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Resumen 

 

Los complejos SWI/SNF son remodelares de cromatina 

dependientes del uso de ATP, formados por varias subunidades que se 

pueden combinar de diferentes maneras y que se encargan de regular 

de manera precisa varios procesos biológicos esenciales, como son la 

transcripción génica, la estructura de la cromatina, la diferenciación 

celular o la integridad del genoma. Los proyectos de secuenciación del 

genoma del cáncer han revelado una elevada frecuencia mutacional de 

los genes codificantes del complejo SWI/SNF, la cual se distribuye en 

un amplio espectro de cánceres y se ha asociado a una menor tasa de 

supervivencia en los pacientes. Se estima que en torno a un 25% de 

todos los cánceres humanos contienen alteraciones en alguno de los 

componentes del complejo SWI/SNF, lo que lo convierte en la segunda 

alteración más frecuente en cáncer, justo después de las mutaciones 

en TP53. 

A pesar de la extensa evidencia científica apoyando la 

intervención del complejo SWI/SNF en el desarrollo tumoral, los 

mecanismos moleculares específicamente involucrados en este 

proceso todavía se desconocen. En esta tesis doctoral, hemos 

caracterizado los mecanismos moleculares regulados por los 

complejos SWI/SNF para intentar descifrar la manera mediante la cual 

su alteración promueve la formación de tumores. Asimismo, la 

búsqueda de vulnerabilidades terapéuticas en tumores deficientes en 

SWI/SNF es de gran interés porque podría dar lugar a una mejora en el 

diagnóstico y el tratamiento de los pacientes de cáncer.  

Para lograr estos objetivos, hemos generado una colección de 

líneas celulares procedentes de diferentes tipos tumorales que 

expresan de manera inducible shRNAs dirigidos específicamente 

contra las subunidades del complejo SWI/SNF más frecuentemente 

mutadas en cáncer (ARID1A, ARID1B, ARID2 o SMARCA4). Con la 

finalidad de caracterizar las redes génicas directamente reguladas por 

los complejos SWI/SNF, hemos generado datos sobre el perfil 

transcripcional, la estructura de la cromatina y el perfil epigenético de 

estas líneas celulares tras inactivar distintas subunidades del complejo 

SWI/SNF, los cuales se han obtenido a través de diferentes 

metodologías ómicas (RNA-Seq, ATAC-Seq y CUT&RUN).  

 



Gracias a estos estudios, hemos hallado redes génicas 

reguladas específicamente por diferentes subunidades del complejo en 

la misma línea celular, así como diferentes programas de expresión 

génica controlados por la misma subunidad del complejo en diferentes 

tejidos. Por lo tanto, los genes diana de los complejos SWI/SNF 

dependen de su composición, así como de su interacción con factores 

de transcripción específicos de tejido.  

A pesar del bajo grado de solapamiento entre los genes 

diferencialmente expresados en cada condición, hemos encontrado un 

solapamiento relativamente mayor a nivel de rutas moleculares, siendo 

la transición epitelio-mesénquima y la reparación del DNA las vías de 

señalación alteradas más relevantes en nuestro contexto.  

Asimismo, hemos observado que, como consecuencia de la 

alteración del complejo SWI/SNF, se produce un aumento de la 

resistencia a inhibidores de EGFR, con independencia de la presencia 

de mutaciones en KRAS o TP53. Además, la deficiencia de ARID2 da 

lugar a un aumento de la sensibilidad a quimioterápicos e inhibidores 

de PARP. Por lo tanto, a partir de estas observaciones experimentales 

se puede deducir que los pacientes con mutaciones en el complejo 

SWI/SNF presentarían un resultado clínico menos favorable frente a 

aquellos tratamientos basados en la inhibición de EGFR. En cambio, es 

más probable que se beneficien de aquellas opciones terapéuticas cuyo 

mecanismo de acción es la generación de daño en el ADN. Estos 

resultados sugieren que la estratificación de los pacientes de cáncer de 

pulmón de acuerdo a la presencia de alteraciones en el complejo 

SWI/SNF podría ser de gran utilidad clínica. 

La alteración del complejo SWI/SNF se asocia a cambios 

estructurales específicos en la cromatina, con un claro predominio de 

la pérdida de accesibilidad en enhancers. Estas observaciones apoyan 

la idea de que los complejos SWI/SNF son necesarios para mantener 

abierta la estructura de la cromatina en torno a estas regiones 

reguladoras. Sin embargo, no hemos sido capaces de demostrar una 

correlación general entre las alteraciones transcripcionales y los 

cambios de accesibilidad de los enhancers que teóricamente están 

asociados a estos genes, de acuerdo a la información derivada del 

proyecto GeneHancer. Por lo tanto, asumimos que la regulación de la 

expresión génica mediada por los complejos SWI/SNF es más compleja 

y no se puede explicar teniendo en cuenta únicamente los cambios en 

la accesibilidad de los enhancers.  



 

Del mismo modo, la alteración del complejo SWI/SNF también 

produce cambios en la distribución de las modificaciones de histonas 

H3K27ac y H3K4me1 en enhancers. En particular, cada subunidad es 

necesaria para mantener la accesibilidad, la acetilación y la mono-

metilación de diferentes enhancers, lo cual concuerda con el perfil 

transcripcional tan específico que hemos observado en los diferentes 

modelos celulares generados.  

Por último, hemos identificado algunos ejemplos concretos de 

este mecanismo de regulación. La actividad de los complejos SWI/SNF 

se requiere para mantener una estructura accesible de la cromatina, así 

como un perfil epigenético concreto en los enhancers y promotores que 

regulan la expresión de genes específicos (MTSS1, SDK1, SCGB3A2, 

EPGN, NRG1, KLF6 y SOX6). Estas observaciones podrían estar 

directamente implicadas en los fenotipos celulares observados.  

