in epithelial cells was plated. Cells were passaged until spontaneously 

immortalized, usually after 16 passages. 

2.1.2. Maintenance and subculture  

Cells were maintained in DMEM media supplemented with 10% heat inactivated fetal 

bovine serum (FBS), 1% penicillin/streptomycin and 1% glutamine at 37°C and 5% CO2. 

For subculturing, cells were washed twice in PBS and incubated in 750µl trypsin at 37°C 

until detached. Then, complete media was added and cells were diluted as desired (1:8-1:12) 

depending on the confluence and re-plated in a new culture dish. 

2.1.3. Cell collection 

For harvesting, sub-confluent cell cultures were washed twice with PBS and trypsinized. 

Cells were resuspended in 5ml of complete fresh media and the suspension was transferred to 

a 15ml conical tube and centrifuged at RT at 1200rpm for 5min. Afterwards, media was aspirated 

and the pellet was washed in 1ml of PBS. Cell suspension was centrifuged again in the same 

conditions and supernatant was discarded. 

For western blot or RNA analysis purposes, cell pellets were immediately frozen in dry 

ice and kept at -80°C. For fixation for flow cytometry analysis, cell pellets were resuspended in 

0.5ml of PBS and then 4.5ml of ice-cold 70% ethanol were added drop-wise while slowly 

vortexing. Suspension was kept at -20°C for at least 24h before proceeding.  

2.1.4. Freezing and thawing 

For freezing, cells were collected as described above and resuspended in freezing media 

consisting of 90% FBS and 10% DMSO. Cells from a 70-85% confluent p10cm culture dish were 
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resuspended in 1-2ml of freezing media and transferred to 1-2 1.5ml cryo-tubes. Cryo-tubes 

were stored in a Mr. Frosty container (ThermoFisher) at -80°C for up to one week and then 

transferred to liquid nitrogen for long term storage. 

For thawing, frozen cells were quickly placed in a 37°C water bath until completely 

thawed. Then cells were transferred to a conical tube and resuspended in 5ml of pre-warmed 

media. Cell suspension was centrifuged at RT at 1200rpm for 5min. Media was aspirated and 

pellet was resuspended in 10ml media and plated in a 10cm dish.  

2.1.5. Mycoplasma detection 

Cells were routinely tested for mycoplasma using Mycoplasma Detection Kit. 100µl from 

the cell media were taken and centrifuged for 5min at 200g. The supernatant was transferred 

to a test tube. 100µl of MycoAlert reagent were added and luminescence was measured after 5 

min incubation. Then, 100µl of MycoAlert substrate were added and luminescence was 

measured after 10min incubation. The ratio of reading B/reading A was used to determine the 

mycoplasma status according to manufacturer´s parameters. 

2.1.6. Cell pellet preparation for IHC 

 Cells were harvested, washed in PBS and pelleted in a 1.5ml Eppendorf tube. 1ml of 10% 

buffered formalin was carefully added and pellet was incubated at 4°C O/N. The next day the 

pellet was extracted by pipetting, transferred to a cassette and embedded in paraffin. Paraffin 

blocks were processed as described in the Histological analysis section. 

2.1.7. Cell treatments 

4-hydroxytamoxifen (4-OHT) 

4-OHT is the active metabolite of tamoxifen. When 4-OHT is used in a CreERT2/lox system, it 

binds to a modified fragment of the estrogen receptor, which is bound to the Cre recombinase. 

Therefore, addition of 4-OHT relocates Cre into the nucleus, where it recombines the loxP sites, 

resulting in p38α downregulation.  

Cells were treated with 100nM 4-OHT for 48h. A 10mM stock was prepared in ethanol and 

stored at -20°C. 

17-β-estradiol (E2) 

E2 is a steroid hormone that binds to estrogen receptor and activates gene transcription.  

Cells were treated with 10nM E2 for 24h in 0.1% FBS media. A 10mM stock was prepared in 

ethanol and stored at -20°C. 

p38 MAPK inhibitors   

SB203580 inhibits p38α and p38β activity by binding to the ATP binding pocket.  
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Cells were treated with 5µM SB203580. A 10mM stocks were prepared in DMSO and kept at -

20°C. 

PH797804 is an ATP-competitive inhibitor that preferentially acts on p38α. 

Cells were treated with 2µM PH797804. A 2mM stock was prepared in DMSO and kept at -20°C. 

LY2228820 is an ATP-competitive inhibitor of p38MAPK, highly selective for p38α and p38β 

isoforms. 

Cells were treated with 100nM LY2228820. A 1mM stock was prepared in DMSO and kept at -

20°C. 

None of the inhibitor aliquots were thawed more than three times. 

BrdU 

BrdU is a synthetic analog of thymidine that is incorporated in newly synthesized DNA, allowing 

the measurement of cell proliferation. 

Cells were incubated in 10µM BrdU for 2 hours.  

When BrdU was used to measure ssDNA, 10μM BrdU was incubated for 48h.  

A 10mM stock was prepared in H2O and stored at -20°C. 

Nutlin 

Nutlin is an inhibitor of the MDM2/p53 interaction which leads to p53 activation. 

Cells were incubated with 10µM nutlin for 24h unless indicated. A 10mM stock was prepared in 

DMSO and stored at -20°C 

Spindle Poisons 

Most of these drugs bind tubulin interfering with microtubules dynamic and arresting cells in 

mitosis in a spindle assembly checkpoint (SAC) dependent manner.  

Nocodazole was used at 3μM. A 500ng/ml stock was prepared in DMSO and stored at -20°C. 

Colcemide was used at 100ng/ml. A 1mg/ml stock was prepared in ethanol and stored at -20°C. 

Paclitaxel was used at 25 or 100nM depending on the experiment. A 1mM stock was prepared 

in DMSO and stored at -20°C. 

Docetaxel was used at 5nM.  A commercial 25mM stock was stored at 4°C. 

Monastrol is an Eg5 kinesin inhibitor that does not affect microtubule polymerization. It was 

used at 100nM. A 100μM stock was prepared in DMSO and stored at -20°C. 

Reversine 

Reversine is an inhibitor of the kinase MPS1 that inhibits SAC in a dose dependent manner. 

Cells were incubated with 250nM reversine unless indicated. A 1mM stock was prepared in 

DMSO and stored at -20°C. 
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Campothecin (CPT) 

CPT is a Topoisomerase I inhibitor that causes replication-associated DNA damage by creating 

SSBs that are converted into DSBs during replication.  

Cells were incubated with 1μM CPT for 1h or 100nM overnight. A 1mM stock was prepared in 

DMSO and stored at -20°C. 

2.1.8. Retroviral Infection 

Retroviral infection was used to create stable cell lines. Initially, a transient transfection 

of the HEK293T with the desired plasmid was performed; 5µg of the desired DNA and 5μg of the 

pCL-Eco packaging plasmid were mixed with 50µl of 2.5M CaCl2 and H2O up to 500µl. After 5min 

incubation at RT, 500µl of 2XHBS were added drop-wise and incubated at RT for 20min.  This 

mixture was added drop-wise to the HEK293T cells and about 8-16h later, cells were carefully 

washed with PBS and fresh media was added. After 24h, the HEK293T supernatant was 

harvested and filtered through a 0.45μm PVDF filter. 5ml of this media, 5ml of fresh media and 

8µg/ml polybrene were added to a p10cm dish containing the exponentially-growing cells to be 

infected. This step was repeated twice. 24h after finishing the second infection round, the 

corresponding antibiotics were added and selection was carried out for 5-10 days.  

 

2.3. MOLECULAR BIOLOGY 

2.3.1. Protein extraction 

Frozen cell pellets were directly resuspended in RIPA lysis buffer, mixed by vortexing and 

kept on ice for 15min. Lysates were subjected to water-bath sonication when needed, incubated 

on ice for 15min and centrifuged at 13200rpm for 15min at 4°C. 

Mouse tissues were immersed in RIPA lysis buffer and homogenized using Precellys 

homogenization and lysis instrument (Bertin Technologies). Lysates were incubated 15min on 

ice and centrifuged 15min at 13200rpm at 4°C. 

Supernatants were recovered and kept at -80°C. 

2.3.2. Determination of protein concentration 

Protein concentration was estimated using the RC DC protein assay kit II. 2µl of protein 

sample were mixed with 25µl of working reagent A (coming from a mixture of 10µl of Protein 

Assay Reagent S and 500µl of Reagent A); 200µl of Protein Assay reagent C were added 

afterwards. The solution was incubated 6min at RT and absorbance at 750nm was measured. 

Concentrations were calculated using a BSA standard curve. 
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2.3.3. Western Blot 

Total protein (20-40µg) were separated by SDS-PAGE using 8%, 10%, 12% or 14% 

Laemmli gel, depending on the protein molecular weight. After electrophoresis, proteins were 

transferred from the polyacrylamide gel to a nitrocellulose membrane using a wet transfer 

system (Bio-Rad). Ponceau Red was used to check transfer quality and efficiency. After washing 

out Ponceau Red with PBS, the membrane was blocked during 1h with 5% non-fat milk in PBS at 

RT. Primary antibody was diluted in 5% BSA in PBS-0.05% Tween and incubated O/N at 4°C. Then, 

membranes were washed three times in PBS and incubated with the secondary antibodies 

diluted in 1% BSA in PBS-0.05% Tween for 1h at RT. Finally, membranes were extensively washed 

with PBS and proteins were detected using Odyssey Infrared Imaging System. Antibodies are 

indicated in the Materials section.  

2.3.4. Subcellular fractionation 

At least 1 million cells were harvested and resuspended in 200µl of Buffer A (10mM 

Hepes pH7.9, 10mM KCl, 1.5mM MgCl2, 0.34M sucrose and 10% glycerol)/1mM DTT/0.1% Triton 

X100 and protease inhibitors, and incubated for 5min on ice. After centrifugation for 5min at 

3500rpm at 4°C, the supernatant contains cytosolic proteins and the pellet contains the intact 

nuclei. This nuclear pellet was washed with buffer A/1mM DTT and resuspended in cold 3mM 

EDTA/0.2mM EGTA with protease inhibitors and incubated 30min on ice. This solution was 

centrifuged 5min at 4000rpm at 4°C; the supernatant contained the soluble nuclear proteins and 

the pellet, which was resuspended in 1X Laemmli Loading buffer and sonicated twice for 15s at 

20% amplitude, corresponds to the chromatin fraction. 

2.3.5. Immunoprecipitation 

Magnetic Protein-G beads were washed in cold PBS and incubated in 300μl ice cold PBS 

containing 3μl of CtIP antibody (Bethyl, A300-488A) for 4h rotating at 4°C. Meanwhile, cell 

lysates were pre-cleared by incubation with 20μl of washed beads during 45min rotating at 4°C. 

Beads with CtIP were recovered and beads from the lysates were discarded using a magnetic 

stand (Millipore). Pre-cleared lysates were incubated with CtIP-bound beads O/N rotating at 4°C. 

The next day beads were recovered, washed twice in ice cold RIPA buffer, resuspended in 1X 

loading buffer, boiled at 95°C for 5min and analyzed by western blot. 

2.3.6. RNA isolation 

Total RNA was isolated from frozen cell pellets using RNA Purelink MiniKit and residual 

DNA was digested using PureLink on column DNase set following manufacturer´s instructions. 
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RNA purity and concentration was determined by measuring the absorbance at 260 and 280nM 

using NanoDrop 2000 spectophotometer (Thermo Scientific). 

2.3.7. cDNA synthesis 

500ng-1µg of total RNA was reverse transcribed using Random Primers and SuperScript 

II Reverse Transcriptase following manufacturer’s protocol.  

2.3.8. Quantitative real time PCR 

5-25µg of cDNA were mixed with 2.5µM of each primer, SYBR green and autoclaved H2O 

in a 20µl reaction volume. Samples were run in a Bio-Rad C1000 thermal cycler machine. HPRT 

and GAPDH were used as reference genes in mouse cells. HMBS and GAPDH were used as 

reference genes in human cells. Primers used are listed in the Materials section. PCR conditions 

are indicated below: 

 
50°C  2min 
95°C  10min 
 
95°C  15s 
56°C  15s          40 cycles 
72°C  60s 
 
95°C  15s 
60°C  2min 
95°C  15s 
 
The fold changes in gene expression were calculated using the ΔCt method. 

 

2.3.9. Epithelial cell isolation for p38α deletion analysis 

Tumors were digested as previously described and the cell suspension was filtered 

through a 70μm cell strainer and centrifuged 5min at 1500rpm. Cell pellets were resuspended 

in Hanks Balance media containing 1mM HEPES and 1% FBS and digested first with 1ml trypsin 

for 3-5min and then with 0.4mg DNAse  for 2-3min. Cells were washed again with Hanks Balance 

media and cell density was quantified. 100000 cells were stained using APC-CD45 for leukocytes, 

PE-Pdgfr-α for fibroblasts and EPCAM-FITC for epithelial cells detection. Cells were stained in 

darkness for 30min on ice, washed in PBS and resuspended in PBS containing DAPI. EPCAM(+) 

cells were sorted in NID buffer to isolate genomic DNA. Sorted cells were digested O/N at 56°C 

and after inactivation of the proteinase K at 95°C for 10min, 2μl of the cell lysate were used for 

the qRT-PCR reaction. Deletion levels were analyzed using specific primers for the exon 2 

(floxed) and exon 12 (control) of the p38α gene (MAPK14). 
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2.3.10. Kinase Assay 

Purified CtIP (500ng) and activated p38α (100ng) were incubated in a total volume of 

20μl kinase buffer supplemented with protease inhibitors for 30min at 30°C. Reaction was 

stopped by adding 1X sample loading buffer and boiling for 5min. Proteins were resolved by SDS-

PAGE, transferred onto a nitrocellulose membrane and detected with the corresponding 

phospho-antibodies. 

2.3.11. Mass Spectrometry 

Kinase assays with p38α were performed in triplicates using full-length human CtIP (500 

ng, Abcam, ab152651) and incubating with 500μM ATP for 2h. Samples were run in a SDS-PAGE 

and Coomassie stained. Bands were cut and in-gel digested using trypsin (Shevchenko et al., 

2006). Sample processing was performed by the IRB Mass Spectrometry Facility. Briefly, 

digested solutions were speed vacuum-dried and reconstituted in 1% formic acid for LC-MS/MS 

analysis. Peptide mixture was separated in a C18 analytical column and column outlet was 

directly connected to an Advion TriVersa NanoMate fitted on an Orbitrap Fusion Lumos Tribrid, 

operated in a data-dependent acquisition (DDA) mode. Database search was performed with 

Proteome Discoverer software v2.1 using Sequest HT search engine. SwissProt Human database 

and MaxQuant common contaminants fasta file were used. Searches were run against targeted 

and decoy databases to determine the false discovery rate (FDR). Peptides with a q-value lower 

than 0.1 and a FDR< 1% were considered as positive identifications with a high confidence level. 

The PhosphoRS node in Proteome Discoverer was used to provide a confident measure of the 

localization of phosphorylation in the peptide sequences. Further p-site assignment validation 

was made by manual spectra inspection. Ratios of the peptides with or without phosphorylation 

were calculated and p-sites relative abundance was determined. Average p-site abundance was 

calculated and those sites with a value > 0.25 were considered as main hits. 

 

2.4. CELLULAR BIOLOGY 

2.4.1. Cell Cycle Analysis 

Cells were harvested, fixed in 70% cold ethanol and kept at -20°C for at least 24h. Cells 

were then washed twice in PBS and incubated in PBS containing 20µg/ml propidium iodide, 

0.1mg/ml RNaseA, and 0.1% Tween 20 for 30min at 37°C in the dark. 10000 cells were acquired 

on an EPICS XL flow cytometer and cell cycle distribution was analyzed with the FlowJo software. 

2.4.2. MTT proliferation assay 

 500-2000 cells/well were seeded in 96well plates in a final volume of 100µl. Cell viability 

was determined at the desired days post-seeding using the MTT Cell Growth Assay; 10µl of 
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reagent A were added to every well and 4h later 100µl of reagent B were added. The next day, 

absorbance at 570nm was read using absorbance at 750nm as reference. Absorbance was 

proportional to the viable number of cells and values were normalized to day 1.  

2.4.3. BrdU Uptake 

This protocol allows quantification of cells undergoing DNA synthesis, indicating cell 

proliferation. 

Growing cells were incubated with 10µM BrdU for 2h, harvested and fixed in cold 70% 

ethanol for at least 24h. Fixed cells were centrifuged at 2000rpm for 5min at RT. Ethanol was 

aspirated and cells were washed with PBS. Afterwards, cell pellet was resuspended in an ice-

cold denaturizing solution (0.1M HCl, 0.5% Tween 20 in H2O) and incubated for 10min in ice. 

After centrifugation, cells were resuspended in H2O and incubated at 95°C for 5min. Cells were 

centrifuged again, washed once in blocking buffer (1% BSA, 0.5% Tween 20 in PBS) and 

resuspended in 100µl of blocking buffer containing 10µl of anti-BRDU-FITC. After 1h incubation 

at RT in the dark, cells were washed once in blocking solution and resuspended in a PI staining 

solution (10µg/ml PI, 200µg/ml RNAase A, 0.05% Tween 20 in PBS). 20000 cells were acquired 

on an EPICS XL flow cytometer and FlowJo software was used for analysis. 