La integración de los resultados generados por las diferentes 

metodologías empleadas nos lleva a proponer que la alteración en los 

complejos SWI/SNF promueve el desarrollo tumoral a través de dos 

mecanismos complementarios: 

(1) En primer lugar, afecta a la capacidad de las células para reparar 

el daño en el ADN, incrementando su sensibilidad a tratamientos 

antitumorales que promueven la inestabilidad genómica.  

 

(2) En segundo lugar, las alteraciones del complejo SWI/SNF 

producen una pérdida de la regulación de genes importantes 

para definir la identidad celular y, por lo tanto, favorecen un 

estado menos diferenciado en el que las células son menos 

dependientes de las vías de señalización iniciadas por EGFR 

(receptor del factor de crecimiento epidérmico). Como 

consecuencia, las células aumentarían la expresión de 

marcadores mesenquimales y factores de transcripción que 

promueven la transición epitelio-mesénquima, al tiempo que 

reducirían la expresión de ligandos específicos de receptores 

con actividad tirosina quinasa. Por tanto, las células deficientes 

en SWI/SNF experimentan la transición epitelio-mesénquima de 

una manera más sencilla y rápida, mostrando una mayor 

resistencia a aquellos tratamientos basados en la inhibición de 

EGFR.  

 



  



 

Summary 

 

SWI/SNF complexes are ATP-dependent chromatin remodelers 

that exist in various combinatorial assemblies and are in charge of the 

tight regulation of many essential biological processes, including 

genetic transcription, chromatin structure, cell differentiation, or 

genomic integrity. Cancer genome sequencing studies have evidenced 

a remarkably high mutation frequency of genes encoding subunits of 

the SWI/SNF complex, which are widely distributed across human 

cancers, and have been associated with worse prognoses. It is 

estimated that almost 25% of all human malignancies contain 

alterations in any of their components, which places SWI/SNF as the 

second most frequent alteration in cancer, just after the presence of 

mutations in TP53. 

Besides the solid evidence supporting the role of SWI/SNF 

complex in cancer development, the specific molecular mechanisms 

involved in this process remain largely unknown. In this doctoral thesis, 

we have characterized the molecular pathways controlled by SWI/SNF 

complexes to increase our knowledge of how their alteration promotes 

tumorigenesis. In addition to this, the exploration of therapeutic 

vulnerabilities associated with SWI/SNF deficiency is of great interest 

because it could lead to an improvement in the diagnosis and treatment 

of cancer patients.   

To achieve these objectives, we have generated a collection of 

cell lines obtained from different tumor types that express shRNAs in an 

inducible way, targeting the most commonly mutated subunits of the 

SWI/SNF complex (ARID1A, ARID1B, ARID2, or SMARCA4). In order to 

characterize the gene networks directly regulated by SWI/SNF 

complexes, we have integrated information of the transcriptomics, the 

chromatin structure, and the histone epigenetic profile of SWI/SNF-

deficient cells using different omic methodologies (e.g. RNA-Seq, ATAC-

Seq, and CUT&RUN). 

We have found gene networks specifically regulated by different 

subunits of the complex in the same cell line and also different gene 

expression programs controlled by the same subunit of the complex in 

different cellular models. Therefore, target genes of SWI/SNF 



complexes depend not only on their composition, but also on their 

interaction with tissue-specific transcription factors.  

Besides the low overlap between the differentially expressed 

genes reported in each condition, we have observed a considerably 

higher overlap at the pathway level, being the epithelial to mesenchymal 

transition and the DNA repair the most relevant signaling pathways 

altered.  

SWI/SNF alteration results in increased resistance to EGFR 

inhibitors, irrespective of the mutational status of KRAS or TP53. In 

addition to this, ARID2 deficiency gives rise to an enhanced sensitivity 

to chemotherapeutic agents that produce DNA damage and PARP 

inhibitors. Therefore, it could be inferred that patients harboring 

mutations in genes encoding components of the SWI/SNF complex 

would present a worse clinical outcome to treatments based on the 

inhibition of EGFR, while they are more likely to benefit from therapeutic 

options based on the generation of DNA damage.  

We have observed that SWI/SNF alteration is accompanied by 

specific chromatin structural changes at the complete genome, with a 

significant loss of accessibility affecting enhancers. These findings 

support the idea that SWI/SNF is required to keep an open chromatin 

structure around these regulatory regions. However, we did not observe 

a clear correlation between transcriptional alterations and changes in 

accessibility at the theoretical enhancers controlling the expression of 

those genes according to the GeneHancer project. Therefore, we 

assume that gene expression regulation mediated by SWI/SNF 

complexes is more intricate and cannot be explained just by changes in 

enhancer accessibility.  

SWI/SNF alteration results in deep changes in the deposition of 

both H3K27ac and H3K4me1 histone modifications at enhancers. In 

addition to this, each subunit is required to maintain the accessibility, 

the acetylation, and the mono-methylation of different enhancers, in 

accordance with the subunit-specific transcriptional program reported 

in the different cellular models generated. 

 Finally, we have identified some examples of SWI/SNF-mediated 

gene expression regulation. Thus, SWI/SNF complex is required to 

ensure an open chromatin structure, as well as an active histone 

epigenetic profile at the enhancers and promoters in charge of the 

regulation of specific genes (e.g. MTSS1, SDK1, SCGB3A2, EPGN, NRG1,  



 

KLF6, and SOX6), that are likely involved in the phenotypes observed in 

the cells. 

Taking into consideration all the data generated in our cellular 

models, we propose that SWI/SNF alteration fosters tumor 

development by at least two parallel mechanisms: 

(1) First, it affects the ability of the cells to repair DNA damage, 

which is translated into a higher sensitivity to antitumoral 

treatments based on the promotion of genomic instability. 

 

(2) Second, SWI/SNF alteration results in the dysregulation of cell-

identity genes and the promotion of a less differentiated state 

that is less dependent on those signaling pathways initiated by 

EGFR (epidermal growth factor receptor). Consequently, cells 

would increase the expression of mesenchymal markers and 

transcription factors favoring the epithelial to mesenchymal 

transition, while reducing the expression of specific ligands of 

tyrosine kinase receptors. Thus, SWI/SNF-deficient cells are 

more prone to the epithelial to mesenchymal transition, 

exhibiting a higher resistance to those treatments based on the 

inhibition of EGFR.  

 

  



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“It is not the result of scientific research  

that ennobles humans and enriches their nature, 

 but the struggle to understand while performing  

creative and open-minded intellectual work.”  

 

– Albert Einstein  

 



 

 

 

 

  

 



 

 

 

 

 

 

 

 

 

El secreto para obtener resultados que duren consiste en no dejar 

nunca de hacer mejoras.  

Es notable lo que puedes construir si no te detienes.  

Es notable el negocio que puedes construir si no dejas de trabajar.  

Es notable el cuerpo que puedes llegar a tener si no dejas de entrenar.  

Es notable el conocimiento que puedes adquirir si no dejas de aprender.  

Es notable la fortuna que puedes llegar a amasar si no dejas de ahorrar.  

Son notables las amistades que puedes construir si no dejas de 

preocuparte por los demás.  

Los pequeños hábitos no se suman.  

Los pequeños hábitos se componen.  

Ese es el poder de los hábitos atómicos.  

Pequeños cambios.  

Resultados extraordinarios.  

 

Hábitos atómicos – James Clear
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1. Lung cancer  

Lung cancer remains the leading cause of cancer-related deaths 

worldwide, representing one out of five cancer deaths. Although 

incidence rates are becoming to decrease, the average 5-year survival 

rate for those with the disease remains below 20%, irrespective of the 

subtype (Lovly and Carbone, 2011). Therefore, advances in basic and 

translational research are required to improve the outcome of this fatal 

disease.  

 

1.1. Epidemiology  

According to The International Agency for Research on Cancer 

(IARC) (https://gco.iarc.fr/), the global incidence of lung cancer in 2020 

raised to nearly 2.2 million new cases, with a mortality rate that almost 

reached 1.8 million deaths, mostly in men (66% of the total).   

Lung cancer not only presents an alarmingly high mortality rate 

but also exerts the lowest survival rate compared to other types of 

cancer. In particular, lung cancer survival rate is highly variable 

depending on the stage of the disease: while stage I diagnosis is 

associated with an average 1-year survival of around 89%, stage IV 

survival rate drops drastically to 21.3%.     

The major risk of developing lung cancer is cigarette smoking, 

which is a complex mixture containing more than 60 carcinogens (like 

polycyclic aromatic hydrocarbons, nitrosamines, aldehydes, inorganic 

compounds, and free radicals) that directly cause mutations in DNA 

(Pfeifer et al., 2002). Smokers present up to a 30-fold increased risk of 

developing lung cancer compared to non-smokers (Walser et al., 2008). 

It has been postulated that women are more susceptible to developing 

lung cancer at the same exposure, due to the higher levels of DNA 

adducts caused by cigarette smoking (Rivera, 2013). In addition to this, 

smoking leads to a prominent microbial dysbiosis in the respiratory 

tract to degrade its harmful compounds (Shapiro et al., 2022). 

Exposure to environmental carcinogens (e.g. arsenic, asbestos, 

radon, nickel, or vinyl chloride), air pollution (e.g. carbon monoxide, 

nitrogen dioxide aldehydes, diesel, or metals), respiratory illnesses (e.g. 

pneumonia, asthma, or chronic obstructive pulmonary disease), genetic 

alterations affecting DNA repair mechanisms, or cell cycle control can 

https://gco.iarc.fr/
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also play an important role in the development of the disease (Akhtar 

and Bansal, 2017).  

Although smoking is associated with the vast majority of lung 

cancer deaths, about 10% of the cases are patients who have never 

smoked, which suggests additional mechanisms contributing to 

tumorigenesis. 

   

1.2. Classification  

Lung cancer is a heterogeneous disease that can be divided into 

several subtypes with different molecular, histological features, and 

clinical outcomes. According to these criteria, lung cancers are currently 

classified into non-small cell lung cancer (NSCLC), which accounts for 

the majority of the cases (85%), and small cell lung cancer (SCLC), which 

only represents 15% of all cases (Bender, 2014).  

Among them, SCLC is the most clearly associated subtype with 

smoking and is characterized by a high proliferative rate, early 

metastases, and poor prognosis (Rudin et al., 2021). It is thought to be 

derived from neuroendocrine cells or progenitors present in the lung 

epithelium and it usually forms near the bronchi (Karachaliou et al., 

2016). This tumor type is one of the most aggressive forms of cancer, 

as most patients present metastatic lesions at the time of diagnosis, 

and its 5-year survival rate is very low (6%) compared to NSCLC (21%) 

(Bender, 2014).  

NSCLC is further divided into three main pathological subtypes: 

(1) lung adenocarcinoma (LUAD, 40% of the cases), (2) lung squamous 

cell carcinoma (LUSC, 30% of the cases), and (3) large cell carcinoma 

(LCC, 15% of the cases).  

LUAD is the most common subtype of lung cancer in both 

genders, with women having an even higher predominance, and is also 

the most frequent subtype in non-smokers. It is a malignant epithelial 

tumor that usually forms in the glands that secrete mucus in the alveoli 

and presents an acinar structure (Rodriguez-Canales et al., 2016). As 

LUADs express markers of differentiation, patients tend to have a better 

prognosis compared to other subtypes of lung cancer.  
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LUSC is more frequent in men than in women. It arises in cells 

located in the airway epithelium exposed to air pollution, which could 

provide an explanation for its strong association with smoking, 

considering that 96% of patients reported being smokers 

(“Comprehensive genomic characterization of squamous cell lung 

cancers,” 2012). Tumor cells lack both glandular structure and mucin 

production and show keratinization and expression of markers of 

squamous cell differentiation.   

LCC is very proliferative and tends to spread to the lymph nodes 

and distant sites. Tumors are characterized by a poorly differentiated 

state, are composed of large cells with abundant cytoplasm and large 

nucleoli, and are usually diagnosed ruling out other subtypes of lung 

cancer (Rodriguez-Canales et al., 2016).  