2.4.4. Annexin V staining 

Annexin V is a protein that binds to the negatively charged phospholipid 

phosphatidylserine (PS). PS is translocated from the inner to the outer leaflet of the plasma 

membrane during apoptosis; therefore, determination of exposed PS by annexin V is a 

measurement of cell death. 

Cells were freshly harvested together with their media. Annexin V FITC Apoptosis 

Detection Kit was used and cells were stained following manufacturer’s instructions. Briefly, cells 

were centrifuged at 1500rpm for 5 min, washed in cold PBS and resuspended in 100µl of 1X 

annexin V binding buffer with 5µl of annexin V-FITC. Samples were incubated 20min at RT in the 

dark and finally, 400µl of propidium iodide staining buffer were added. 10000 cells were 

acquired on a Gallios Flow Cytometer and FlowJo was used for analysis. 

2.4.5. Epithelial status verification 

EPCAM is a transmembrane protein commonly used as an epithelial marker. After 

immortalization, cell lines derived from PyMT tumors were tested for EPCAM in order to test 

their epithelial status.  

Cells were harvested, washed in PBS and resuspended in 100µl of fresh DMEM 

containing 2µl of EPCAM-FITC antibody. After 30min incubation on ice in the darkness, cells were 
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washed and resuspended in 500µl of fresh DMEM. 10000 cells were acquired on a Gallios Flow 

Cytometer and FlowJo software was used for analysis. 

2.4.6. Phospho H3 S10 FACS staining 

 H3 phosphorylation on Ser10 correlates with chromatin condensation and is widely used 

as a mitotic marker. 

 Cells were harvested and fixed in cold 70% ethanol. After fixation, cells were centrifuged 

at 2400rpm, washed once in PBS and once in blocking buffer (2%BSA/0.25%TritonX-100 in PBS). 

Then cells were resuspended in 50µl of blocking buffer containing 1µl of pH3S10 antibody and 

incubated for 2h at RT with occasionally vortex. Cells were washed in PBS and resuspended in 

100 µl of 2%BSA/PBS containing 1µl of the α-rabbit Alexa-Fluor 488 antibody (Invitrogen). After 

45min incubation at RT in the darkness, cells were washed in PBS and incubated in DNA staining 

solution (200µg/ml RNAase A, 20µg/ml PI in PBS) at RT for 30min. 10000 cells were acquired in 

a Gallios Flow Cytometer and analyzed using FlowJo. 

2.4.7. Clonogenic Assays 

Cells were trypsinized and 1200 cells were plated in 60 mm dishes. Media was renewed 

every three days and cells were allowed to grow until visible colonies were formed (7-10 days 

depending on the treatment). Then cells were washed in PBS, fixed in 4% paraformaldehyde for 

20min and stained with crystal Violet for 30min. Repeated H2O washes were performed until 

clean colonies were visible. The colony area was measured using Fiji.  

2.4.8. Metaphase spreads preparation 

Cells were treated with 100ng/ml colcemide for 2h for arresting cells in metaphase and 

then trypsinized. Pelleted cells were hypotonically swollen in 75mM KCl for 20min at 37°C and 

fixed in fixative solution (ice cold 75% methanol/25% acetic acid). After three washes in fixative 

solution, cells were spread on superfrost glass slides, steam treated for 5s, heat dried and 

stained with mounting media containing DAPI. Spreads were imaged using a Nikon E1000 

epifluorescence microscope. Chromosome number and chromosome aberrations were 

analyzed using Fiji software.  

2.4.9. Immunofluorescence 

Cells grown on coverslips were washed in PBS and fixed firstly in 4% paraformaldehyde 

in PBS for 20min at RT. After PBS washing, cells were incubated in 100% ice-cold methanol for 

10min at -20°C. Then, cells were permeabilized in 0.1%Triton X-100 in PBS for 10min at RT and 

blocked in 1%BSA in PBS for 1h at RT. Primary antibodies were diluted in blocking buffer and 

incubated O/N at 4°C. Cover slips were washed with PBS and subsequently incubated with 1:400 
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Alexa-conjugated secondary antibodies (Invitrogen) for 45min at RT in the darkness. Finally, cells 

were washed and mounted using mounting media containing DAPI. Cells were visualized using 

a Nikon E1000 epifluorescence microscope, a Leica TCS SPE confocal microscope or a SCANR 

confocal microscope. 

In the case of RPA, a pre-extraction step using CSK I buffer (10mM PIPES, 100mM NaCl, 

300mM sucrose, 3mM MgCl2, 1mM EGTA, 0.5% Triton X-100) was performed prior to fixation in 

order to remove the soluble RPA fraction.  

For ssDNA detection using non denaturating BdrU staining, cells were incubated for 48h 

with 10μM BrdU and fixed in methanol at -20°C for 1h. Blocking and staining was performed as 

previously. 

Nuclear signal intensity (γ-H2AX and MCMs) and dot detection (53BP1, RPA and BrdU) 

were performed using Fiji Macros written by the Advanced Digital Microscopy Unit (IRB 

Barcelona). Briefly, these macros detect the nuclei in the DAPI channel. Then, signal intensity or 

number of dots are quantified inside every pre-detected nuclei. The outcome of the macros are 

the mean intensity or the number of dots in every single nuclei. 

2.4.10. Telomere staining 

 Telomeres were detected in chromosome spreads using Telomere PNA FISH Kit 

following manufacturer´s manual. Briefly, metaphase spreads preparations were pretreated 

with a commercial buffer, dehydrated in increasing concentrations of ethanol and air-dried. The 

telomeric probe was added and samples were subjected to denaturation at 80°C for 5min and 

hybridization at RT for 4h. Then, the probe was rinsed using a commercial buffer, washed at 

65°C, de-hydrated again in the same alcohol series and air-dried. Finally, slides were mounted 

with media containing DAPI. Spreads were visualized using a Leica TCS SPE confocal microscope. 

2.4.11. Time-lapse imaging 

For time-lapse imaging, cells were seeded in 6well plates and images were taken in a 

SCANR confocal microscope. Images were taken every 5-15min depending on the experiment. 

In case of H2B-GFP cells, Fluorobritte DMEM was used in order to optimize fluorescence 

acquisition. Videos were analyzed using Fiji Software. 

2.4.12. DNA replication fiber assay 

Labeling actively progressing replication forks with BrdU analogs allows the analysis of 

the DNA replication process at the single molecule level. 

Cells were pulsed with 10µM IdU for 20min, washed in warm media and pulsed again 

with 100µM CIdU for the same time. Cells were resuspended in ice cold PBS, and 2µl of the cell 
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solution were transferred to a microscope slide and incubated with 7µl of spreading buffer 

(200mM Tris-HCl pH 7.5, 50mM EDTA and 0.5% SDS) for 5min. Slides were then tilted to allow 

DNA to spread. Fixation was perform with methanol:acetic acid (3:1) for 10min. DNA was 

denatured in 2.5M HCl for 1h at RT, rinsed in PBS and blocked in 1% BSA/1% Triton X-100 in PBS 

for 1h at RT before staining with primary antibodies: anti-BrdU (AbD Serotec, OBT 0030G) and 

mouse anti-BrdU (Becton Dickinson, 347580) antibodies to detect CldU and IdU, respectively. 

Alexa Fluor-conjugated antibodies were incubated for 1h at RT and after several PBS washes, 

slides were mounted in mounting media containing DAPI. Tracks were imaged on a Leica TCS 

SPE confocal microscope, images were analyzed using Fiji software and fork rate was calculated 

using ((length(µm)*2.59kb/µm)/pulse time). At least 200 tracks were analyzed in every 

experiment. For asymmetry rate determination, bidirectional fibers were imaged. CIdu-labeled 

tracks were measured and left versus right length was calculated. At least 30 bidirectional fibers 

were analyzed in every experiment. For inter-origin distance measurement, fibers with at least 

two origins were used and distance between two origins was determined.  

2.4.13. COMET assays 

COMET assay, also known as Single Cell Gel Electrophoresis assay (SCGE) is a method for 

measuring DNA breaks at the single cell level. It is based on the measurement of the migration 

of DNA supercoils; if DNA is damaged, supercoils are relaxed and broken ends are able to 

migrate, while if undamaged, the lack of free ends and the large size of the fragments prevent 

migration. Two variants exist: neutral COMET for DSB detection and alkaline COMET for SSBs 

detection. 

For both neutral and alkaline COMET, three agarose solutions were prepared in PBS: 2% 

agarose, 1% low-melting agarose and 0.5% low-melting agarose and kept at 37°C. Slides were 

pre-coated with 2% agarose before starting the experiment. Then, cells were harvested in ice 

cold PBS at a 106 cells/ml density. 15µl of this cell suspension were mixed with 90µl of 0.5% low-

melting agarose and transferred onto pre-coated slides. Cell-containing agarose was incubated 

for 30min at 4°C and a second layer of 90µl of 1% low-melting agarose was added and incubated 

for 30min at 4°C. Lysis and the subsequent procedure depend on the COMET variant. 

2.4.13.1. Neutral COMET  

Slides were immersed in neutral lysis solution (0.5mg/ml proteinase K, 2% sarkozyl in 

500mM EDTA pH8) at 37°C for 16-20h. Slides were subjected to 3 washes of 10min with neutral 

electrophoresis buffer (90mM Tris buffer, 90mM boric acid and 2mM EDTA, pH 8.5) and run in 

an agarose gel tank for 25min at 20V. After washing in dH2O, nuclei were stained with Hoechst 

for 20min and washed once in PBS and twice in dH2O. Pictures were taken using a Nikon E1000 
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epifluorescence microscope and tail moment was calculated using the OPENCOMET plugin for 

Fiji.  

2.4.13.2. Alkaline COMET  

Slides were immersed in alkaline lysis solution (2.5M NaCl, 100mM EDTA, 10mM Trizma 

base and 1% sarkozyl, pH 10) at 4°C for 18-20 h. Slides were subjected to 3 washes of 10min with 

alkaline electrophoresis buffer (30mM NaOH and 2mM EDTA, pH 12.5) and run for 25min at 10V. 

After washing in dH2O, nuclei were stained with Hoechst for 20min and washed once in PBS and 

twice in dH2O. Pictures were taken using a Nikon E1000 epifluorescence microscope and tail 

moment was calculated using the OPENCOMET plugin for Fiji. 

2.4.14. Intracellular ROS levels quantification 

Reactive oxygen species were quantified using DCFDA (2′,7′‐dichlorodihydrofluorescein 

diacetate), a fluorogenic dye that becomes highly fluorescent following oxidation by intracellular 

ROS.  

Cells were incubated for 30min at 37°C with 10µM DCFDA. Then, cells were trypsinized 

and resuspended in PBS containing 1.4µg/ml aprotinin. DCF fluorescence of 10000 cells was 

measured using a Gallios Flow Cytometer. DCF fluorescence intensity was analyzed using FlowJo 

software. 

2.4.15. 8-OHdG level determination 

ROS and other free radical cause oxidative damage to several biomolecules including 

DNA. 8OHdG is one type of oxidative DNA damage that has been used a biomarker for oxidative 

stress. 

Cells were harvested and fixed in 70% cold ethanol. After fixation, DNA was denatured 

in 2M HCl for 20 min in ice, washed in PBS, resuspended in H2O and incubated at 95°C for 5min. 

After centrifugation, cells were stained with 8-OHdG antibody diluted in 2%BSA/0.25% Tween 

20 in PBS for 1h at RT. Cells were washed in PBS and incubated for 1h at RT with an Alexa-Fluor 

secondary antibody (Invitrogen). After washing, fluorescence intensity was measured using a 

Gallios Flow Cytometer and data was analyzed using FlowJo software. 

2.4.16. Homologous recombination assay 

The DR-GFP construct was used to measure homologous recombination efficiency. DR-

GFP consists of two mutated GFP genes; the upstream repeat contains the recognition site for 

the I-SceI endonuclease and the downstream repeat is a 5´and 3´truncated GFP fragment. 

Transient expression of I-SceI causes a DSB in the upstream gene, which is repaired through HR 

using the downstream copy, resulting in GFP(+) cells. 
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Cells from a 10cm culture dish were trypsinized, washed in PBS and resuspendend in 

100μl of Resuspension Buffer R (Invitrogen). 5μg of DR-GFP plasmid were added to the cell 

suspension and electroporated with 1pulse of 30ms width and 1350V in a Neon Transfection 

System (Invitrogen). Cells were plated again on a 10cm plate and the next day puromycin was 

added in order to initiate the antibiotic selection. Once selected, DR-GFP cells were 

electroporated again with I-SceI and 24h later 4-OHT treatment was performed. Two days after 

Cre induction and p38α deletion, cells were harvested, resuspended in PBS and 20000 cells were 

acquired in a Gallios Flow Cytometer. The percentage of GFP(+) cells was analyzed using FlowJo 

software. 

 

2.5. STATISTICAL ANALYSIS 

Data, unless indicated otherwise, are presented as mean±SEM. Statistical significance 

was determined by Student´s test using Graph Pad Prism software. p-values < 0.05 (*), < 0.1 (**) 

and < 0.01 (***)  were considered statistically different.  

Statistical analysis in PDX model treatments was performed by Camille Stephan-Otto 

(IRB Biostatistics Unit) using R programming language. For all time points volumes were divided 

by the size of the corresponding lesion at time 0 of treatment. For each time point a linear model 

was fitted with experimental batch and mouse as nested random effects. Coefficients and p-

values for the comparisons of interest were computed through the "glht" function from the 

multcomp (Hothorn et al., 2008) R package using the "Westfall" multiplicity adjustment method. 

p-values < 0.05 (*), < 0.1 (**) and < 0.01 (***)  were considered statistically different. 
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1. Characterization of PyMT mice with inducible p38α deletion 

To investigate the influence of p38α in breast tumor progression in vivo, we combined 

the PyMT mouse model with floxed conditional alleles of p38α. Mice expressing the PyMT 

transgene were crossed with mice carrying p38αlox/- and Ubiquitin-CreERT2 (CreERT2) alleles. 

This way, p38α could be deleted at any time of the tumor development upon 4-

hydroxitamofixen (4-OHT) administration.  

We initially tested the efficiency of p38α deletion in different organs, since Cre 

recombinase expression was expected in all tissue types. We observed almost a 100% 

downregulation on most of the studied organs, including the mammary tissue. The ones with 

higher residual p38α expression, spleen and thymus, corresponded to the tissues with higher 

turnover of the panel (Fig. 13).  

 Additionally, we studied the expression and activation pattern of p38α during PyMT-

induced tumor progression. PyMT mice start showing hyperplasia at 4 weeks, adenomas are 

visible at 8 weeks and carcinomas appear between 8 and 12 weeks (Lin et al., 2003). We 

sacrificed mice at different stages of tumor development and analyzed p38α protein status. 

Tumor growth was evidenced by the increased expression of PyMT, the driving oncogene 

present in the epithelial cancer cells, and E-cadherin, an epithelial marker that correlates with 

increased cellular mass. Although we observe a transient increase of p38 MAPK phosphorylation 

at six weeks, p38α did not show significant changes, neither at the expression nor at the 

phosphorylation level, compared to age-matched tumor-free littermates (Fig. 14), suggesting 

that p38α is not involved in tumor initiation in this context. 

Figure 13. Cre efficiency in different tissues. Mice were subjected to 4-OHT treatment and sacrificed 

10 days after the last 4-OHT injection. Western blot analysis of p38α was performed in lysates from 

different tissues. p38αlox/+ and p38αlox/-  animals were chosen as references for complete dose and half 

dose of the protein. Cre efficiency was assayed in a p38αlox/- CreERT2 mouse. 
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2. p38α expression in tumor epithelial cells is essential for PyMT-induced breast cancer 

progression in vivo  

In order to study the role of p38α in breast cancer progression and not initiation, 

mammary tumors were allowed to grow and once developed, mice were treated with 4-OHT in 

order to induce Cre activation and delete p38α. We found that p38α deletion (p38αΔ) resulted 

in a regression of the tumor while PyMT WT littermates, either p38α+/- CreERT2 or p38αlox/- , showed 

continuous tumor growth (Fig. 15A). The downregulation of p38α was confirmed by quantitative 

real time PCR (qRT-PCR), where we also observed an upregulation of its direct activator MKK6 

(Fig. 15B), likely due to a negative feedback loop (Ambrosino et al., 2003). At the protein level, 

together with p38α downregulation, we detected the downregulation of MK2, one of its direct 

substrates, and the upregulation of MKK6 (Fig. 15C) indicating that p38α signaling was impaired. 