The most common sites of lung metastasis include bones, other 

parts of the lungs, the brain, adrenal glands, and the liver (Popper, 2016).  

 

1.3. Genetic alterations found in lung cancer  

Lung cancer presents one of the highest rates of somatic 

mutations (Alexandrov et al., 2013), which challenges the identification 

of driver gene alterations due to a large number of passenger events.  

In lung adenocarcinoma (LUAD), TP53 (46%), KRAS (33%), and 

EGFR (14%) are the most commonly mutated genes, followed by BRAF 

(10%), PI3KCA (7%), and MET (7%). Mutations in KRAS and EGFR are 

mutually exclusive. LUADs also present mutations in tumor suppressor 

(STK11, KEAP1, NF1, RB1, and CDKN2A), and chromatin modifying 

genes (SETD2, ARID1A, and SMARCA4). Genomic rearrangements are 

also a common event and include amplifications (TERT, KRAS, EGFR, 

and MET), deletions (CDKN2A), and translocations (ALK, RET, and ROS1) 

(The Cancer Genome Atlas Research Network, 2014).   

Genomic analyses of lung squamous cell carcinomas (LUSCs) 

have identified a high rate of copy number alterations, amplifications 

(SOX2, PDGFRA, NFE2L2, EGFR, MYC, CDK6, and MDM2), and deletions 

(CDKN2A, FOXP1, PTEN, and NF1). TP53 is the mainly mutated gene 

(81%), followed by CDKN2A, PTEN, PIK3CA, KEAP1, HLA-A, NOTCH1, and 

RB1 (“Comprehensive genomic characterization of squamous cell lung 

cancers,” 2012).  
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Small-cell lung cancer (SCLC) is mainly driven by the 

concomitant inactivation of the tumor suppressor genes TP53 (89%) 

and RB1 (64%). Other functionally validated alterations include MYC and 

FGFR1 amplifications and mutations affecting PTEN, NOTCH receptors, 

and chromatin remodeling genes (KMT2D, CREBBP, and ARID1A) (Rudin 

et al., 2021). This tumor type is genetically characterized by a high tumor 

mutation burden (TMB), chromosomal rearrangements, and intratumor 

heterogeneity that has been linked to metastases and resistance to 

therapies.  

The effects of smoking have been extensively characterized in 

different types of human cancer and normal bronchial epithelium 

(Alexandrov et al., 2016; Yoshida et al., 2020). These studies revealed 

that tobacco exposure causes DNA adducts (covalent binding of 

activated reactive species of carcinogens to DNA bases) that finally 

lead to DNA damage, increasing copy number alterations, insertions, 

deletions, and substitutions, that mainly consist in cytosine to adenine 

(C>A) nucleotide transversions. Thanks to big consortium studies and 

the identification of different recurrent cancer mutational signatures 

(Alexandrov et al., 2016, 2013), it has been described that lung cancer 

patients that are smokers present a pattern of mutations associated 

with mutational signatures 2, 4, 5, and 13, which can be attributed to 

mistakes during the replication of damaged DNA, overactivation of 

APOBEC cytidine deaminases, and defects associated with aging.  

When it comes to driver events of the disease, KRAS mutations 

occur more frequently in smokers and appear to confer a worse 

prognosis (Barta et al., 2019). Never-smokers present a higher 

prevalence of driver mutations in EGFR and HER2, as well as ALK-EML4 

rearrangements, and ROS1 translocations (Bergethon et al., 2012; 

Govindan et al., 2012; Ou, 2013; Paik et al., 2012).  

 

1.4. Molecular pathways altered in lung cancer  

In LUAD, the most frequently altered signaling pathways are the 

ones initiated by tyrosine kinase receptors (RTKs), such as the 

MAPK/ERK and PI3K-mTOR pathways, which are activated in 76 and 

25% of the cases, respectively (The Cancer Genome Atlas Research 

Network, 2014). KRAS, EGFR, BRAF, and MET are the most frequently 

activated genes, together with inactivating mutations in STK11, NF1, and 

PTEN.  In addition to this, p53 pathway (TP53 and ATM), cell cycle 
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regulators (CDKN2A and RB1), and nucleosome remodeling (ARID1A, 

ARID1B, ARID2, and SMARCA5) disruption are also common events in 

this tumor type.  

Alterations found in LUSC reveal a deregulation of cell cycle 

control (CDKN2A and RB1), response to oxidative stress (NFE2L2, 

KEAP1, and CUL3), and squamous cell differentiation (SOX2, TP63, and 

NOTCH) (“Comprehensive genomic characterization of squamous cell 

lung cancers,” 2012). Molecular pathways downstream RTKs are again 

the most affected, considering that key components of the PI3K/AKT 

and MAPK/ERK pathways are collectively altered in 69% of the cases. 

Therefore, in an attempt to exploit therapeutic vulnerabilities, the 

development of targeted therapies against RTK/KRAS/PI3K pathways 

seems to be a reasonable alternative to improve lung cancer treatment.  

In SCLC, cell cycle progression, genomic instability, lineage 

plasticity, and neuroendocrine differentiation are key molecular 

pathways altered as a consequence of TP53 and RB1 loss (Rudin et al., 

2021).  

 

1.5. Diagnosis  

Lung cancer diagnosis requires the extraction of cancer cells by 

different methodologies (e.g. sputum cytology, thoracentesis, or needle 

biopsy), the evaluation of their morphology under the microscope, and 

the performance of specific immunohistochemical assays (p63, p40, 

cytokeratin 5/6, TTF-1, napsin A, chromogranin A, synaptophysin, and 

CD56) (Inamura, 2018) to further identify the specific subtype of lung 

cancer.  

Immunohistochemistry and/or targeted sequencing can be 

further applied to detect driver genetic alterations (EGFR, BRAF, ALK, 

ROS1, MET, and RET), which has led to the development of molecularly 

targeted therapies that have dramatically improved the outcome in 

selected subgroups of patients.  
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1.6. Treatment 

Treatment of lung cancer patients is stage- and subtype-specific 

(Detterbeck et al., 2017). Histological characterization and the presence 

of specific genetic alterations dictate the final treatment that the patient 

receives, which can include surgery, radiation therapy, chemotherapy, 

immunotherapy, or molecularly targeted therapy, either alone or in 

combined modalities.  