Figure 14. p38α expression and activation pattern during PyMT-induced tumorigenesis. Western 

blot of mammary tissue from PyMT mice and age-related littermates at the indicated times. 
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Histological analysis of the mammary fat pads revealed that although p38αΔ mice had 

no palpable tumors, their mammary tissue was not completely normal. These mice showed 

mainly hyperplastic tissue and small carcinoma areas, while WT littermates displayed histology 

more consistent with advanced tumor stages, as shown by the solid sheet of epithelial cells 

where no acinar structures were visible (Fig. 16A). In agreement with a reduced tumor mass, the 

mammary tissue of p38αΔ mice showed a 75% reduction in the epithelial cell compartment 

compared to WT mice (Fig. 16A). Moreover, Ki67 and TUNEL stainings showed a decreased 

proliferation (Fig. 16B) and an increased cell death (Fig. 16C) in p38αΔ mice, which was 

consistent with the tumor regression observed following p38α deletion. Additionally, we 

observed a four-fold increase in the levels of phosphorylated histone variant H2AX, referred to 

as γ-H2AX (Figure 16D), indicating that p38α downregulation resulted in higher levels of DNA 

damage. 

Figure 15. Analysis of p38α downregulation in PyMT mice. A) Tumor growth curves of mice 
expressing MMTV-PyMT treated with 4-OHT for 5 days. Measurements were normalized to the initial 
tumor size. At least six animals were analyzed in every group. B) Relative p38α and MKK6 mRNA 
levels in three independent WT and p38αΔ tumors at day 15. C) Western blot for the indicated 
proteins in WT and p38αΔ tumors at day 15. Quantification is represented in the bar graphs. 

Figure 16. p38αΔ tumors show milder histological lesions, together with lower cell proliferation and 

increased cell death and DNA damage. Representative images of WT and p38αΔ tumors at day 15 are 

shown. At least three independent animals per group were analyzed. A) H&E images. Graph represents the 

percentage of epithelial cells of the tumor. B) Ki67 staining. Quantification of Ki67(+) area is shown in the 

graph. C) TUNEL staining. Quantification of TUNEL(+) area is shown in the graph. D) γ-H2AX staining. 

Quantification of γH2AX(+) area is shown in the graph. Bars = 100μm 
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When PyMT p38αlox/-CreERT2 mice were followed for longer times after 4-OHT 

administration, we noticed that at later timepoints tumors started to re-grow (Fig. 17A). These 

relapsing tumors were almost identical to initial WT tumors in terms of proliferation (Fig. 17B), 

cell death (Fig. 17C) and epithelial content (Fig. 17D). We sorted epithelial cells from these 

tumors (Fig. 17E) at different timepoints, extracted DNA, and examined the extent of p38α 

deletion at the genomic level. At day 15, when tumors were not palpable, around 25% of the 

remaining epithelial cells contained the floxed exon 2 of p38α. However, by day 40, when re-

grown tumors were as big as initial tumors, the floxed exon 2 was detected in most of the 

epithelial cells (Fig. 17F), suggesting that relapsed tumor masses arose mainly from escaper cells 

that never deleted p38α. These results indicated that p38α deletion did not occur in all the 

cancer epithelial cells and those retaining p38α expression had a competitive advantage that 

made them repopulate the tumors. 

 Altogether, these results supported the essential role of p38α in tumor homeostasis by 

promoting mammary tumor cell proliferation and survival.  

 

Figure 17. p38α expressing escaper cells repopulate tumors. A) Tumor growth curves in mice expressing 

MMTV-PyMT treated with 4-OHT for 5 days. Measurements were normalized to the initial tumor size. At 

least 8 animals were analyzed in each group. B) Percentage of Ki67(+) area in at least two WT and p38αlox/- 

CreERT2 mice at day 40. C) Percentage of TUNEL(+) area in at least two WT and p38αlox/- CreERT2 mice at day 40. 

D) Percentage of epithelial cells in the tumors from three independent WT and p38αΔ mice at day 40. E) 

Workflow for sorting of epithelial cells from PyMT-induced mammary tumors. F) Analysis of genomic 

deletion of the floxed exon2 of p38α in in p38αlox/- CreERT2 tumors before 4-OHT administration and at day 

15 and 40. At least three independent mice were analyzed in every timepoint. 
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3. Establishment and characterization of cell lines derived from PyMT tumors  
 

To study the role of p38α in PyMT epithelial breast cancer cells and to investigate the 

molecular mechanisms underlying mammary tumor regression in vivo, we established epithelial 

cell cultures derived from PyMT-induced tumors (Fig. 18).  

We initially obtained primary cultures from p38αlox/- and p38αlox/-CreERT2 tumors and 

corroborated that 4-OHT incubation efficiently deleted p38α in these cells. We also examined 

the phosphorylation of HSP27, a target of the p38α pathway, and confirmed that it was 

decreased (Fig 19), indicating the downregulation of the signaling pathway. 

 We performed basic cell proliferation and cell death analysis on these primary tumor 

cells.  We observed that 4-OHT did not have any effect on the proliferation rate or cell death of 

p38αlox/- cells. In p38αlox/- CreERT2, however, 4-OHT incubation lead to Cre induction and p38α 

deletion, and these p38αΔ cells consistently showed decreased proliferation and increased cell 

death in two independent cell lines (Fig. 20A and 20B). This indicated that p38α was essential 

for the homeostasis of PyMT epithelial cancer cells and suggested that the tumor regression 

following p38α deletion observed in vivo was, at least in part, due to the impaired survival of the 

epithelial tumor cells. 

Figure 19. 4-OHT incubation efficiently deletes p38α from primary tumor cells in culture. Western 

blot analysis for the indicated proteins were performed in three tumor-derived primary cell cultures: 

one control line (p38αlox/-) and two independent p38αlox/- CreERT2 lines. NT: non treated 

Figure 18. Schematic of the protocol used to derive cell lines from PyMT-induced mammary tumors. 

Advanced tumors from mice around 3 months old were used for deriving cell cultures. Immortalized 

cultures were achieved at around passage 16, after approximately two months in culture. 
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 The primary cultures recapitulated the in vivo behavior of the PyMT-induced tumors in 

terms of proliferation and cell death; however, they showed a high basal death as shown in Fig. 

20B and started to enter senescence between passages 5-7. Therefore, we decided to establish 

cell lines by passaging these primary cultures until spontaneously immortalized, which took 

about 16 passages. 

The immortalized cancer cell lines grew well, showed a typical epithelial morphology 

(Fig. 21A) and were 100% positive for the epithelial marker EPCAM (Fig. 21B). In addition, we 

phenotypically characterized these cells (Fig. 21C) and confirmed that PyMT tumor-derived cell 

cultures retained the differentiation features of epithelial cancer cells in vivo. Of note, cells were 

mostly ERα(-), PgR(-), which is a typical feature of the advanced stages of PyMT tumors and of 

poor prognosis breast human cancers. Therefore, the immortalized cell lines recapitulated 

important features of the breast tumors and provided a relevant system to analyze the 

molecular basis for the enhanced tumor cell death and reduced tumor size observed upon p38α 

deletion in vivo. 

 

 

 

 

 

Figure 20. p38α deletion results in decreased proliferation and increased cell death in primary PyMT 

cancer cells. One control line (p38αlox/-) and two independent p38αlox/- CreERT2 lines were analyzed. A) Cell 

cultures were subjected to MTT analysis during six days. Values were normalized to the initial day. Bar 

graphs show the normalized tumor growth at the end of the experiment. B) Annexin V staining was 

performed 4 days after 4-OHT incubation. Dot plots of non-treated (NT) and 4-OHT treated cells are 

shown. Percentages of annexin V (+) cells are indicated below. 
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4. Functional characterization of p38α deletion in immortalized PyMT epithelial cells 

We initially tested the Cre-recombinase efficiency and specificity in the immortalized 

PyMT epithelial cell lines. For this purpose, we examined the expression of the MAPK14 gene 

and its surrounding genes (Fig. 22A). We confirmed that 4-OHT-induced Cre activation efficiently 

deleted the exon 2 of MAPK14, but did not affect the expression of its nearby genes MAPK13, 

SKRP1 and SLC26a8 (Fig. 22B). Therefore, although we cannot rule out other unspecific 

recombination events far away from the target sequence, these results indicated that Cre 

recombinase effectively deleted exon 2 of MAPK14 without affecting adjacent sequences in the 

PyMT cancer cells. 

 

 

 

 

 

A B

EPCAM-FITC Intensity

Isotype Control PyMT-derived cell line

E-cadherin ER PgR SMACK14CK8

N
or

m
al

m
a

m
m

a
ry

 t
is

su
e

P
yM

T
m

a
m

m
a

ry
 t

um
o

r

C

P
yM

T
 d

er
iv

ed
ce

ll 
lin

e

Figure 21. Characterization of immortalized PyMT epithelial cell lines. A) Bright field image of PyMT-

expressing cell line. Bar=25μm. B) EPCAM-FITC fluorescence intensity plot and its corresponding 

isotype control. C) Immunohistological characterization of the cell lines derived from PyMT-induced 

tumors compared to PyMT-induced advanced tumors and normal mammary fat pads. Bars = 50 μm. 



92 
 

 

Then, we functionally studied the effects of p38α deletion in the immortalized cancer 

cell lines. We verified that the tumor cells in culture efficiently deleted p38α protein upon 

treatment with 4-OHT (Fig. 23A). Consequently, we also found decreased phosphorylation of 

the downstream target HSP27 and increased levels of its activator MKK6 (Fig. 23A), indicating 

that p38α signaling pathway was impaired. We confirmed that p38α was also essential for the 

viability of these immortalized tumor cells, as p38α depletion greatly reduced the ability of the 

cells to form colonies (Fig. 23B). We did not find significant differences in the cell cycle of WT 

and p38αΔ cells, except for a slight decrease in S-phase (Fig. 23C). However, we observed 

decreased levels of DNA replication, which were evident at early time points (Fig. 23D), and 

increased cell death, mainly observed at later time points (Fig. 23E), which correlated with the 

lower viability of p38αΔ cells. Biochemical analysis supported these results, as we observed the 

downregulation of the proliferation-associated AKT pathway, and the upregulation of JNK 

signaling and cleaved-caspase 3, both indicative of increased cell death (Fig. 23F).  

 

 

p38αΔ + ZVAD 

WT p38αΔ p38αΔ + 

ZVAD 

Figure 22. Cre recombinase efficiently deletes MAPK14 exon 2 without affecting the expression of 
adjacent genes. A) Map of chromosome 17 with a zoom on the MAPK14 locus. Modified from 
ensembl.org. B) Relative mRNA expression levels of MAPK14 exon 2 and the indicated surrounding 
genes. Data correspond to three independent experiments including two different PyMT-expressing 
cell lines.  
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 To further characterize the cell death mechanism, we treated p38αΔ cells with the 

caspase inhibitor Z-VAD-FMK (ZVAD) and performed an annexin V cell death assay. We chose 

nutlin as a positive control, a compound that inhibits the interaction between p53 and its 

negative regulator MDM2, stabilizing thus p53 and ultimately leading to caspase dependent 

apoptosis. ZVAD incubation neither reverted nor lowered cell death in p38αΔ cells (Fig. 24A), 

while a complete rescue was obtained in the case of nutlin (Fig. 24B). This suggested that cell 

death following p38α deletion was not uniquely caspase-dependent and that other cell death 

mechanisms, apart from apoptosis, were taking place. Of note, cell death was detected at late 

timepoints (six days after 4-OHT incubation and p38α deletion). Therefore, it was likely not a 

direct effect of p38α deletion, but rather a consequence of cellular defects accumulated during 

this time in the absence of p38α. This would explain on the one hand the later appearance of 

cell death compared to the early drop in proliferation and, on the other hand, it would also 

Figure 23. Cancer cells derived from PyMT-induced mammary tumors reproduce the in vivo tumor 
behavior.  Early and Late refer to two and six days after the 4-OHT treatment, respectively. If not 
indicated, experiments were performed at the early timepoint. A) Cells were analyzed by western blot 
for the indicated antibodies. B) Colony formation assay using WT and p38αΔ cells. Bar graph shows the 
quantification of two independent experiments. C) Representative cell cycle profiles of WT and p38αΔ 
cells. D) BrdU uptake in WT and p38αΔ cells. Bar graph represents the quantification of three 
independent experiments. E) Annexin V staining of WT and p38αΔ cells. Bar graph represents the 
quantification of two independent experiments. F) WT and p38αΔ cells were analyzed by western blot 
using antibodies against the indicated proteins. 
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explain why inhibiting caspase 3 (and caspase 1 to a less extent) was not enough to stop the 

massive cell death.  

 

 Altogether, our results indicated that p38α was required for breast cancer cell viability, 

both in vivo and in vitro, and that its deletion resulted in cancer cell death and mammary tumor 

regression in a PyMT tumorigenesis model.  

 

4.1. p53 status characterization 

The tumor suppressor p53 is essential for maintaining cellular genomic integrity and it 

has been described to be mutated in about half of all cancers (Muller and Vousden, 2013). In 

response to several signals, p53 can mediate a plethora of cellular outcomes such as cell cycle 

arrest, senescence, differentiation or apoptosis. Therefore, p53 status is important to 

understand the role of other proteins in a tumor cell. 

In order to functionally test p53, we treated PyMT epithelial cells with the p53 activator 

nutlin and analyzed the expression of p21, one of its main downstream targets. p53WT cells 

HCT116 upregulated p21 following p53 activation, while p53MUT SW620 did not show any 

response. PyMT tumor cells, as shown in Fig. 25A and 25B, upregulated p21 both at the mRNA 

Figure 24. ZVAD caspase inhibitor does not revert cell death in p38αΔ cells.  A) 50μM ZVAD was 
added every other day to p38αΔ cells till day 6 after 4-OHT incubation. Dot plots show annexin V and 
PI staining in the indicated conditions. Bar graph represents the percentage of annexin V(+) cells in 
two independent experiments. B) As positive control, WT cells were incubated in 10μM nutlin for 48h 
with or without 50μM ZVAD. Quantification of the percentage of annexin V(+) cells is shown in the bar 
graph. The percentage of annexin V (+)/PI(-) and annexin V (+)/PI(+) in every plot is indicated in red. 
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and the protein levels following nutlin incubation, indicating that they expressed a functional 

p53 gene. 

 

Of note, in the absence of p38α, p21 and MDM2 mRNA levels were upregulated after 

p53 activation, indicative of the transcriptional activity of p53 (Fig. 26A). However, protein levels 

did not respond accordingly and p21 did not increase upon nutlin incubation in p38αΔ cells (Fig. 

26B). This probably reflects that p38α can modulate p21 protein expression independently of 

transcription. 

These results correlated with previous work where p38 MAPK signaling was shown to 

be required for the p21 mRNA stabilization and protein accumulation following γ-radiation 

(Lafarga et al., 2009).  

 

4.2. Receptor status characterization 

Another important feature of breast cancer is the status of certain membrane receptors: 

ERα, PgR, and Her2. These hormone and growth receptors, when bound by their ligands, activate 

Figure 25. PyMT epithelial cells express a functional p53 gene.  A) Cells were incubated with 10µM 
nutlin for 24h and p21 mRNA levels were analyzed by qRT-PCR. MCF-7 and SW620 human cells were 
used as p53WT and p53MUT cells respectively. B) Cells were incubated with 5 or 10µM nutlin for 24h and 
p53 and p21 protein levels were analyzed by western blot. HCT-116 and SW620 human cell lines were 
used as p53WT and p53MUT controls respectively.  

Figure 26. p38α cooperates in the p21 regulation at the post-transcriptional level.  WT and p38αΔ cells 
were treated with 10μM nutlin for 24h. A) p21 and MDM2 mRNA levels were analyzed by qRT-PCR. Bar 
graphs show the data of one representative experiment. Similar results were obtained in a second 
independent experiment. B) p53 and p21 protein levels were analyzed by western blot. Results were 
reproducible in three independent experiments. 
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several signaling pathways that contribute to cellular proliferation and to sustain tumor growth. 

Determination of the status of ERα, PgR, and Her2 is of great interest since their expression is 

used to classify breast cancers into different subgroups which predict the outcome and 

contribute to treatment decision.  

We immunohistochemically analyzed the expression of these three receptors in PyMT 

cancer cell pellets and found that ERα expression was increased following p38α deletion, while 

no difference was found in the case of PgR and Her2 (Fig. 27A). We then examined the mRNA 

(Fig. 27B) and protein levels (Fig. 27C) of ERα, confirming that this receptor was upregulated in 

the absence of p38α. 

The importance of ERα relies on its transcriptional activity, since it activates growth-

related genes and promotes cell proliferation. Therefore, we studied whether the increased 

protein levels correlated with a more functional signaling. For this, we treated both WT and 

p38αΔ cells with the ERα ligand 17β-estradiol (E2) and analyzed the transcriptional response 

using GREB1 as readout and MCF-7 cells as positive control. As expected, GREB1 was 

upregulated in MCF7 following E2 stimulation. WT PyMT cancer cells showed no response to E2, 

while p38αΔ cells upregulated GREB1 mRNA expression (Fig. 28A), indicating that p38α 

interferes with the biological activity of ERα. Although the role of p38 MAPKs in estrogen 

signaling is not clear (Antoon et al., 2012, Lee and Bai, 2002), our data was in line with previous 

Figure 27. ERα expression is regulated by p38α in PyMT epithelial cells. A) WT and p38αΔ cell pellets 
were stained with the indicated antibodies. B) ERα mRNA levels were analyzed by qRT-PCR. Bar graph 
shows the results from two independent experiments. C) ERα protein levels were analyzed in total 
lysates of WT and p38αΔ cells by western blot. Two independent p38αΔ samples are shown. The 
relative ERα protein levels are indicated below. 
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work describing a phosphorylation-dependent negative regulation of ERα by p38α (Bhatt et al., 

2012). Moreover, it fitted with the activation of p38 MAPK signaling found in tamoxifen-resistant 

tumors (Gutierrez et al., 2005, Aesoy et al., 2008). 