Different lung cancer surgeries are available depending on the 

size of the affected regions. Thus, sleeve resection consists of the 

removal of a small piece of the lung where the tumor is located; in a 

segmentectomy, part of the lobe is resected; in a lobectomy, the 

complete lobe contacting the tumor is removed; and finally, in a 

pneumonectomy, an entire lung is extracted. Nearby lymph nodes are 

frequently removed to avoid possible metastases.  

Radiation therapy and chemotherapy are unspecific treatments 

based on the generation of DNA damage through radiation or the 

perturbance of cell cycle, respectively. Both strategies take advantage 

of the higher proliferation rate of cancer cells, but are also cytotoxic to 

the bone marrow and other highly-proliferative tissues. Chemotherapy 

includes alkylating agents (e.g. carboplatin, cisplatin, lurbinectedin, and 

cyclophosphamide), anti-tumor antibiotics (e.g. doxorubicin and 

neocarzinostatin), anti-metabolites (e.g. gemcitabine and pemetrexed), 

topoisomerase inhibitors (e.g. irinotecan, etoposide, and topotecan), 

and mitotic inhibitors (e.g. docetaxel, paclitaxel, albumin-bound 

paclitaxel (nab-paclitaxel), and cabazitaxel), among others. 

Targeted therapy and immunotherapy are strategies specifically 

directed against tumor cells, which results in less frequent side effects. 

Molecular targeted therapy consists of the use of drugs against 

antigens specifically altered in cancer cells, whereas immunotherapy 

refers to the boost of the immune system of the patient to promote an 

anticancer response. Among the different kinds of targeted therapies 

developed, tyrosine kinase receptor (RTK), signal transduction, 

proteasome, or angiogenesis inhibitors can be highlighted. 

Immunotherapy includes many different strategies, such as checkpoint 

inhibitors (directed against PD-1, PD-L1, CTLA-4, or LAG-3), chimeric 

antigen receptor (CAR) T-cell therapy, cytokines (IL-2 and IFN-alfa), or 

immunomodulators (e.g. thalidomide, lenalidomide, pomalidomide, and 

BCG), to name a few. A complete list of the treatments used in lung 

cancer divided by their mechanism of action is shown in Table 1.1.   
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1.6.1. Treatment of early-stage NSCLC 

Surgical resection is the preferred option in early-stage disease 

(Duma et al., 2019), when tumors are confined to the lungs (Figure 1.1). 

Cisplatin-based adjuvant chemotherapy remains the standard of care 

for patients with resected tumors at high risk of recurrence (Chaft et al., 

2021). Stereotactic body radiation therapy, alone or in combination with 

chemotherapy (cisplatin and pemetrexed), is the option of choice when 

the tumors are not completely resectable or the patient is not medically 

operable. In addition to this, the use of anti-PD-L1 antibodies 

(durvalumab) improves overall survival (Chaft et al., 2021).   

 

Figure 1.1. Management of early-stage NSCLC. 

 

1.6.2. Treatment of metastatic NSCLC 

Advanced-stage NSCLCs are classified according to their 

molecular features and genetic alterations (Alexander et al., 2020; Duma 

et al., 2019; Thomas et al., 2015):  

- Squamous histological type is commonly treated with 

chemotherapeutic agents, alone or in combination with 

antibodies against PD-1 (platinum + paclitaxel or nab-paclitaxel 

+ pembrolizumab). Second- and third-line treatments typically 

consist of chemotherapeutics, alone or in combination with RTK 

inhibitors (docetaxel + ramucirumab, gemcitabine, erlotinib, or 

necitumumab) (Figure 1.2).  

 

- Non-squamous histological subtype is further classified 

depending on their driver alterations. Thus, specific treatments 

directed against EGFR (erlotinib, afatinib, or osimertinib), BRAF 

(dabrafenib and trametinib), or NTRK (entrectinib or 
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larotrectinib) mutations, ALK/ROS1 rearrangements and MET 

mutations (crizotinib or alectinib), and finally RET 

rearrangements (selpercatinib or cabozantinib) can be 

considered.  

 

Despite being the most frequently mutated oncogene in NSCLC, 

there are no available targeted treatments for KRAS p.G12C-

mutated tumors, although sotorasib has shown promising 

results in phase 2 clinical trials (Skoulidis et al., 2021).    

 

Non-squamous tumors with no actionable alterations commonly 

receive chemoimmunotherapy, a combination of platinum-

based and PD-1/PD-L1 or VEGF antibodies 

(platinum/pemetrexed + pembrolizumab; or carboplatin+ 

taxane, atezolizumab + bevacizumab). 

Second- and third-line treatments typically include 

chemotherapeutic agents or RTK inhibitors (docetaxel + 

ramucirumab, gemcitabine, or necitumumab). 

One of the main issues concerning targeted therapeutics is the 

appearance of resistance to pharmacological inhibition of oncogenic 

drivers (Thomas et al., 2015). Therefore, genomic analysis of serial 

biopsies is essential to understand the evolution of drug-resistance 

mechanisms and to enable the selection of the most appropriate 

therapy. 

 

 

Figure 1.2. Management of advanced-stage NSCLC. 
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1.6.3. Treatment of SCLC 

SCLCs are also treated differently depending on the stage of the 

disease: (1) stage I tumors are surgically resected or treated with 

radiotherapy with an additional adjuvant chemotherapy (cisplatin and 

etoposide) (Figure 1.3); (2) stage II and III tumors are treated with 

chemoradiotherapy, a combination of thoracic radiotherapy and 

chemotherapeutics (cisplatin and etoposide), which can be followed by 

irradiation in responding patients; (3) and stage IV tumors receive 

chemotherapy (platinum agent (cisplatin or carboplatin) together with 

etoposide), alone or in combination with PD-L1 inhibitors (atezolizumab 

or durvalumab). Second-line treatments for recurrent patients include a 

topoisomerase I inhibitor (topotecan) or an alkylating agent 

(lurbinectedin). Finally, third-line treatments consist of PD-1 inhibitors 

(pembrolizumab or nivolumab) (Rudin et al., 2021).  

 

Figure 1.3. Management of SCLC. ChemoRT: chemoradiotherapy. 

 

Table 1.1. Description of the currently used treatments in lung cancer, 

classified according to their mechanism of action. Abbreviations: i, inhibitor;  

α, anti.  

Treatment Description 

Chemotherapy 
Platinum-based (cisplatin, carboplatin, oxaliplatin, nedaplatin, or 
lobaplatin), etoposide, pemetrexed, taxanes (paclitaxel, nab-
paclitaxel, docetaxel), gemcitabine,  topotecan,  lurbinectedin. 

Targeted therapy 

Erlotinib, gefitnib, afatinib, dacomitinib, or osimertinib (EGFRi), 
necitumumab or cetuximab (α-EGFR), dabrafenib (BRAFi), 
trametinib (MEKi), entrectinib or larotrectinib (NTRKi), crizotinib, 
ceritinib or alectinib (ALKi), selpercatinib or cabozantinib (RETi). 

Immunotherapy 
Durvalumab or atezolizumab (α-PD-L1), pembrolizumab or 
nivolumab (α-PD-1), ramucirumab (α-VEGFR2), bevacizumab (α-
VEGF). 
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2. Gene expression regulation by chromatin structure 

Gene expression is initiated by the binding of specific 

transcription factors and RNA polymerase to the genomic sequence 

immediately located around the transcription start site (core promoter). 

In some cases, the expression of the target gene is further activated by 

the physical interaction between promoters and distal sequence 

elements (enhancers) that are brought into proximity by chromatin 

looping. Nevertheless, the function of these regulatory sequences 

significantly relies on a permissive chromatin structure characterized by 

DNA accessibility, which allows the binding of specific transcription 

factors, cofactors, and regulators, as well as the interactions between 

DNA elements. Moreover, nucleosomes in the proximity of active genes 

and enhancers contain histones with characteristic post-translational 

modifications that can further activate or repress transcription. 

Therefore, chromatin structure plays essential roles in gene expression 

regulation.  

Each human cell contains approximately 2 m of DNA confined in 

a few micrometric nuclear compartment.  Thus, DNA is tightly packed 

into chromatin, a dynamic structure composed of basic units known as 

nucleosomes, whose density and position sterically determine the 

ability of the cellular machinery to access the genome. Histones are the 

central component of nucleosomal core particles, forming an octamer 

containing four core histone proteins (two H3-H4 dimers and one H2A-

H2B tetramer) around which a fragment of 147-bp is wrapped twice. 

Histone linker H1 is bound to the outside of each nucleosome with a 20-

90 bp of linker DNA for its stabilization and connection to the adjacent 

nucleosomes.   

There are two types of chromatin depending on its level of 

compaction: heterochromatin and euchromatin. Heterochromatin is 

highly condensed, transcriptionally silent, and contains many repetitive 

DNA sequences, whereas euchromatin has a less compact structure, 

being consequently more accessible to transcription, and mainly 

comprises the coding regions of genes. Both types of chromatin are 

characterized by different histone modifications. Heterochromatin 

tends to be enriched in H3 histone molecules trimethylated on lysine 27 

(H3K27me3), as well as di- or trimethylated on lysine 9 (H3K9me2/3); 

whereas euchromatin shows histone H3 molecules monomethylated on 

lysine 4 (H3K4me1), together with acetylation of several other lysine 

residues (van Steensel and Furlong, 2019).   
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DNA accessibility is mediated by two classes of enzymes: ATP-

dependent nucleosome remodelers (which will be extensively described 

in chapter 3: “SWI/SNF chromatin remodeling complexes”) and histone 

modifying enzymes (which will be addressed in this section).  

 

2.1. Histone post-translational modifications 

Histones are highly conserved basic proteins with an N-terminal 

unstructured and flexible tail enriched in lysine (K) and arginine (R) 

residues that project from the nucleosome. These tails are accessible 

on their surface and therefore subjected to covalent post-translational 

modifications that coordinately determine chromatin accessibility, and 

hence the biological outcome. Most histone modifications are 

reversible but can be maintained over cellular divisions.  

Histone modifications can alter the electrostatic interaction 

between the positively-charged residues of the histones and the 

negatively-charged pyrophosphate groups from the DNA, modifying 

chromatin compaction. In addition to this, histone modifications can 

alter the structure of histone tails and they can also serve as recognition 

modules for specific binding proteins. As a result, different cofactors, 

regulators, and transcription factors are able to bind DNA, allowing gene 

expression, DNA replication, or DNA repair, but also the maintenance of 

a repressive chromatin state.  

The diverse set of histone modifications includes acetylation, 

phosphorylation, methylation, ubiquitination, SUMOylation, adenosine 

diphosphate (ADP) ribosylation, O-GlcNAcylation, deimination/ 

citrullination, N6-formylation, propionylation, succinylation, butyrylation, 

serotonylation, and crotonylation (Audia and Campbell, 2016; Fang and 

Han, 2021). Among them, methylation and acetylation epigenetic marks 

play an important role in transcriptional regulation.  

Generally, the nomenclature of these modifications includes:  

(1) The modified histone (H1, H2A, H2B, H3, or H4). Histone 3 (H3) 

is the most frequently modified histone.  

 

(2) The amino acid residue affected (K, R, S, T, Y, H, or E) and its 

locations in the primary sequence of the protein. The majority of 

histone modifications occur in lysine residues (e.g. K4, K9, or 

K27 in histone H3).  
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(3) The type of post-translational modification (acetylation, 

methylation, phosphorylation, ubiquitination, and so on). 