ERα, however, is not just a growth factor, but it is also a well-known marker of luminal 

differentiation in breast cells. The epithelium of the mammary gland is formed by two main 

lineages, luminal and basal cells, which have distinct characteristics and play different roles in a 

tumorigenesis context. Importantly, epithelial luminal differentiation has been shown to inhibit 

tumor progression and metastasis (Kouros-Mehr et al., 2008). Therefore, we investigated 

whether p38α could be involved in mammary epithelial cell differentiation by analyzing a set of 

genes known to correlate with estrogen receptor expression and to be involved in tumor cell 

differentiation. We found no differences in the mRNA expression of luminal-associated genes 

such as GATA3, FOXA1, CK8, or CK18, while reduced expression of some basal-associated genes 

such as CK14 or FOXM1 was detected in p38αΔ cells (Fig. 28B). However, no differences in the 

luminal phenotype were detected according to EPCAM and CD49f expression (Fig. 28C), two 

surface markers commonly used to classify mammary cell populations.  

Figure 28. p38α regulates ERα functionality but the differentiation status is not affected in p38αΔ 
cells. A) GREB1 mRNA expression was determined in WT and p38αΔ cells after 24h incubation in 
10nM E2 in 0.1%FBS media. Graph represents two independent experiments. MCF7 cells were used 
as positive control for ER function. B) Relative mRNA expression levels of luminal and basal 
associated genes were analyzed in WT and p38αΔ cells. Graph summarizes the results of two 
independent experiments. C) EPCAM (up), CD49f (middle) and combined (down) intensity plots of 
WT and p38αΔ cells obtained by flow cytometry.  
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This suggests that the observed changes in mRNA levels upon p38α deletion were not 

enough to influence the differentiation fate of the cancer cells.  

Altogether, our results indicated that estrogen receptor signaling was upregulated in the 

absence of p38α. However, this increase was not accompanied by important transcriptional or 

phenotypical changes. Therefore, although interesting from a therapeutic point of view, the 

increase in ERα signaling following p38α deletion could not explain the cell death and tumor 

regression observed in the PyMT tumorigenesis model. 

 

4.3. p38α is not directly involved in PyMT signaling 

p38 MAPK signaling has never been described to be required for PyMT-induced 

tumorigenesis, but we wanted to make sure that the tumor enabling function of p38α in this 

model was not due to a requirement of p38α for PyMT signaling itself. PyMT, by mimicking the 

activity of receptor tyrosine kinases, recruits cytoplasmic signaling proteins, ultimately activating 

PI3K and RAS pathways, which are therefore essential for its transforming capacity 

(Schaffhausen and Roberts, 2009). In order to confirm that p38α was not directly involved in 

PyMT signaling, PyMT cancer cells were incubated with an AKT inhibitor (MK2206), an ERK 

inhibitor (UO126) and a p38 MAPK inhibitor (PH797804). As expected, incubation in MK2206 or 

UO126 resulted in immediate and massive cell death, while cells treated with PH797804 showed 

reduced proliferation, but did not die at this short timepoint (Fig. 29A, 29B).  

Figure 29. p38α is not required for PyMT signaling. Cells were treated for 72h with either vehicle, 2μM 
PH797804, 3μM MK2206 or 5μM UO126. A) Cell growth was analyzed by MTT. B) Cell death after 72h 
was determined by annexin V staining. The percentage of Annexin V(+) cells is shown below. 
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Indirectly, these results indicated that although p38α is essential for PyMT tumor 

progression, it is not likely a downstream effector of PyMT signaling.  

 

5. p38α is required for chromosome segregation in PyMT epithelial cells and its 

deletion increases chromosome instability 

Observing PyMT cancer cells before and after p38α deletion under the microscope, we 

realized that they presented slight different morphologies. We observed that p38αΔ cells were 

slightly bigger and the abundance of multinucleated cells was increased compared to WT cells 

(Fig. 30A). We quantified cell size using the Forward-scatter signal by flow cytometry (Fig. 30B) 

and multinucleated cells using DAPI and E-cadherin staining (Fig. 30C), and confirmed that both 

parameters increased after p38α deletion, suggesting potential defects in cell division. 

The larger cells and the higher multinucleation rate observed upon p38α 

downregulation suggested potential defects during chromosome segregation. In order to test 

this hypothesis, we performed time-lapse video analysis and observed that WT cells completed 

mitosis in around 35min, while some p38αΔ cells showed a delay in anaphase resolution and 

cytokinesis completion (Fig. 31). To further validate the mitotic defects, we stably expressed 

H2B-GFP, which allowed high resolution imaging of DNA.  We observed that both WT and p38αΔ 

cells condensed and de-condensed DNA normally and that cells progressed normally through 

prophase and metaphase in the absence of p38α. Cytokinesis, however, was physically 

obstructed by inter-cellular DNA structures known as DNA bridges (Fig. 32). Nevertheless, even 

Figure 30. Cancer cells become bigger and multinucleated following p38α deletion.  A) Representative 
images of WT and p38αΔ cells stained with DAPI and Wheat germ agglutinin as membrane marker. 
Bar=20μm. B) Representative Forward-scatter plot of WT and p38αΔ cells. Bar graph shows 
quantification of six independent experiments. C) Immunofluorescence based quantification of cells 
exhibiting two or more nuclei in two independent experiments. At least 100 cells were counted in each 
replicate. 
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in the presence of the DNA bridges, most of the p38αΔ cells were able to eventually divide, but 

exhibited micronuclei after mitosis (Fig 32). 

 

Immunofluorescence-based quantifications showed that both DNA bridges and 

micronuclei were strongly increased in p38αΔ cells (Fig. 33A and 33B). These defects are classical 

CIN markers; therefore, we examined additional characteristics of CIN. An increased number of 

Figure 31. p38αΔ cells show impaired anaphase resolution and cytokinesis defects.  Representative 
images from WT and p38αΔ cells are shown. The time in minutes is indicated in yellow. 

Figure 32. Defective mitoses after p38α deletion. Representative images from H2B-GFP WT and 
p38αΔ cells are shown. The time in minutes is indicated below. Arrows mark mitotic defects such as 
DNA bridges and micronuclei. 
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cells with more than two centrosomes (Fig. 33C) as well as with multipolar prophases and 

metaphases were observed in the absence of p38α (Fig. 33D), indicating an increased CIN 

following p38α deletion. Moreover, we detected a higher rate of chromosome fragments and 

non-telomeric fusions (Fig. 33E) in p38αΔ metaphase spreads, which might reflect the defects in 

anaphase resolution and cytokinesis. In order to study this CIN phenotype in vivo, we stained 

PyMT mammary tumor sections with phospho-histone H3 and detected an increased 

percentage of aberrant mitoses after p38α downregulation (Fig. 33F), confirming the occurrence 

of CIN not only ex-vivo in cell cultures, but also in vivo in mouse tumors. 

Figure 33. p38α deletion increases CIN in PyMT epithelial cells. A) Representative images of DNA bridges 
in p38αΔ cells. Bar graph shows the quantification of three independent experiments. At least 60 mitoses 
per condition were analyzed in each experiment. B) Representative image of p38αΔ cells with 
micronuclei. Bar graph shows the quantification of two independent experiments. At least 500 cells were 
analyzed in each experiment. C) Representative image of p38αΔ cells stained with γ-tubulin. Bar graph 
shows the percentage of cells showing > 2 centrosomes in two independent experiments. At least 500 
cells were analyzed in each experiment. D) Representative images of p38αΔ cells stained with α-tubulin. 
Graphs show the quantification of multipolar prophases and metaphases of three independent 
experiments. At least 50 mitoses per condition were analyzed in each experiment. E) Representative 
picture from a chromosome fusion in p38αΔ cells (left) and telomere-FISH staining in red (right). 
Percentage of spreads containing fusions was quantified in three independent experiments. At least 50 
spreads were analyzed in each experiment. F) Representative image of an aberrant mitosis in sections of 
p38α-deficient PyMT mammary tumors stained with phospho-H3 S10. Bar graph shows the quantification 
of two independent mice. At least 20 fields per tumor were quantified. Bars = 10 μm. 
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CIN cells accumulate karyotype alterations during cell cycles, creating numerical changes 

in the cell population or, in other words, aneuploidy. To confirm this idea metaphase spreads 

from WT and p38αΔ cells were performed and the number of chromosomes per metaphase was 

counted (Fig. 34A). On the one hand, we found that these cells were 3n, as the median number 

of chromosome in WT cells was 69 (Fig. 34B). This indicated that PyMT epithelial cells were 

polyploid. On the other hand, p38αΔ cells showed a heterogeneous distribution in terms of 

chromosome loading (Fig. 34B), indicating that they were not just polyploid but aneuploid. This 

marked increase in aneuploidy (Fig. 34C) may explain the slower proliferation and later cell 

death, since CIN and aneuploidy have been shown to have detrimental effects in most of the 

organisms (Lynch et al., 1993, Torres et al., 2007, Williams et al., 2008) and even a single 

chromosome gain can cause tumor suppression (Sheltzer et al., 2017). 

 

 Taken together, p38α downregulation in the PyMT breast cancer cells resulted in a 

variety of mitotic aberrations, abnormal cytokinesis, increased aneuploidy and a CIN phenotype, 

which were consistent with the larger and multinucleated cells, and would explain the lower 

fitness, the increased cell death and the tumor regression. 

 

As a control, we derived cell lines from PyMT-induced tumors in p38α+/+ CreERT2 mice, 

which activated Cre upon 4-OHT treatment but did not carry loxP sites and did not delete p38α 

(Fig. 35A). Treatment of these cells with 4-OHT barely affected proliferation and cell death (Fig. 

35B, 35C), and these cells were also able to form colonies to a similar extent as the non-treated 

ones (Fig. 35D). Moreover, spreads from these cells, incubated or not with 4-OHT, showed no 

major differences in the number of chromosomes. These results indicated that the observed 

Figure 34. p38α deletion results in increased aneuploidy in PyMT epithelial cells. A) Representative 
metaphase spreads of WT and p38αΔ cells. B) The number of chromosomes in at least 50 spreads was 
counted. Histogram shows chromosome number distribution in WT and p38αΔ cells in three independent 
experiments. C) Spreads containing more or less chromosomes than the median ±30% were considered 
aneuploid. Bar graph shows the quantification of aneuploid cells in the three independent experiments. 
At least 50 spreads were analyzed in each experiment. 
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phenotypes can be specifically ascribed to p38α downregulation, rather than to 4-OHT 

treatment or Cre activation. 

 

6. Mitotic defects do not explain the increased chromosome instability found in the 

absence of p38α 

Several mechanisms can lead to CIN and aneuploidy, but perhaps the most obvious one 

is a failure during mitotic progression. Mitosis is a tightly regulated process that involves the 

temporal and spatial control of several kinases such as CDK1 and Auroras, and that is monitored 

by a special checkpoint known as SAC. Defects in several mitotic players have been associated 

with segregation errors and CIN (Welburn et al., 2010, Gonzalez-Loyola et al., 2015, Vazquez-

Novelle et al., 2014). 

 We initially analyzed the chromosome condensation. This factor is important since loss 

of chromatid cohesion causes premature chromatid separation that results in missegregation 

and aneuploidy (Solomon et al., 2011, Iwaizumi et al., 2009). We indirectly studied chromosome 

condensation by measuring the chromosome area in metaphase spreads, and found no 

difference between WT and p38αΔ cells (Fig. 36). 

Figure 35. 4-OHT incubation and Cre induction are not responsible for the phenotypes observed in 
p38αΔ cells. Control p38+/+ CreERT2 cells were incubated or not with 4-OHT for 48h and released.  A) p38α 
levels were analyzed by western blot. B) BrdU uptake in two independent experiments. C) Annexin V 
staining in three independent experiments. Early and Late corresponds to two and six days after 4-OHT 
treatment. D) Colony formation assay. Graph represents the quantification of two independent 
experiments. E) Metaphase spreads were performed, the number of chromosomes were counted and 
all the cells containing more or less than the median+30% chromosomes were considered aneuploid.  
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We next analyzed the status of Aurora B, an essential sensor of tension at the 

centromere-kinetochore interphase whose targeting leads to attachment failures and miss-

segregation, and Aurora A, required for mitotic entry and proper spindle formation. We stained 

WT and p38αΔ cells with antibodies for Aurora B (Fig. 37A) and Phospho Aurora A T288 (Fig. 

37B), which corresponds to an autophosphorylation site and is indicative of its activity. We did 

not find any difference, neither in Aurora B nor in P-Aurora A, in terms of localization or signal 

intensity, suggesting that Aurora A/B functionality was maintained after p38α deletion. 

Figure 36. p38α deletion does not affect chromosome condensation.  Representative images of 
chromosomes from WT and p38αΔ metaphase spreads. Graph shows the quantification of the 
chromosome area. At least 60 chromosomes in different spreads were analyzed. 

Figure 37. p38α deletion does not affect Aurora B or Phospho-Aurora A localization. 
Representative images of Aurora B (A) and Aurora A P-T288 (B) in different mitotic phases. 
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Although de-regulation of Aurora A and Aurora B and defects in chromosome 

condensation can originate aneuploidy, the SAC could be considered the main guardian of the 

genome integrity during mitotic progression. To study the SAC status, we initially analyzed its 

main components at the transcriptional level. We found a reproducible decrease in the mRNA 

levels of BUB1, MAD2 and CDK1 (Fig. 38A) and confirmed the MAD2 and CDK1 reduction, 

together with a cyclin B1 downregulation, at the protein level (Fig. 38B). Of note, expression of 

these proteins is cell-cycle dependent. Although we have previously shown that cell cycle profile 

barely changed following p38α deletion (Fig. 23C), cell proliferation was impaired in p38α 

deficient cells (Fig. 23D), and likely account for the reduction of the mitosis-associated proteins.  

We next functionally assayed SAC by incubating cells with mitotic poisons. We initially 

treated WT and p38αΔ cells with paclitaxel, also known as taxol, a microtubule-stabilizing drug 

that arrests cells in prometaphase, activating the SAC and temporarily blocking mitotic 

progression. We observed a lower accumulation in mitosis in p38α deficient cells, marked by the 

reduced pH3(+) cell percentage upon paclitaxel incubation (Fig. 39A). However, p38αΔ cells 

consistently showed a decreased basal mitotic rate (about 35% lower), which can in part explain 

the lower expression of MAD2, cyclin B1 and CDK1 proteins. Therefore, we normalized the 

pH3(+) cells to the initial mitotic rate and re-analyzed the results. Again, we detected a lower 

Figure 38. p38αΔ cells show decreased levels of some SAC-related proteins.  WT and p38αΔ cells 
were analyzed. A) mRNA levels of the indicated genes were analyzed by qRT-PCR in three 
independent samples. B) Representative western blots of SAC-related proteins. Quantification of 
three independent experiments is shown in the graph. 
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accumulation of mitotic cells, but the difference between WT and p38αΔ was reduced to a 30% 

(Fig. 39B). These results were corroborated by performing western blot in the same conditions. 

We confirmed the lower expression of pH3 and CDK1 and detected a lower accumulation of 

cyclin B1 (Fig. 39C). A lower mitotic accumulation in the presence of paclitaxel can be due to a 

bypass of the checkpoint or to other reasons like a lower mitotic entry.  To further analyze the 

behavior of these cells upon SAC activation, we performed time-lapse video using the H2B-GFP 

expressing cells in the presence of paclitaxel. We measured the time cells were arrested in 

prometaphase and confirmed that p38αΔ cells exited the prometaphase arrest a 25% faster than 

WT cells (Fig. 39D). 

In order to complete this analysis we made use of a known inhibitor of the SAC activity: 

reversine, an inhibitor of the protein kinase MPS1 whose activity is essential for the proper 

activation of the SAC (Winey et al., 1991, Stucke et al., 2002). The concentration range of this 

inhibitor in the literature was broad and it varied depending on the cell type. Therefore, we 

Figure 39. p38α deletion decreases mitotic arrest upon paclitaxel incubation.  A) WT and p38αΔ cells 
were treated with 100nM paclitaxel for the indicated times and the percentage of pH3-S10(+) cells 
was measured by flow cytometry. Graph shows the results from three independent experiments. B) 
Data from A was normalized to initial pH3-S10(+) levels. C) Expression levels of the indicated proteins 
were analyzed after incubation in 100nM paclitaxel. Representative western blots are shown. D) H2B-
GFP PyMT cancer cells were treated with 100nM paclitaxel and time-lapse was performed. Time from 
nuclear envelope breakdown to prometaphase exit was calculated. Graph shows the normalized 
results of three independent experiments. 
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initially tested different reversine concentrations and analyzed their effects on nocodazole-

treated WT cells. To determine the checkpoint activation upon nocodazole incubation, we 

measured the accumulation of cells in mitosis through the quantification of pH3 by FACS (Fig. 