Acetylation (ac) is typically present in a monomeric form, 

whereas lysine or arginine residues can be mono-, di-, or tri-

methylated (me1, me2, or me3, respectively).   

A growing body of evidence suggests that distinct histone 

modifications can influence the deposition of other epigenetic marks to 

regulate the biological outcome. For instance, histone H3 trimethylated 

on lysine 79 (H3K79me3) and lysine 4 (H3K4me3) residues are present 

at coding regions and co-localizes on active chromatin (Nakanishi et al., 

2009); histone H3 monomethylated on lysine 79 (H3K79me1) is found 

on genomic regions that are also enriched in H3K4me3 and H3K27me3 

(Steger et al., 2008); and histone H3 acetylated on lysine 122 

(H3K122ac) co-localizes with many marks characteristics of active 

genes (H3K4me3) and active enhancers (H3K4me1 and H3K27ac) 

(Tropberger et al., 2013).   

 

2.1.1. Writers, readers, and erasers 

 There is a plethora of enzymes responsible for placing, 

recognizing, and removing histone modifications (Table 1.2), and are 

generally described as epigenetic modifiers of the chromatin. These 

epigenetic players exert key roles in the intricated regulation of gene 

expression and can be categorized as writers (introduce chemical 

modification on DNA and histones), readers (contain specific domains 

to identify post-translational modifications), and erasers (responsible 

for the removal of these chemical groups) (Biswas and Rao, 2018; 

Schuettengruber et al., 2017).  

Table 1.2. Most studied post-translational modifications of human histone 

H3. The biological effect of each modification, its main location in the genome, 

and the enzymes responsible for its deposition (writers), removal (erasers), and 

Modification Significance Location Writer Eraser Reader 

H3K4me1 
Transcriptional 
activation 

Enhancers MLL1-5 KDM1A/B MLL, CHD1, 
BPTF, RAG2 

H3K4me3 
Active 
euchromatin 

Promoters SETD1A/D KDM5A/B/C ING, KDM5, 
TAF3 

H3K27ac 
Transcriptional 
activation 

Enhancers CBP/P300 HDACs/ 
SIRTs 

BRD4 

H3K27me3 
Transcriptional 
silencing 

Enhancers and 
promoters 

EZH2, EZH1 KDM6A/B EED, PC 
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binding (readers) are indicated.  Adapted from Audia and Campbell, 2016; 

Lawrence et al., 2016. 

Recurrent somatic mutations affecting the protein machinery in 

charge of writing, reading, and erasing histone marks have been 

reported in several types of cancer. Indeed, some of these mutations 

are considered oncogenic drivers that contribute to tumor progression 

(Nacev et al., 2019).  

 

2.1.2. Histone methylation 

Histone methylation can occur at lysine or arginine residues of 

histones H3 and H4 and include mono-, di- or tri-methylation (me1, me2, 

or me3, respectively). Histones methyltransferases (HMTs) use their 

SET domain to transfer methyl groups from the substrate S-adenosyl 

methionine (SAM) onto the lysine residues of histones. The removal of 

these methyl groups is catalyzed by demethylases. Chromo, Tudor, 

MBT, PHD, and PWWP domains are responsible for the recognition of 

methylated lysine residues (Kadoch et al., 2016).  

Different grades of methylation of histone H3 on lysine 4 (H3K4), 

lysine 36 (H3K36), and lysine 79 (H3K79) residues are present in actively 

transcribed genes, whereas methylation of lysine 9 (H3K9), lysine 27 

(H3K27), and lysine 20 (H3K20) residues are associated with 

transcriptional repression and heterochromatin formation (Fang and 

Han, 2021).    

Histones that flank active enhancers are often marked by 

histone H3 lysine 4 mono-methylation (H3K4me1) and histone H3 lysine 

27 acetylation (H3K27ac). Inactive or poised enhancers bear the active 

H3K4me1 and the repressive mark histone H3 trimethylated on lysine 

27 (H3K27me3). Enhancers that are not yet active but are primed for 

activation at a later development point or in response to an external 

stimulus are pre-marked by H3K4me1 (Figure 1.4). If these enhancers 

are bound by repressive transcription factors, they are considered 

repressed enhancers (Bozek and Gompel, 2020). 

H3K4 di-methylation (H3K4me2) marks the 5’ end of transcribed 

genes but is also present in enhancers (Alver et al., 2017). H3K4 tri-

methylation (H3K4me3) is mainly distributed at promoters of actively 

transcribed genes (Fang and Han, 2021). In addition to this, some gene 

promoters are bivalently marked by both H3K4me3 and H3K27me3 
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(poised promoters). Consequently, these genes are silent, but their 

promoters are protected against de novo DNA methylation and ready to 

be activated in the proper developmental context (Greenberg, 2021).  

When it comes to repressive marks, H3K27me3 is considered a 

hallmark of gene repression. The addition of di- and trimethyl groups 

(H3K27me2/3) is catalyzed by the EZH2 subunit of the PRC2 complex. 

This epigenetic modification is present in broad domains of the 

chromatin at the promoters of silenced genes but is also enriched at 

poised enhancers. H3K27me3 epigenetic modification cannot co-occur 

with H3K27ac on the same histone (Shlyueva et al., 2014).   

 

Figure 1.4. Histone post-translational modifications at regulatory elements. 

A) Enhancers primed for activation are pre-marked by H3K4me1. B) Histones 

that flank active enhancers are marked by H3K4me1 and H3K27ac. C) Poised 

enhancers bear the active H3K4me1 and the repressive H3K27me3 marks.       

D) Nucleosomes that contain the H3K27me3 modification are associated with 

transcriptional repression. E) Active promoters are transcribed by RNA Pol II 

and their adjacent nucleosomes are characterized by H3K4me3 and H3K27ac 

deposition. F) Poised promoters are defined by the simultaneous presence of 

histone modifications H3K4me3 and H3K27me3, associated with gene 

activation and repression, respectively.  
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SETD1A/COMPASS catalyzes the mono-, di- and tri-methylation 

of H3K4me3 at active promoters. Similarly, MLL1 is required for 

H3K4me3 deposition at specific genes, whereas MLL2 is responsible 

for H3K4me3 at bivalent promoters in ESCs. MLL3/4 are the main 

methyltransferases mediating H3K4me1 at enhancers. On the other 

hand, histone demethylases KDM1, KDM2A, and KDM5 are involved in 

the removal of methyl groups on H3K4, whereas KDM6A and KDM6B 

are able to remove the repressive H3K27me3 mark introduced by the 

PRC2 complex (Schuettengruber et al., 2017).  