40A) and western blot (Fig. 40B). Both techniques showed that at 250nM, reversine effectively 

reverted nocodazole effects, indicating that MPS1 was inhibited and the checkpoint was 

abolished. Additionally, western blot indicated that reversine did not affect p38 MAPK 

phosphorylation levels, suggesting that it does not interfere with the p38α activity. 

  Once the concentration of reversine was established, we performed time-lapse with 

H2B-GFP cells and observed that indeed, PyMT epithelial cells did not arrest at mitosis in the 

presence of reversine (Fig. 41A). Moreover, reversine did not affect mitosis entry of the cells 

(Fig. 41B) and did not revert the binucleation upon nocodazole incubation (Fig. 41C). 

 

Figure 40. 250nM reversine is enough to block SAC activity in PyMT epithelial cells. Cells were 
incubated for 8h in 3μM nocodazole in the presence of increasing concentrations of reversine. 
Checkpoint activation was detected by accumulation of pH3 S10(+) cells by A) flow cytometry and B) 
western Blot. 

Figure 41. 250nM reversine reverts nocodazole-induced arrest. H2B-GFP PyMT epithelial cells were 
incubated in 3μM nocodazole in the presence or absence of 250nM reversine and time-lapse was 
performed. A) Duration of mitotic arrest was determined. B) The percentage of cells entering in mitosis 
in four frames during the whole time-lapse was calculated. C) Percentage of binucleated cells resulting 
from mitosis was quantified in four frames from the same experiment. Values correspond to the 
average binucleation percentage in each condition. 
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When we compared the effects of reversine and p38α downregulation, we found that 

reversine increased the percentage of cells showing micronuclei (Fig. 42A) and DNA bridges (Fig. 

42B), indicating that abolishment of SAC could be a source of CIN in the PyMT cells. However, 

when we analyzed the duration of mitosis, we observed that reversine decreased normal mitosis 

time, while p38α deletion slightly increased it (Fig. 42C). But most strikingly, comparing the 

duration of normal mitoses -a parameter that we did not have into account in the first time-

lapse analysis in Fig. 39D- and the duration following nocodazole-induced arrest, we observed 

that the decrease in mitosis arrest caused by p38α deletion was of 9% (and not 25% as calculated 

before), while reversine induced a 100% reversal. This 10-fold difference between the effect of 

p38α deletion and reversine suggested that the missegregation and CIN in p38αΔ cells were not 

caused by defects in SAC. 

In order to try to confirm these findings, we used monastrol, a cell-permeable small 

molecule inhibitor of the motor protein Eg5 that induces monoastral spindles and mitotic arrest. 

Unlike paclitaxel and nocodazole, monastrol causes checkpoint activation without affecting 

microtubule polymerization. After 16h incubation in monastrol, we observed a similar 

percentage of arrest escapers (mitotic cells out of the prophase block), around 20%, suggesting 

that both WT and p38αΔ cells were equally sensitive to the monastrol-induced spindle 

checkpoint. However, in p38αΔ cells most of the escaper cells showed aberrant morphologies 

(Fig. 43A, 43B), raising the possibility whether p38α deficient cancer cells bore previous defects 

which were magnified by the presence of mitotic poisons. 

Figure 42. Reversine mimics the increase in micronucleation and DNA bridges. However, the effect 
of p38α deletion on SAC is not comparable to reversine. H2B-GFP PyMT derived epithelial cells were 
treated as indicated and time-lapse video was performed for 16h. A) Cells bearing micronuclei after 
mitosis were quantified. B) Mitoses showing DNA bridges were quantified. C) Duration of mitoses was 
determined. Nocodazole 3μM (Noco) was used as positive control of SAC activation. 
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Altogether these data suggested that the effect of p38α on the SAC was rather small and 

unlikely to explain the marked increase in missegregation, CIN and aneuploidy observed in 

p38αΔ cells.  

 

7. p38α deletion results in elevated DNA damage and replication stress in PyMT 

epithelial cells 

Defects in mitosis progression and regulation were not likely to be responsible for the 

CIN phenotype in p38αΔ cells, suggesting the existence of defects prior to mitosis. In order to 

support the hypothesis of a pre-mitotic origin of these defects, we stained cells with an anti-

centromere antibody (ACA). Structural chromosome aberrations that arise due to pre-mitotic 

defects are characterized by DNA bridges and chromosome fragments without centromeres, 

while lagging chromosomes with centromeres often suggest mitotic dysfunctions such as 

merotelic kinetochore attachments (Fig. 44A) (Burrell et al., 2013). Immunofluorescence in 

p38αΔ cells identified DNA bridges in most of the aberrant mitoses, but only 26% of the mitoses 

showed lagging chromosomes stained for ACA (Fig. 44B). Therefore, although we cannot rule 

Figure 43. p38α deleted cells arrest in mitosis upon monastrol incubation but show more 
aberrancies after arrest slippage. Cells were incubated for 16h in 100μM monastrol. A) 
Representative images of WT and p38αΔ cells after monastrol incubation. B) Quantification of mitotic 
aberrancies in arrested and escaper cells. At least 25 mitoses were analyzed in each condition. 
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out some contribution of mitotic dysfunctions, our results indicated that the observed 

segregation errors were primarily a consequence of pre-mitotic defects.  

Among all the undergoing events during interphase, DNA replication is the most 

vulnerable process, and defects in this period are known to cause genome instability. Replication 

stress and DNA damage have been proposed to be a major cause of CIN in tumor cells (Gorgoulis 

et al., 2005, Halazonetis et al., 2008, Negrini et al., 2010) leading to both numerical and structural 

chromosome alterations (Burrell et al., 2013). Even low levels of replication stress can hamper 

mitotic progression by inducing anaphase bridges or multipolar spindles, leading to aberrant 

chromosome segregation and aneuploidy (Wilhelm et al., 2014). Therefore, given that 

replication stress results in DNA damage (Lukas et al., 2011), we analyzed the levels of γH2AX, 

which is considered a marker of DSBs and DNA damage. We found that p38α deficient cells 

showed higher γH2AX staining (Fig. 45A); moreover, we observed that its localization was not 

restricted to the nuclei, but also appeared in DNA bridges and micronuclei (Fig. 45A), potentially 

reflecting DSBs resulting from chromosome segregation errors during cytokinesis (Crasta et al., 

2012, Janssen et al., 2011). We also observed an increased number of 53BP1 foci, another well-

characterized DSB marker (Fig. 45B). These results were complemented using neutral and 

alkaline COMET assays, which showed increased levels of double and single-strand breaks 

respectively (Fig. 45C and 45D). Altogether these results confirmed the in vivo data where p38α 

downregulated PyMT tumors showed a higher DNA damage (Fig. 16D). 

 

 

Figure 44. ACA staining in p38αΔ cells reveals pre-mitotic defects. A) Schematic illustration showing 

the effects of mitotic and pre-mitotic defects on chromosome segregation. Adapted from (Burrell et 
al., 2013). B) Representative images of p38αΔ cells in mitosis. The numbers represent the average 
percentage of aberrant mitoses showing DNA bridges or ACA-containing lagging chromosomes in 
three independent experiments. At least 20 defective mitoses were analyzed in every experiment. 
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 One recognized source of endogenous DNA damage is oxidative stress, defined as an 

imbalance between production and elimination of ROS (Reuter et al., 2010). However, the higher 

level of DNA breaks found in PyMT  epithelial cells following p38α deletion was not accompanied 

by increased ROS production (Fig. 46A) or DNA oxidation (Fig. 46B), indicating that oxidative 

stress was not likely responsible for the observed phenotypes.  

 
 
 
 

Figure 45. p38α deletion in PyMT epithelial cells results in increased DNA damage.  A) 
Representative images of WT and p38αΔ cancer cells stained with γH2AX antibody. Nuclear γH2AX 

intensity was measured. Graph corresponds to one of three representative experiments. B) 
Representative images of WT and p38αΔ cells stained with 53BP1 antibody. Histograms show the 
quantification of 53BP1 foci/cell (left), and the 53BP1 foci per cell distribution of the three 
independent experiments (right). C) Representative images of neutral COMET assay. Graph shows 
quantification of the tail moment in two independent experiments. At least 50 cells per condition 
were analyzed in each experiment.  D) Representative images of alkaline COMET assay. Graph shows 
quantification of the tail moment in two independent experiments. At least 50 cells per condition 
were analyzed in each experiment 
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It is well known that defects in DNA replication or DNA replication stress cause 

accumulation of ssDNA, SSBs or stalled replication forks, which can all promote DSBs. In turn, 

increased levels of DNA damage are known to impact on DNA replication and hamper its 

progression, both due to the generation of physical barriers for the DNA replication machinery 

and to activation of cell cycle checkpoints. To directly assess the effect of p38α deletion on DNA 

replication, we performed pulse labeling with the thymidine analogs CIdU and IdU and analyzed 

stretched DNA fibers. We found that labeled tracks corresponding to ongoing replication forks 

were significantly shorter in p38αΔ cells (about 30% shorter, Fig. 47A). Shorter tracks can be 

interpreted as slower fork progression or as an effect of higher frequency of fork stalling. The 

analysis of bidirectional fibers revealed an increased rate of asymmetric forks (Fig. 47B), 

indicative of stalled forks. Cells usually try to respond to the replication slow-down and/or fork 

stalling by activating back-up origins, increasing origin density (Maya-Mendoza et al., 2009). We 

measured the inter-origin distance in fibers containing at least two initiation events. Although 

the number of these fibers analyzed was low, we could detect a decrease in the inter-origin 

distance (Fig. 47C), suggesting the activation of a compensatory response and activation of 

dormant origins, which is a common response to replication stress. 

 Altogether, these results indicated that p38α was required for proper fork progression 

and DNA replication. Therefore p38α deletion resulted, independently of ROS-induced damage 

and in the absence of any exogenous source of stress, in fork stalling, replication stress and DNA 

damage that negatively impacted the viability of the PyMT cancer cells. 

 

 

 

Figure 46. p38α deletion does not induce oxidative stress in PyMT cancer cells. A) ROS levels were 
detected using DCFDA probe. Bar graph shows the quantification of two independent experiments. 
B) DNA oxidation was measured by 8-oxo-guanidine antibody (8-OHdG). Bar graph shows 
quantification of three independent experiments. Representative DCF and 8-OHdG fluorescence 
intensity plots are shown including H2O2 treated cells as positive control. 
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 Next, we tried to identify the underlying mechanism leading to replication stress and 

DNA damage in the PyMT cancer cells following p38α deletion.  

An emerging source of replication stress in cancer cells is the overexpression or 

activation of oncogenes such as Ras, Myc or Cyclin E, which promote origin firing, fork speed 

slow-down, fork stalling, and DNA damage (Zeman and Cimprich, 2014, Gaillard et al., 2015, 

Macheret and Halazonetis, 2015). Therefore, we studied the expression levels of these proteins 

in WT and p38αΔ cells, but found no increase in any of them (Fig. 48); on the contrary, we 

observed the downregulation of Myc in the absence of p38α. As Myc function is related to cell 

proliferation and survival (Soucek and Evan, 2010), this decrease in Myc protein might be 

explained by the lower proliferation rate of p38αΔ cells. In any case, oncogene activation did 

not seem to be responsible for the replication stress and CIN found in p38αΔ cells.  

 

  

 

 

Figure 47. p38α deficient cancer cells show impaired replication fork progression.  A) Representative 
images of DNA fibers obtained from WT and p38αΔ cells. Graph shows fork rate (Kb/min) in a 
representative experiment. Comparable results were obtained in three independent experiments. B) 
Representative images of bidirectional DNA fibers obtained from WT and p38αΔ cells. Dot plot shows 
the right vs left track length of every fiber in one experiment. Fibers deviating more than 33% from 
perfect symmetry were considered asymmetric and are located outside the black lines. Quantification 
of asymmetric fibers in two independent experiments is shown in the bar graph. C) Inter-origin distance 
was measured in multi-origin fibers. Inter-origin distances from all fibers analyzed in three independent 
experiments were normalized and plotted together (left panel). Bar graph (right panel) shows the mean 
inter-origin distance of the three independent experiments.  
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Another source of replication stress relies on the de-regulation of factors involved in the 

initiation of replication, such as the members of the mini-chromosome maintenance complex 

MCMs, ORCs, CTD1 or CDC6. Recently, reduced expression of MCM proteins has been shown to 

induce replication stress in hematopoietic precursors (Alvarez et al., 2015, Flach et al., 2014), 

and increase segregation defects in several cellular models (Passerini et al., 2016, Kawabata et 

al., 2011). Using qRT-PCR, we found that the mRNA levels of MCM2-7, together with CDC6 and 

ORC1, were downregulated in p38αΔ cells compared to WT cells (Fig. 49A). Consistent with this, 

we observed that MCM2, 3 and 6 and, to a less extent MCM4, were downregulated at the 

protein level upon p38α deletion (Fig. 49B). 

Figure 48. The key replication-inducing oncogenes are not overexpressed in p38αΔ cancer cells. The 
protein levels of the indicated oncogenes were analyzed by western blot in WT and p38αΔ cells. Bar 
graphs show the quantification in four independent samples. 

Figure 49. MCM proteins are downregulated in p38αΔ cells. A) Relative mRNA levels for the indicated 
MCMs, CDC6 and ORC1 genes were determined by qRT-PCR. Bar graphs show the quantification of 
three independent experiments. B) Total MCM2, MCM3, MCM4 and MCM6 protein levels were 
determined by western blot. Bar graphs show the quantification of three independent experiments. 
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Moreover, immunofluorescence staining of WT and p38αΔ cells with the same MCM 

antibodies revealed a lower nuclear expression of MCM2, 3 and 6 in p38α cells (Fig. 50A), 

corroborating the qRT-PCR and western blot analysis. Although MCM proteins can be localized 

both in the cytoplasm and the nucleus, the functional MCMs are those bound to chromatin, and 

more specifically, bound to replication origins. Importantly, subcellular fractionation also 

showed decreased MCM levels in this chromatin bound fraction in p38αΔ cells compared to WT 

ones (Fig. 50B).  

Given the global downregulation of all several MCM family members both at the mRNA 

and the protein level, we looked for possible common regulators. We used an online tool for 

searching transcription factor binding sites (MATCH) and found that all MCMs, with a higher or 

lower probability, could be bound by E2F family members among others. E2F is a family of 

transcription factors that is involved in the control of cell cycle progression, especially in the 

G1/S transition, and has been shown to directly and indirectly regulate MCM expression and 

Figure 50. p38αΔ cancer cells show lower MCM levels in both the nuclear and chromatin-bound 
fractions A) Quantification of nuclear intensities of MCM2, MCM3, MCM4 and MCM6 were 
determined by immunofluorescence. Results were comparable in two independent experiments. B) 
MCM2, MCM3, MCM4 and MCM6 protein levels were analyzed in the different cellular compartments 
by subcellular fractionation and western blot. WCE, whole cell extract. 
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localization (Ohtani et al., 1999, Yoshida and Inoue, 2004, Sabelli et al., 2009). We evaluated 

some E2F-dependent genes by qRT-PCR in WT and p38αΔ cells and observed a mild 

downregulation in most of them (except for cyclin A2, where a 40% reduction was detected) 

(Fig. 51A). However, no significant differences were found in the protein levels of E2F1 (Fig. 51B), 

the best characterized member of the family. 

While most of the MCMs analyzed were consistently downregulated at the mRNA and 

protein levels, E2F1 was barely affected at the protein level and several direct E2F targets were 

not strongly downregulated. Therefore, we considered unlikely that p38α could control MCM 

expression through the E2F program. Moreover, all these genes are related with cell 

proliferation programs. Hence, we hypothesized that, similarly to Myc, the downregulation of 

the E2F program, as well as the MCM expression, could be a consequence of a decreased DNA 

synthesis and slower cell proliferation and not the cause of replication stress, DNA damage and 

missegregation.  

 

8. p38α deletion hampers ATR signaling and DNA repair in response to replication 

associated DNA damage  

Next, we decided to study one of the most recognized causes of replication stress, which 

is the existence of unrepaired DNA lesions that represent physical obstacles to replication fork 

progression. For that, we investigated the status of the DNA damage response (DDR), the 

essential network that maintains DNA integrity by detecting DNA lesions, signaling their 

presence and promoting cellular responses including checkpoint activation and DNA repair 

(Jackson and Bartek, 2009). As a first approach, we challenged WT and p38αΔ cells with 

camptothecin (CPT), a topoisomerase I inhibitor that induces DNA damage specifically in S-

phase. We observed that after an acute treatment with CPT, both WT and p38αΔ cells showed 

Figure 51. The E2F program does not seem to be affected after p38α deletion. A) Relative mRNA levels 
for the indicated E2F target genes were determined by qRT-PCR. Bar graphs show the quantification 
of two independent experiments. B) Total E2F1 protein levels were determined by western blot. Bar 
graph shows the quantification of three independent experiments. 
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similar levels of γH2AX, suggesting that DNA breaks were equally sensed after p38α deletion. 

However, phosphorylation of two ATR substrates, RPA on serines 4, 8, and 33 and 

phosphorylation of Chk1 on serine 345 were reduced in p38αΔ cells (Fig. 52A), suggesting an 

impaired activation of the ATR kinase, a central player in the response to replication-associated 

DNA damage.   

An essential step for fully activate ATR axis is the nucleolytic resection of DNA breaks to 

generate ssDNA overhangs, which are bound by RPA. We therefore quantified the number of 

RPA foci and noticed an increased number in the absence of p38α under basal conditions (Fig. 

52B), which was consistent with the higher replication stress and increased stalled forks 

described above (Fig. 47A and 47B). However, in response to CPT treatment, p38αΔ cells showed 

reduced number of RPA foci compared to WT cells (Fig. 52B), suggesting that the DNA resection 

step was impaired. These results were validated by quantifying the generation of ssDNA by BrdU 

staining in non-denaturating conditions. Using this technique we observed that in basal 

conditions p38αΔ cells showed slightly more BrdU foci than WT cells, while reduced ssDNA 

generation was found following CPT treatment in comparison to WT cells (Fig. 52C). This 

confirmed the existence of replication stress in the absence of p38α and that DNA-end resection 

was defective following CPT incubation.  

Since ssDNA generation and RPA signaling are required for homologous recombination 

(HR)-mediated DSB repair (Sleeth et al., 2007), we monitored RAD51 recruitment as a readout 

Figure 52. ATR activation and DNA-end resection after CPT incubation are impaired in the absence of 
p38α. A) WT and p38αΔ cells were treated or not with 1μM camptothecin (CPT) for 1h, and the 
phosphorylation status of RPA, Chk1 and γH2AX was analyzed by western blot. B) High-throughput 
microscopy quantification of RPA foci/cell in WT and p38αΔ cells treated or not with 0.1μM CPT overnight. 
The percentages of cells with more than 50 foci (blue boxes) are indicated. C) 10μM Brdu was incubated 
48h and then cells were treated or not with 1μM CPT for 1h. BrdU was detected in non-denaturating 
conditions and high-throughput quantification of the BrdU foci/cell is shown. The percentages of cells 
with more than 40 foci (blue boxes) are indicated. 
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of HR efficiency. We observed fewer Rad51-containing cells in p38αΔ cells after CPT treatment 

(Fig. 53A), indicating reduced HR activity following DNA damage. This was further confirmed 

using a DR-GFP reporter to directly measure HR (Pierce et al., 1999). This reporter carries two 

mutant versions of GFP, none of which expresses a functional fluorescent protein per se. 

Addition of I-SceI creates a localized DSB in the first GFP copy that can be repaired using the 

second GFP gene, originating a wild-type glowing GFP (Fig. 53B left panel). Even if the DR-GFP 

integration was low, p38αΔ cells showed an approximately 50% reduction in the GFP(+) 

population (Fig 53B, center and right panels), indicating an impaired HR capacity in p38α 

deficient cells compared to WT cells. 

 

 

 

 

We repeated these experiments using ionizing radiation as source of DNA damage. γ-

radiation produces several kinds of DNA lesions including damage to nucleotide bases, SSBs and 

DSBs and therefore different DNA repair pathways take place. Although NHEJ is considered the 

main repair option after ionizing radiation, HR is also involved (Mahaney et al., 2009). 

Accordingly, we irradiated WT and p38αΔ cells with 2.5Gy and analyzed ssDNA generation (Fig. 

54A) and RAD51 recruitment (Fig. 54B). Results were comparable to those found with CPT, as 

Figure 53. p38α is required for homologous recombination DNA repair in PyMT cancer cells.  A) 
Representative images of γH2AX (red) and RAD51 (green) staining in WT and p38αΔ cancer cells treated 
with 1μM CPT for 1h and released for 4h. Bars=25μm. The histogram shows the quantification of two 
independent experiments. B) Squematic of the DR-GFP construct adapted from (Adamson et al., 2012) 
(Left panel). Flow cytometry plots of DR-GFP-infected WT and p38αΔ cells after I-SceI transfection 
(center panel). Quantification of GFP(+) cells in WT and p38αΔ cells of two independent experiments. 
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p38αΔ cells showed decreased BrdU foci and reduced Rad51recruitment following radiation. 

These results confirmed the role of p38α as a key player in the DDR and its functions in DNA-end 

resection and HR independently of the DNA damage source. 

Moreover, we performed these same assays using a p38 MAPK chemical inhibitor in 

order to determine if the kinase activity of p38α was required to produce all the observed 

phenotypes. We used PH797804, a p38 MAPK inhibitor with high affinity for the p38α isoform 

(Hope et al., 2009, Xing et al., 2012), currently used in clinical trials (Hope et al., 2009, Goldstein 

et al., 2010, MacNee et al., 2013). We observed that at the biochemical level, p38α inhibition 

showed an intermediate phenotype between WT and p38αΔ cells. After CPT incubation, 

PH797804 pretreated cells showed increased γH2AX and decreased RPA S4/S8 phosphorylation 

levels, comparable to those observed in p38αΔ cells. However, the effect on RPA S33 and Chk1 

S345 was milder and the reduction in their phosphorylation was significantly lower than the one 

observed in p38α deleted cells (Fig. 55A). Meanwhile, functional assays using PH797804 offered 

clear results, since p38α inhibition blocked ssDNA generation (Fig. 55B) and Rad51 recruitment 

(Fig. 55C) to a similar extent as p38α deletion, indicating that p38α kinase activity is essential for 

DNA-end resection and homologous DNA repair development after DNA damage.  

Figure 54. p38αΔ cancer cells showed reduced ssDNA generation and reduced Rad51 recruitment 
following ionizing radiation. A) Non-denaturating BrdU staining was used to directly detect ssDNA in 
WT and p38αΔ cells subjected or not to 2.5Gy radiation. Cells were harvested 2h after radiation. B) 
Representative images of γH2AX (red) and RAD51 (green) staining in WT and p38αΔ cancer cells 
irradiated with 2.5Gy released for 8h. Bars = 25μm. The histogram shows the quantification of two 
independent experiments.  
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 Overall, the analysis of the DDR indicated that targeting p38α impaired ssDNA 

generation, RPA accumulation, ATR activation and Rad51 recruitment after DNA damage. A key 

factor in DNA repair pathway choice that promotes DNA-end resection in mammalian cells is 

CtIP, a critical regulator of the nucleolytic activity of the MRN complex (Sartori et al., 2007). CtIP 

contains many phosphorylation sites and twelve of them are SP/TP sites, which are potential 

targets for the p38α activity. Since CtIP phosphorylation has been shown to be important  to 

control DSB resection activity (Anand et al., 2016, Huertas and Jackson, 2009, Polato et al., 2014, 

Makharashvili et al., 2014), we analyzed whether CtIP was a direct substrate of p38α. To test 

this hypothesis, recombinant CtIP was incubated in vitro with purified p38α and the reaction 

was analyzed by mass spectrometry. We found that p38α directly phosphorylated at least seven 

of the twelve SP/TP residues on CtIP including S276, T315, S327 and T847 (Fig. 56A, 

Supplementary Table 1), which have been previously involved in the regulation of CtIP activity 

(Cruz-Garcia et al., 2014, Huertas and Jackson, 2009, Steger et al., 2013), besides other non 

Figure 55. p38α inhibition recapitulates most of the DDR defects induced by p38α deletion in PyMT 
cancer cells. A) WT, p38αΔ cells and cells pretreated with 2μM PH797804 for 16h were incubated or 
not with 1μM CPT for 1h, and the phosphorylation status of RPA, Chk1 and H2AX was analyzed by 
western blot. Bar graph shows the quantification of two independent experiments. B) WT and 
PH797804 pretreated cells were incubated with 1μM CPT for 1h and ssDNA generation was assessed 
by non denaturating BrdU immunofluorescence. Percentage of cells containing more than 15 foci are 
indicated in the blue boxes. C) WT and PH797804 pretreated cells were incubated with 1 μM CPT for 
1h and released for 4h. RAD51(+) cells were quantified by immunofluorescence. 
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SP/TP sites. We validated these results by repeating the kinase assay and performing western 

blot with available phospho-antibodies (Fig. 56B). We further corroborated these results by 

western blot using total protein lysates, which showed that the CPT-induced shift in CtIP was 

decreased in p38αΔ (Fig. 56C), as well as by immunofluorescence, where CPT-induced 

phosphorylation of CtIP on T315 was abolished in the absence of p38α (Fig. 56D).  

Collectively, these results indicated that p38α can directly phosphorylate CtIP on sites 

that are required to regulate DNA-end resection, and that in the absence of p38α cells exhibited 

reduced ATR signaling, impaired HR, increased DNA replication stress and elevated DNA 

damage. These defects were compatible with un-replicated and damaged DNA entering in 

mitosis, giving rise to a mitotic phenotype, missegregation and CIN.  

 

 

Figure 56. CtIP is directly phosphorylated by p38α in vitro and in vivo. A) Schematic indicating the 
CtIP sites phosphorylated by p38α in vitro determined by mass spectrometry analysis. B) Purified N-
terminal CtIP was phosphorylated in vitro with p38α and then analyzed by western blot with the 
indicated phospho-antibodies. A representative Coomassie staining is shown. C) CtIP levels were 
analyzed in total lysates (up) and after CtIP immunoprecipitation (down) in WT and p38αΔ cells, 
incubated or not in 1μM CPT for 2h. In both cases a shift in the CtIP band corresponds to hyper-
phosphorylation of the protein. D) WT and p38α-deficient cancer cells were treated with 1μM CPT for 
2h, and then analyzed by immunofluorescence using the CtIP phospho-T315 antibody. The 
percentages of cells with an intensity value higher than 45 (blue boxes) are indicated. 
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9. Inhibition of p38α potentiates the anti-tumoral effect of chromosome instability-

inducing chemotherapeutic drugs 

Some chemotherapeutic agents used in breast cancer therapy, such as the taxanes 

paclitaxel and docetaxel cause missegregation in proliferating cells and promote CIN. Our results 

suggested that targeting p38α could increase tumor cell sensitivity to these compounds and 

enhance their anti-tumoral effect. To test this hypothesis we used three chemical inhibitors of 

p38MAPK, PH797804, SB203580, and LY2228820. In order to address their possible cooperation 

with taxanes, these inhibitors were used at the lowest inhibitory dose and during a short period 

of time. We initially performed clonogenic assays and observed that while p38 MAPK inhibitors 

in these conditions had a mild effect on the viability of PyMT cancer cells, their combination with 

either paclitaxel or docetaxel significantly decreased colony number and size (Fig. 57A). This 

correlated with cell death data, as we observed barely no differences with the inhibitors alone, 

but their addition to taxanes significantly increased cell death in comparison with the 

chemotherapeutic drugs alone (Fig. 57B).  

Figure 57. Targeting p38α increases sensitivity to taxanes in PyMT cancer cells. PyMT breast cancer 
cells were treated with 25nM paclitaxel or 5nM docetaxel and 5μM SB253080 (SB), 2μM PH797804 (PH) 
or 100nM LY2228820 (LY) for 48h and then subjected to the corresponding analysis. A) Survival was 
determined by clonogenic assay. B) Cell death was assayed by Annexin V staining. Graphs show the 
quantification of three independent experiments. Statistical significance was calculated between the 
vehicle and each of the inhibitors (left panel) and between each drug alone and the drug in combination 
with every p38 MAPK inhibitor (center and right panels). 
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We validated these results using female mice with PyMT-induced mammary tumors, 

which were treated with paclitaxel or docetaxel and PH797804. When administered alone, 

taxanes at the doses used only exerted a cytostatic effect on tumor growth. However, when 

combined with PH797804, we observed a substantial reduction of tumor size (Fig. 58A and 58B), 

which correlated with increased levels of DNA damage (Fig. 58C and 58D) and higher number of 

missegregation events (Fig. 58E and 58F). These results were consistent with the idea that p38α 

contributes to the DNA damage response and facilitates the survival of breast cancer with high 

levels of CIN. Moreover, they confirmed the hypothesis that targeting p38α sensitizes breast 

cancer cells to CIN-inducing agents such as taxanes, raising the possibility of using p38α 

inhibitors in the clinic. 

 

Figure 58. Targeting p38α enhances the anti-tumoral effect of taxanes in PyMT-derived tumors in 
vivo. A,B) Growth curve of PyMT-induced mammary tumors in mice treated with paclitaxel or 
docetaxel either alone or in combination with PH797804. The same vehicle-treated animals are 
represented in both graphs. Statistical analysis was performed using Student´s t-test at the endpoint 
of the experiment between the drugs alone or in combination with PH797804. C,D) DNA damage was 
measured using γH2AX staining. Graphs represent the γ-H2AX(+) area in at least 5 independent 
tumors, with a minimum of 15 fields quantified per tumor. E,F) Mitotic figures were analyzed at the 
end of the treatment using p-H3 staining. Graphs show the percentage of missegregation events in at 
least two independent mammary tumors, with at least 10 fields quantified per tumor. 
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To further support the potential clinical application of our results, we used several 

patient-derived xenografts (PDXs) generated from patients with triple negative or luminal 

tumors, which were treated with either paclitaxel or docetaxel and PH797804 as indicated in 

Fig. 59. 

We found that tumor behavior was different, depending on both the drug and the PDX 

model, highlighting the clinical diversity of human breast cancer. However, in most cases, co-

administration of PH797804 enhanced, accelerated or prolonged the anti-tumoral response 

observed with the taxanes alone, except for TN5 and Lum4, in which no additional benefit was 

observed (Fig. 60)   

Figure 60. Response of nine PDX models to the combination of taxanes and p38α inhibition. NOD/Scid 
female mice implanted with human breast tumors were treated with vehicle or the indicated drugs either 
alone or in combination PH797804. Tumor size was followed up. Box plots show the relative tumor size 
compared to the initial tumor volume at the beginning of the treatment of each model at the indicated 
days. 
 

Figure 59. Schematic of the timeline of the combination treatments. Color arrows indicate the 
intraperitoneal injections of each chemotherapeutic drug. The solid line indicates the time during 
which mice are subjected to PH797804 treatment through oral gavage. 
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We then selected four tumors that responded well to the combined treatment (TN1, 

TN2, Lum1 and Lum2) and the two in which the p38α inhibitor did not affect the taxane response 

(TN5 and Lum4), and analyzed them at an early timepoint (day 11 in case of paclitaxel and day 

17 in case of docetaxel). Consistent with our previous results in the PyMT-induced mammary 

tumors, PDXs in which PH797804 enhanced the anti-tumoral response to taxanes showed both 

increased γH2AX staining (Fig. 61A) and increased percentage of missegregation events (Fig. 

61B) in response to the combination therapy. Of note, this synergy was also observed in Lum1 

and Lum2, which showed small differences in tumor size at this early stage, suggesting that the 

enhanced DNA damage and missegregation reflect an early response mechanism that translates 

into noticeable effects at later timepoints.  

Figure 61. DNA damage, missegregation and aneuploidy are increased following the combinatory 
treatment in responsive PDX models. A) DNA damage was measured by γ-H2AX staining in tumor sections. 
γ-H2AX(+) area was determined in at least 10 fields per sample in two to six independent tumors. B) Mitotic 
figures were analyzed by p-H3 staining. Graphs show the percentage of missegregation events in at least 
10 fields per sample in two to six independent tumors. C) Representative tumors were stained with a 
chromosome 17 centromeric probe, and at least 150 cells were analyzed in each group. Histograms show 
the percentage of cells carrying 4 or more centromeres. Two independent tumors per condition were 
analyzed except for model TN5, were data correspond to one representative tumor. 
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FISH analysis further confirmed these results, as we observed that PH797804 tended to 

enhance the aneuploidy induced by paclitaxel in tumors (Fig. 61C) and the PDXs where 

combination therapy was beneficial corresponded to those models with higher basal aneuploidy 

and where higher aneuploidy was reached after the treatments.  

Interestingly, these results revealed a correlation between basal aneuploidy in the 

tumor cells and the response to taxanes (Fig. 62A) and to the combined treatment (Fig. 62B).  

 

 Taken together, it seems that even in tumors where chemotherapy is particularly 

effective, interfering with p38α signaling further damages cancer cells, avoiding or delaying 

tumor relapse. Of note, models TN5 and Lum4, in which p38α inhibition had no evident benefit 

compared with the taxane treatment alone, showed no differences in DNA damage or 

segregation errors as well as poor aneuploidy induction in response to the combined treatment.  

To try to understand why p38α inhibition did not potentiate the taxane effects in all PDX 

models, basal aneuploidy, DNA damage, and missegregation rates were analyzed in untreated 

tumors of every model. We observed that tumors with a medium to high aneuploidy level 

responded better to the combined taxane and p38α inhibition treatment, while tumors with 

more stable genomes were refractory to the combined treatment (Fig. 62A). However, we found 

no correlation between basal levels of DNA damage or missegregation rates and the ability of 

PH797804 to potentiate the taxane effects (Fig. 63B, 63C).  

Figure 62. Correlation between aneuploidy rate and tumor size at day 30 after paclitaxel or 
docetaxel treatments either alone or in combination with the p38α inhibitor. A) Every dot 
corresponds to a single PDX model, subjected to paclitaxel (blue) or docetaxel (red) treatment. B) 
Every dot corresponds to a single PDX model, subjected to paclitaxel+PH797804 (blue) or 
docetaxel+PH797804 (red) treatment. A tendency between higher aneuploidy and smaller tumors 
(i.e. bigger tumor reduction) is observed. Therefore, more aneuploid tumors tend to respond better 
to taxanes and to the combined therapy. 



 

127 
 

 

Altogether, our results suggest that the combination of p38α inhibition with taxane-

based chemotherapy would be especially beneficial in breast tumors that have higher CIN levels. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63. Analysis of basal aneuploidy, DNA damage and missegregation rate in untreated PDX 
models. (A - C) Aneuploidy (A) DNA damage (B) and missegregation rates (C) of the different PDXs 
were analyzed in untreated tumors of 150-200 mm3. Green backgrounds indicate breast tumors where 
the combination therapy effectively reduced tumor size compared to taxanes alone; grey backgrounds 
indicate models where the combination therapy failed to significantly reduce tumor size 
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Sustained proliferation, apoptosis evasion and genomic instability are among the most 

prevalent hallmarks of cancer cells (Hanahan and Weinberg, 2011). A well-supported model 

proposes that oncogenes drive unscheduled DNA replication and induce replication stress, 

leading to genomic instability and cell death (Macheret and Halazonetis, 2015). This results in 

selective advantage for tumor cells that acquire mutations that allow them to evade apoptosis 

during tumor evolution, but also confers a dependency on DDR signaling that is required to 

prevent excessive CIN. Here we describe a novel role for p38α in maintaining genomic stability 

and promoting tumor cell survival by facilitating DNA 

replication and repair, perhaps explaining why the gene 

encoding p38α (MAPK14) is not frequently mutated in 

human tumors. According to the catalogue of somatic 

mutations in cancer (COSMIC), less than 0.2% of breast 

tumors show mutated forms of MAPK14, while almost 8% 

overexpress MAPK14 gene. These numbers are 

comparable to those found in cBioportal, where the few 

MAPK14 alterations found in breast cancers are mainly 

gene amplifications (Fig. 64), further suggesting that p38α 

expression is required or at least represents an advantage 

for cancer cells. 

 

1. p38α as an example of non-oncogene addiction in breast cancer cells 

This idea of p38α as a “tumor-enabling” protein contradicts at first sight the classical 

tumor-suppressive role ascribed to p38α in the literature. p38α has been shown to impact cell 

proliferation by inducing apoptosis, driving differentiation, mediating senescence or regulating 

cell cycle checkpoints (Wagner and Nebreda, 2009). Although most of the work was initiated 

using in vitro models or cell line xenografts (Puri et al., 2000, Pruitt et al., 2002, Bulavin et al., 

2002, Brancho et al., 2003), similar outcomes were found in mouse models (Ventura et al., 2007, 

Gupta et al., 2014). However, most of these studies analyzed the role of p38α in tumor initiation 

and many of them focused exclusively on Ras as the driving oncogene. More recently, several 

reports using established cancer cell lines and established tumors have uncovered a tumor 

promoter or tumor supporter role for p38α, since its targeting leads to decreased proliferation 

and survival in several models (Chen et al., 2009, Leelahavanichkul et al., 2014, Gupta et al., 

2014, Gupta et al., 2015). Altogether, it seems that p38α is not a classical tumor suppressor such 

as p53, p16 or PTEN, which are commonly inactivated in human cancers (Yeang et al., 2008), but 

a flexible pathway which the cancer cell can benefit from. According to our work, p38α could be 

Figure 64. Genomic alterations in 
breast cancer collections. Graph 
adapted from www.cbioportal.org 
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considered as an example of “non-oncogene addiction”, since we did not detect p38α 

overexpression or activation during tumor development, but it turned out to be essential for 

breast cancer cell homeostasis. This idea is supported by clinical data, where p38 MAPK 

activation has been found in high-graded breast tumors (Salh et al., 2002) and breast cancer 

effusions (Davidson et al., 2006), and correlated with poor prognosis (Esteva et al., 2004).  

The interest of non-oncogene addiction relies on its potential application in cancer 

therapy. Oncogenes like Myc or Ras are not directed targetable yet and those which are, such 

as Her2 or BRAF, frequently lead to the appearance of resistance. On the contrary, non-

oncogene addiction has been suggested as an alternative way to selectively kill cancer cells 

through the search of synthetically lethal interactors, or at least the induction of toxic levels of 

stress (Nagel et al., 2016). 

In this work, we have characterized a CIN limiting role of p38α in the PyMT model. As 

other tumorigenesis models, PyMT is a potent oncogene driver and induces tumors that do not 

fully reproduce the plethora of mutations, the heterogeneity, and behavior of human tumors. 

However, using PDXs we showed that p38α targeting, combined with CIN-inducing drugs such 

as taxanes, leads to toxic levels of DNA damage, missegregation and aneuploidy, killing human 

cancer cells. On the one hand, this confirms the stress-buffer function of p38α and, on the other 

hand, validates the non-oncogene addiction of human cancer cells to p38α and the potential 

use of this dependency for therapy. Altogether, our results suggest that p38α inhibitors 

represent an unexplored treatment opportunity since p38α signaling remains functional in 

breast tumor cells.  

Other rational combinatory strategies based on stress overload are currently being 

investigated to specifically target cancer cells. A promising example of a combinatorial strategy 

in clinical trials is the use of PARP inhibitors for treatment of HR-deficient (ex. BRCA1/2 deficient) 

tumors (Farmer et al., 2005, Esposito et al., 2015), or its combination with other 

chemotherapeutic agents (Drean et al., 2016, Oza et al., 2015) leading to synthetic lethality. 

More recently, ATR and Chk1 inhibitors, have been shown to increase levels of replication stress, 

alone or in combination with other chemotherapeutic drugs or genetic lesions (Daud et al., 2015, 

David et al., 2016, Dillon et al., 2017, Zhang et al., 2016). In addition, a MPS1 inhibitor that 

induces missegregation has been recently reported to synergize with taxanes to induce tumor 

regression (Janssen et al., 2009, Maia et al., 2015), further suggesting that combinatorial 

strategies to enhance CIN may be promising for clinical use. 
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2. Novel role of p38α in replication-associated DNA damage response 

In this thesis we describe an essential role of p38α in the coordination of the DNA 

damage response and restriction of CIN, independently of its functions controlling the 

checkpoints and cell cycle progression.  

There is good evidence implicating p38α in cell cycle regulation, either at the G2/M 

transition (Bulavin et al., 2001, Warmerdam et al., 2013, Cha et al., 2007, Llopis et al., 2012) or 

at the G1/S checkpoint in response to γ-radiation (Lafarga et al., 2009). It has also been 

implicated, together with p53 and p21, in the cell cycle arrest induced by centrosome disruption 

(Mikule et al., 2007). Moreover, the p38α pathway can contribute to the survival of cells with 

damaged DNA (Reinhardt et al., 2007). These are just examples of the extensive literature 

regarding p38α and DNA damage response regulation. Of note, most if not all of the proposed 

functions are related to cell cycle checkpoint activation following a plethora of stimuli; however, 

to our knowledge there are no studies directly linking p38α and DNA repair mechanisms.  

Our results indicate that p38α directly phosphorylates CtIP, an essential factor in DSB 

repair pathway choice. CtIP is a large protein with many phosphorylation sites that are targets 

of several kinases such as CDKs, ATM, or ATR (Steger et al., 2013, Wang et al., 2013, Huertas and 

Jackson, 2009, Peterson et al., 2013). This might mask the role of p38α; however, we proved 

p38α regulation to be functionally relevant, since in its absence ATR signaling, DNA end-

resection, and homologous recombination were impaired following DNA damage. All these 

defects are consistent with the downregulation of CtIP (Sartori et al., 2007), suggesting that 

p38αΔ phenotypes could be mediated by the impairment of CtIP function. Importantly, we 

found defects not only upon DNA damage induction, but also in basal conditions. Although the 

levels of RPA or Chk1 phosphorylation were barely detectable in normal proliferating cells, we 

found increased levels of ssDNA and RPA recruitment, as well as decreased homologous 

recombination efficiency upon p38α downregulation in the absence of any stimuli. This suggests 

that CtIP impairment not only affects the way cells respond to exogenous DNA damage, but also 

how cancer cells cope with their own endogenous damage, explaining why p38αΔ breast cancer 

cells show replication stress and higher DNA damage. Consequently, p38α-deficient cancer cells 

with impaired response to replication associated DNA damage and HR-mediated repair would 

undergo mitosis with incompletely replicated regions and damaged DNA (Lukas et al., 2011), 

likely accounting for the increased levels of anaphase bridges, chromosomal breaks and 

impaired chromosome segregation. Of note, the deletion or inhibition of MK2, a direct substrate 

of p38α, in U2OS cells was shown to exert a protective role in response to gemcitabine, a 

replication interfering agent (Kopper et al., 2013). Although the cell system and the exogenous 

insult were not the same, this opposite role, together with the fact that deletion of MK2 did not 
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show any effect in the DNA fiber assay under basal conditions, suggests that the DDR 

phenotypes we observed are not mediated by MK2.  

Moreover, we found chromosomal fusions and circular chromosomes in metaphase 

spreads from p38αΔ cells. These structures are thought to result from the fusion of broken 

chromosome arms that cannot be properly segregated and often give rise to chromosome 

breakage and errors in cell division. They are usually indicative of illegitimate repair by HNEJ and 

are found in the absence of other HR-associated factors such as Brca1 or Exo1, and reversed 

after downregulation of NHEJ components like 53BP1 (Eid et al., 2010, Bunting et al., 2010, 

Chapman et al., 2013). Although we have not directly addressed NHEJ activity, an increase in 

this error-prone pathway could be a compensatory response to HR repair downregulation 

(Ceccaldi et al., 2016, Kelley et al., 2014), and may enhance the tendency to chromosomal 

aberrations and missegration, cooperating in the mitotic phenotype of p38αΔ cells. 

Intriguingly, p38 MAPK inhibition was shown to overcome irinotecan (a CPT derivative) 

resistance in some colon tumors (Paillas et al., 2011), but the underlying mechanisms remained 

unknown. Altogether, our results shed light on the molecular basis of this cooperation and open 

the window to other synergies with different DNA damaging and replication interfering drugs, 

especially with those inducing replication-associated DSBs. Indeed, p38 MAPK inhibition 

cooperates with cisplatin to cause cancer cell death in the PyMT transgenic model (Pereira et 

al., 2013) and has been proposed to collaborate with other chemotherapeutic agents in different 

cancer types (Garcia-Cano et al., 2016). Therefore, although other routes may be implicated, the 

p38α role in DSB repair and restricting replication stress and CIN may contribute to explain these 

synergies. 

 Our study was focused mainly on camptothecin, and validated, to a lesser extent, using 

γ-radiation, and the p38α role may depend on the source, intensity, and duration of the stimuli, 

in a similar way it does during checkpoint activation. Therefore, further analysis using a 

comprehensive range of damaging agents and analyzing other DNA repair pathways would be 

required to fully characterize the role of p38α in the DDR and predict potential synergies that 

could be therapeutically useful.  

In addition, it would be informative to perform these experiments using both deletion 

and inhibition strategies. We observed that DNA-end resection and homologous recombination, 

measured as the generation of ssDNA and recruitment of RAD51, were downregulated in a 

similar way in p38α-deficient cells and p38α-inhibited cells. However, at the biochemical level 

we found some differences such as the phosphorylation of RPA on serine 33 or Chk1 at serine 

345, which were much less affected in the case of p38α inhibition. Phosphorylation of RPA S4/S8, 

which was significantly downregulated both by p38α deletion and inhibition, requires CtIP 
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(Sartori et al., 2007). Meanwhile, CtIP depletion barely affects RPA phosphorylation on serine 

33, which is mainly driven by ATR (Shiotani et al., 2013), and does not significantly impact on 

Chk1 phosphorylation in the early phase of CPT response, but later (Shiotani et al., 2013, 

Kousholt et al., 2012). Collectively, p38α deletion and inhibition coincide in the reduction of RPA 

S4/8 phosphorylation and decreased DNA-end resection, which are both dependent on CtIP. 

However, p38α absence seems to affect ATR signaling from the very beginning, impacting also 

on RPA S33 and Chk1 S345 phosphorylation. This would suggest that the physical presence of 

p38α may modulate, directly or indirectly, ATR activity, for example through ATRIP (ATR 

interacting protein) or TOPBP1 (an ATR activator protein). 

Finally, DNA repair is closely related to DNA replication since DNA lesions are one of the 

most important sources of replication stress. In turn, replication defects originate SSBs that can 

eventually be converted into DSBs.  This crosstalk suggests that p38α impairment of DNA repair 

would also affect DNA replication, and indeed, we found increased fork stalling and decreased 

inter-origin distance and replication fork rate in p38αΔ cells. Given that cancer cells are known 

to be genomically unstable and to be subjected to higher replication stress than normal cells 

(Halazonetis et al., 2008, Negrini et al., 2010), p38α targeting might be more deleterious in 

transformed cells than in normal cells, and would selectively or preferentially affect cancer cells. 

However, we have not tested this hypothesis directly.  

 

3. p38α deletion increases chromosome instability and sensitizes breast cancer cells 

to CIN-inducing agents. 

 There is evidence implicating p38α in cell cycle arrest upon chromosome miss-

segregation in a human cell line (Thompson and Compton, 2010), which connects p38 MAPK 

with p53 and cell cycle arrest. Additionally, p38α has been recently shown to protect epithelial 

cells from CIN insults such as gene dosage imbalance in Drosophila epithelial cells (Clemente-

Ruiz et al., 2016), probably due to its relationship with JNK. Together, these reports propose 

different mechanisms by which p38α regulates the response to aneuploidy in different systems. 

In our work, however, we observed that p38α downregulation results in aneuploidy and CIN per 

se. As commented in previous sections, many roads can lead to aneuploidy and during this study 

some of them were evaluated.  

Although we initially thought about the SAC as a main source of aneuploidy, we found 

no severe functional defects in this safeguard mechanism. Most of the differences that we found 

in terms of protein and gene expression could be explained by a decreased cell proliferation 

rate. Moreover, the only data pointing to SAC was the slight decrease in the duration of the 



136 
 

mitotic arrest in response to paclitaxel. Sometimes small differences underlie marked 

phenotypes. However, SAC is thought to be relaxed in many cancer cells (Yamada and Gorbsky, 

2006) and to be especially ameliorated in murine cells (Haller et al., 2006). Therefore, we did 

not consider defective SAC to be the main driver of cancer cell death in our model.  

Similarly, we discarded MCM deficiency as a main cause of RS and CIN. MCM proteins 

can be reduced without hampering DNA replication at least in yeast, Xenopus and Drosophila 

(Crevel et al., 2007, Lei et al., 1996). However, MCM deficiency can cause proliferation defects, 

replication stress and genomic instability in several models (Flach et al., 2014, Alvarez et al., 

2015, Passerini et al., 2016, Ibarra et al., 2008). Although our phenotypes were consistent with 

MCM downregulation, we wondered whether a 40% MCM reduction (in some, but not all of the 

analyzed MCMs) was enough to drive such effects in the absence of any exogenous stimuli. 

Moreover, it was unclear whether the reduction in all these proteins was a cause or a 

consequence of the reduced cell proliferation. Given that we were not able to answer these 

questions and since other replication-associated genes such as Cdc6 and ORC were also 

downregulated, we decided to leave aside the MCM deficiency hypothesis.  

Although we cannot rule out that these or other mechanisms may cooperate in the 

phenotype observed in p38αΔ cancer cells, we considered CIN as the ultimate consequence of 

the defects in DNA repair and replication accumulated during consecutive cell cycles. Repeated 

cycles of defective DNA replication and segregation would lead to excessive levels of CIN, which 

have been reported to decrease cellular fitness in several organisms (Lynch et al., 1993, Torres 

et al., 2007, Torres et al., 2008) and to drive tumor regression in mouse models (Weaver et al., 

2007, Silk et al., 2013). Therefore, we hypothesize that CIN overload would be the ultimate cause 

of cell death in p38α deficient cells. 

Most of the work on CIN and its consequences in cancer have been conducted using 

knockouts of the SAC components, since it is a direct way to induce missegregation, DNA damage 

and aneuploidy. Alterations of these proteins mainly lead to increased frequency of 

spontaneous tumors or increased susceptibility to exogenous carcinogens (Schvartzman et al., 

2010). Interestingly, some reports show that the outcome would rely on CIN levels, since low 

CIN would drive tumor promotion while high levels would delay tumor appearance (Silk et al., 

2013). This would fit with a recent study showing that Mad2 overexpression significantly 

increases CIN prior to and during tumor formation and delays tumorigenesis in two breast 

oncogene-induced breast cancer models (Rowald et al., 2016). Of note, and similarly to what 

was previously commented on p38α, most, if not all of these studies focused on tumor initiation, 

where CIN and aneuploidy are known to produce a diversity of karyotypes that are 

advantageous during tumor evolution. The few studies performed on established tumors show 
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that deletion or inhibition of SAC-related proteins results in growth inhibition (Harrington et al., 

2004, Zasadil et al., 2016). Importantly, similar data have been shown using DNA damaging 

agents as ionizing radiation (Bakhoum et al., 2015). In this work irradiated cells show numerical 

and structural aberrations, and viability of the irradiated cells increased upon reduction of 

missegregation, again evidencing the relationship between DNA damage and missegregation 

and highlighting the importance of CIN in cell viability.  

Collectively, it seems that the CIN role in cancer biology depends on one hand on the 

tumor stage, and on the other hand on the CIN rates. Accordingly, low rates of CIN would 

promote heterogeneity and survival while elevating these rates would impair tumor fitness and 

viability (Funk et al., 2016), suggesting the existence of a threshold over which cells are no longer 

viable. Accordingly, Kops et al. suggested that massive CIN would be lethal, even in aggressive 

cancer cells, after three divisions (Kops et al., 2004). This lapse of time is probably required to 

accumulate CIN and nicely fits with our results. We observed that although cell proliferation is 

reduced two days after p38α deletion, cell death is significantly increased later on, six days after 

p38α downregulation. This suggests that during this time cells undergo defective cycles of 

replication and segregation, accumulating DNA damage and CIN until they are not viable 

anymore. 

Considering that excessive CIN is lethal, that the highest levels of CIN often show better 

outcomes (Jamal-Hanjani et al., 2015, Roylance et al., 2011, Birkbak et al., 2011) and more 

susceptibility to certain therapies (Zaki et al., 2014), and given that p38α restrains CIN in breast 

cancer cells, we hypothesized that targeting p38α would sensitize cancer cells to CIN-inducing 

agents and enhance cancer cell death. We validated this theory both in murine and human PDX 

breast cancer models, further confirming the therapeutic value of inducing high CIN in tumors.  

We used taxanes as CIN-inducing agents since they were found to be effective in breast 

cancer twenty years ago (Bishop et al., 1997) and are still one of the preferred options for breast 

cancer treatment nowadays. Nevertheless, their responsiveness is calculated to be around 50% 

(Kellokumpu-Lehtinen et al., 2013, Perez, 1998). Perhaps, this 50% responsive-patients are those 

showing higher basal CIN levels and in which consequently CIN induction through 

chemotherapeutic drugs would exceed the “viable threshold”. This idea is supported by the fact 

that in our PDX models, those that better responded to the taxanes and the combination therapy 

were those showing higher levels of basal aneuploidy, which can be considered an indirect 

measure of CIN.  
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Since we showed that p38α is required for CIN limitation and for the viability of cells 

with high CIN, we believe that targeting this pathway would enhance the effect of taxanes in 

already responsive tumors and, in addition, open the window of responsiveness to new patients.  

Although it was believed that taxane toxicity was due to cells arresting in mitosis, as it 

happens in cell culture, the concentrations detected in primary tumors are too low to maintain 

this arrest. Instead, paclitaxel induces multipolar mitoses in vivo, resulting in missegregation and 

cell death (Zasadil et al., 2014). Therefore, we hypothesize that combining taxanes with p38α 

targeting would impair the two most essential and delicate processes of the cell cycle, 

replication and segregation, giving rise to toxic levels of DNA damage, missegregation and 

aneuploidy, exceeding thus the “viable threshold of CIN” (Fig. 65). 

Of note, this study was conducted using exclusively breast cancer models, where 

taxanes are normally used in therapy. However, there is no reason why the effect of p38α 

inhibition should be specific to taxanes and restricted to breast tumor cells. Therefore, these 

results may be extrapolated to other CIN-inducing drugs and to other cancer types, especially 

those where aneuploidy and CIN are frequently increased such as mesothelioma, small cell lung 

cancer, ovarian cancer or advanced colon cancer (Pikor et al., 2013, Ceccaldi et al., 2016). 

 

4. Collateral damage of p38α targeting 

Although p38α targeting could be a promising option in cancer therapy, many questions 

arise from this work. On the one hand CIN is a common feature of solid tumors and is suggested 

to be sufficient, or at least cooperate, to initiate tumorigenesis (Schvartzman et al., 2010). On 

the other hand, CIN promotes tumor heterogeneity and can favor tumor recurrence and therapy 

resistance (McGranahan et al., 2012). 

Figure 65. Proposed model for the effect of the combination of taxanes and p38α inhibition on tumor 
growth. Treatment with taxanes increases CIN and DNA damage levels in the cancer cells. The 
inhibition of p38α impairs DNA repair and increases replication stress, which potentiates the effects of 
taxanes leading to high levels of DNA damage, missegregation and aneuploidy that are incompatible 
with cancer cell viability. 
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We have demonstrated that p38α targeting results in tumor regression. However, we 

have not addressed the possible disadvantages at later stages such as higher frequency of 

recurrence or appearance of independent tumor foci. Studies from Sotillo et al. using several 

oncogene-induced tumorigenesis models have shown that CIN enhances tumor recurrence after 

oncogene withdrawal (Rowald et al., 2016, Sotillo et al., 2010), suggesting that genetic 

heterogeneity increases karyotype complexity and favors the generation of oncogene-

independent cancer cell clones. Interestingly, a variety of chromosomal alterations and 

activated pathways were found in the relapsed tumors, suggesting again that CIN increases 

heterogeneity rather than selecting specific clones. Therefore, although excessive CIN reduces 

the primary tumor, it might enhance the appearance of therapy-resistant clones. In addition, 

given that taxanes and p38α inhibition are systemic and do not localize to the tumor site, it is 

possible that CIN favors the generation of side tumors in other tissues. 

Moreover, p38α has diverse functions and targets in different tissues and contexts. It 

has been related to processes associated to metastasis such as epithelial-to-mesenchymal 

transition, migration and invasion, or organ colonization (del Barco et al., 2011) and its 

impairment enhances metastasis in some systems (Urosevic et al., 2014, Hong et al., 2015). This 

suggests that although p38α targeting can cooperate to achieve toxic levels of CIN and kill cancer 

cells in the primary tumor, it might simultaneously boost the establishment of metastatic sites. 

 

Altogether, it is clear that we still do not understand well the function of p38α in 

different contexts, and further studies will be needed to analyze how targeting this pathway, 

along or in combination with chemotherapeutic agents, influences tumor evolution and 

metastasis in different cancer types, with diverse genetic alterations and distinct stromal 

interactions. 
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- p38α is essential for PyMT-induced mammary tumor progression in vivo and 

p38α deletion results in cancer cell death. 

 

- Deletion of p38α in PyMT-expressing cancer cells results in replication stress, 

elevated DNA damage and chromosome instability. 

 

- p38α is required for DNA-end resection, ATR activation and homologous 

recombination DNA repair in PyMT-expressing cancer cells.  

 

- p38α directly phosphorylates CtIP on several sites that regulate DNA-end 

resection.  

 

- Inhibition of p38α potentiates the anti-tumoral effect of chromosome instability-

inducing agents such as taxanes both ex vivo and in vivo. 

 

- Human breast tumors with high aneuploidy levels are more prone to respond to 

the combined treatment of taxanes and p38α inhibitors. 
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Supplementary Table 1. Raw data for CtIP Mass spectrometry analysis containing the three 

analyzed replicates (R1, R2 and R3).Numbers indicate the number of peptides found with each 

phosphorylation or with no phosphorylation (blank). Orange background indicates the ratio of 

phosphorylated peptides vs. total number of peptides. 

reassigned        
p-site 

p-site CtIP_R1 CtIP_R2 CtIP_R3 

  S163   3 8 
  (blank) 2 3 5 

S163   0 1 1.6 

  S231 1     
  S231&S233   4 
  S233 9 12 11 
  (blank) 35 37 31 

S231   0.023 0 0.095 
S233   0.250 0.324 0.484 

  S276   1 1 
S276     1 1 

  S313   1 2 
  S313-T315 1    
  S327 1 1   
  T315 5 9 7 
  T323&S326-S327 1 1 3 
  (blank) 2 1 2 

S313   0.125 0.091 0.222 
T315   2 3 1.75 

  S326-S327 1 2 2 
  S327 6 4 9 
  S327&T333   1 2 
  T333      
  (blank) 16 16 20 

S326   0.045 0.095 0.065 
S327   0.438 0.438 0.650 
T333   0 0.045 0.065 

  S347 7 7 7 
  (blank) 22 32 41 

S347   0.318 0.219 0.171 

  S377 3 3 4 
  S377-S379   4 6 
  S377-S382 3 2   
  S379 6 2   
  S379-S382   1   
  S382 1  3 
  T386    1 
  S389 1 1 1 
  (blank) 38 46 50 

S377   0.133 0.184 0.189 
S379   0.133 0.137 0.105 
S382         
T386         
S389   0.085 0.055 0.050 

  S402 1 1 1 
  (blank) 6 5 5 

S402   0.167 0.2 0.2 

  S439 14 21 17 
  (blank) 12 9   

S439   1.167 2.333 17 

  S454     1 
  (blank) 5 8 15 

S454   0 0 0.067 

  T527     1 
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T527       1 

  S555     2 
  S568    1 
  (blank) 2 5 16 

S555       0.118 
S568       0.056 

  S593   1   
  S605 1 2 2 
  (blank) 16 30 29 

S593   0 0.031 0 
S605   0.063 0.065 0.069 

  S641 1 1 1 
  (blank) 18 12 4 

S641   0.056 0.083 0.25 

  S679   1 1 
  (blank) 4 4 3 

S679     0.25 0.333 

  T693   1   
  (blank) 5 6 15 

T693     0.167   

723 S723 4 7 7 
  (blank) 64 58 50 

S723   0.063 0.121 0.14 

  S743     1 
  S743-S745    1 
  S745   1 2 
  T756    1 
  (blank) 1 3 11 

S743       0.143 
S745     0.333 0.231 
T756     0 0.067 

  T788-S789 2 1   
  (blank) 23 23 16 
  T788    1 

T788   0.087 0.043 0.063 

  Y842-T847 1 3 6 
  (blank) 6 9 13 

Y842-T847   0.167 0.333 0.462 

  S889 6 5 5 
  (blank) 13 10 12 

S889   0.462 0.5 0.417 
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No supondrás, ¿verdad?, que todas tus aventuras y escapadas fueron producto de la mera suerte, para tu 

beneficio exclusivo. Te considero una gran persona, señor Bolsón, y te aprecio mucho; pero en última 

instancia ¡eres sólo un simple individuo en un mundo enorme!  

¡Gracias al cielo! dijo Bilbo riendo, y le pasó el pote de tabaco- 

El Hobbit, J.R.R. Tolkien 

 

Y así es, la aventura de la tesis ha llegado a su fin. Y al igual que en todo gran libro de aventuras, 

el final es a la par ansiado y melancólico. Ansiado ya que tras las oscuras cavernas atravesadas, 

las duras batallas libradas y todas las agonías sufridas, la trama se desenreda y el desenlace se 

desvela. Y a la vez melancólico, ya que tras tantas páginas vividas los personajes deben volar. 

Sin embargo, a diferencia de los libros, en la vida real los personajes no tienen por qué 

desaparecer y con un poco de suerte reaparecerán durante los diferentes capítulos de tu 

historia. 

Como un gran mago dijo un día a un pequeño hobbit, “todos somos simples individuos en un 

mundo enorme”. Nuestras alegrías y logros siempre dependen en gran parte del resto de 

individuos que nos rodean. Y por eso estoy orgullosa de todos aquellos individuos y personajes 

que me han rodeado durante esta mi aventura, a los cuales debo en gran medida haber llegado 

hoy hasta aquí y a los cuales quiero agradecer todo su cariño y apoyo. 

En primer, último y enésimo lugar, a mi familia. A Padre, Madre y Pu. A papá, por su eterno 

optimismo y humor, a mamá, por su característico realismo e ironía y a Pu, mi hermana, la diva 

a la que siempre puedes recurrir y que tras sacarte de tus casillas será capaz de sacarte también 

una sonrisa. Porque sin ellos este pequeño hobbit nunca habría salido de La Comarca y porque 

sin ellos estaría perdida en este mundo enorme. 

A Ángel, por confiar en mí para esta tarea y no dudar (espero) que completaría este viaje. 

A Isabel, que con su buen humor y carácter amable amenizó el camino. 

A Travis, que allanó el sendero en las tierras del DNA damage. 

A todos aquellos que con sus consejos guiaron el camino y evitaron sendas oscuras. 

A Ana. Ese ser que apareció en mi camino y al cual tardé en entender. Un personaje que pasó 

de ser circunstancial a ser parte esencial de la historia. Con ella que reí en Rivendell, batallé en 

Helm, ascendí la Torre oscura y espero beber y comer en la Comarca o en cualquier parte. 

Porque ha sido una compañera de aventuras gracias a la cual se han forjado muchas historias y 

con la que espero poder seguir escribiendo, ya sea una trilogía o una saga sin final cerrado.  

A Nati, mi compañera de oficina, mi compañera de poyata, mi compañera de viaje y espero que 

compañera de muchas cosas más. A pesar de ser guiri fue ella quien me introdujo en el mundo 

del vermut, que tantas tardes ha servido de excusa para comentar penas y glorias. A pesar de 

ser deportista me enseñó muchas terrazas en las que sentarme a disfrutar de Barcelona. A pesar 

de ser tonta le he cogido cariño y espero que nuestros caminos se crucen a los largo de nuestras 

respectivas aventuras. 

A las chicas del café, del vermut, de la cerveza o de lo que haga falta. Porque con gente como 

Eli, Sandra, Raquel, Eva…. los días son más amenos y las risas salen más fácil. Gracias por todos 

esos momentos memorables, momentos innombrables o momentos ridículos que han hecho de 

este viaje no sólo un libro de aventuras sino también un compendio humorístico.  
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A todos los miembros del laboratorio que están y que han estado, porque sus consejos, sus 

ideas, sus ocurrencias, sus conversaciones y su existencia en general han hecho de la poyata un 

lugar más amable. 

A los colonos Carles y Marta. Porque aunque ahora se hallen en países lejanos como Bélgica o 

países imaginarios como Andorra, siempre nos quedarán las noches de Catán, las noches de Risk, 

las noches de Just Dance, las noches en las que no me pude hacer burbuja, las tardes de cine, 

las tardes de volley, las tardes de andar sin rumbo, la continua búsqueda de las bravas perfectas, 

las tardes en las que me confinasteis a sentarme en una papelera, las excursiones poco 

planeadas (no por la poca insistencia de Marta)… Por tantos años de increpamientos exentos de 

cariño y amor que espero que se repitan, ya sea en un país real o imaginario. 

A las Arpías. A Ana, por su eterna sonrisa, a Pa, por su ironía y maldad, a Maca, por su 

imaginación y exageración, a Blanca, por su quillería y a Elma, por su perenne buen humor. 

Porque aunque la geografía se interponga entre nosotras, siempre habrá lugar para un buen 

akelarre que reconforte a las brujas. 

A las de Siempre. A Laura por su tranquilidad y serenidad, a Drea, por su risa, a Caro, por su 

retranca y a Iara, por su amable mala baba. A esas gallegas que han hecho de la cerveza y del 

pulpo el mejor remedio contra la lluvia, el frío y la distancia. 

A los Biolokos. Esa raza especial que conquistará la tierra media, la baja y la alta. Porque sin ellos 

la Biología no hubiese sido una fuente de diversión y porque sin ellos tal vez no hubiese confiado 

mi futuro a la Biología. Porque sin Félix el mundo no sería tan perverso, porque sin Migue no 

habría una constante risa de fondo y porque sin Ant el mundo sería un poco más aburrido. 

Gracias en especial a Ant por leer este manuscrito y criticarlo con la gran elegancia que le 

caracteriza y por haber hecho no sólo de esta historia, sino de cualquier historia, una historia 

mejor.  

A Bea, una raza en extinción que me enseñó que se puede disfrutar de la ciencia y cuyos consejos 

y visión del mundo viajaron desde allende los mares hasta Barcelona y que llevaré allá donde 

vaya.  

A Meri, una elfo con la que siempre puedes contar, con la que viajar, con la que reír, con la 

hablar y con la que disfrutar. Ya sea aquí o allá, yo sé que a Meri siempre se la podrá encontrar.  

A todos aquellos que me olvido por el camino, lo cual no significa que se hayan quedado en el 

camino.  

Y finalmente a Kiko. “Me hace feliz que estés aquí conmigo, aquí al final de todas las cosas”.  

“Porque aquí estamos, igual que en las grandes historias, las que realmente importan […] 

Ahora lo entiendo. Los protagonistas de esas historias se rendirían si quisieran pero no lo 

hacen. Siguen adelante.” Gracias por estar aquí, ahí y allí, y en todos lados. Por no rendirte, por 

evitar que me rindiese y porque espero que no nos rindamos nunca. 

 

Aquí termina esta historia, tal como ha llegado a nosotros; y […] nada más se dice en este libro acerca de 

los días antiguos. 

El señor de los anillos, J.R.R. Tolkien 
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