 

2.1.3. Histone acetylation 

Histone acetylation is tightly regulated by the balance between 

histone acetyltransferases (HATs) and histone deacetylases (HDACs). 

Acetylation can influence the compaction state of chromatin by 

neutralizing the positive charge of the lysine residues, impairing the 

binding between histone tails and negatively charged DNA. Thus, 

histone acetylation is usually correlated with an open chromatin 

structure and active transcription.  

The bromodomain and extra-terminal domain (BET) proteins 

(BRD1, BRD2, BRD3, BRD4, and BRDT) can recognize histone acetylated 

lysine residues through their bromodomains, acting as scaffolds to 

recruit transcription factors and the RNA polymerase, allowing gene 

expression (Audia and Campbell, 2016; Fang and Han, 2021). Other 

bromodomain-containing proteins with different biological functions 

(e.g. histone-modifying writers p300 and MLL, or chromatin remodeler 

subunits SMARCA2, SMARCA4, PBRM1, BRD7, and BRD9) have been 

described.  

There are plenty of lysine residues that can be acetylated in 

histones (H3K4, H3K9, H3K14, H3K18, H3K23, H3K27, H3K36, H4K5, 

H4K8, H4K12, H4K16, or H4K20). When looking at its primary sequence, 

is quite striking that acetylatable lysine residues are placed regularly 

along the sequence at a distant coincident with the length of an -helix 

(Strahl and Allis, 2000).  

Histone H3 lysine 27 acetylation (H3K27ac), which is the most 

well-studied residue, is present at the promoters and enhancers of 

actively transcribed genes (Alver et al., 2017), where it colocalizes with 

H3K4me3 and H3K4me1, respectively. H3K27ac can form large broad 
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domains in the intergenic regions forming super-enhancers to further 

promote gene expression.  

SMARCB1 and SMARCA4 subunits of the SWI/SNF complexes 

are able to recruit p300/CBP histone acetyltransferase to enhancers, 

contributing to the modulation of H3K27ac levels (Alver et al., 2017). On 

the other side, polycomb can inhibit the acetyltransferase activity of this 

enzyme, favoring H3K27 methylation and transcriptional repression 

(Schuettengruber et al., 2017).  

 

2.1.4. Other histone modifications  

Histone lysine residues can also be post-translational modified 

to take part in DNA repair mechanisms. Thus, in DNA damage 

conditions, PARP1 catalyzes the addition of an ADP-ribose group to 

lysine residues of histones. As a result of this action, chromatin 

becomes more accessible and the DNA repair machinery can be 

recruited (Fang and Han, 2021). Another example is the mono-

ubiquitination at residues K119/K120 of H2AX mediated by the PRC1 

complex. This modification is required for the recruitment of early 

sensors of DNA damage, such as the ATM kinase, which is the enzyme 

responsible for the phosphorylation of histone variant H2AX to form       

H2AX (Panier and Durocher, 2013).  

Similar to histone acetylation, histone phosphorylation affects 

the binding of DNA and histones by adding a negative charge, which will 

probably cause the decondensation of chromatin. Concerning this, 

phosphorylation of histone H3 on serine 10 (H3S10P) and serine 28 

(H3S28P) residues is required for proper segregation and condensation 

of chromosomes during cell division (Hirota et al., 2005). Moreover, 

phosphorylation of histone H3 on threonine 118 (H3T118P) results in 

enhanced nucleosome mobility and accessibility, allowing nucleosome 

disassembly by the SWI/SNF complex (North et al., 2011).  
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2.2. Three-dimensional chromatin structure  

Genome-wide mapping of DNA-binding proteins, histone 

modifications, and chromosome conformation capture technologies 

have shown that chromatin is hierarchically organized in higher-order 

structures separated by insulating boundaries (regions of low 

interactions). In vertebrates, insulators are typically bound by CTCF, 

which together with the cohesin complex can form long-range 

chromatin loops that delimitate the boundaries of regulatory domains 

and limit enhancer activity (Dixon et al., 2012) (Figure 1.5).   

Thus, nucleosome fibers fold into chromatin loops, giving rise to 

topologically associated domains (TADs), which serve as functional 

platforms for the physical interactions between regulatory elements 

(Schuettengruber et al., 2017; Zhang et al., 2021). Intradomain 

chromatin contacts are much more frequent than contacts with regions 

outside these domains. TADs and their boundaries are largely 

conserved between cell types and species (Robson et al., 2019). During 

embryonic development, TADs acquire a more structured architecture 

as they become involved in transcriptional regulation mediating 

enhancer-promoter contacts (Andrey and Mundlos, 2017).  

Figure 1.5. Three-dimensional organization of chromatin. A) Chromatin is 

organized into transcriptionally active (red) or inactive (blue) compartments. In 

each region, chromatin is folded into topologically associating domains 

(TADs), delimited by CTCF and cohesin binding. B) The Hi-C map reflects the 

average interaction frequency between regulatory elements (genes and 

enhancers). Figure modified from Kantidze et al., 2020. 
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Therefore, TADs allow the physical interaction among enhancers 

and promoters that can be located far away on the nucleotide sequence. 

However, enhancers do not promiscuously activate the expression of all 

genes present within a TAD (Ghavi-Helm et al., 2019). It is thought that 

this relationship is mediated by the sequence composition of core 

promoters and distal genetic elements (Pachano et al., 2021). 

Promoters are regulatory regions located at the transcription 

start site of a gene, whereas enhancers are typically located at large 

genomic distances and can be found either upstream or downstream of 

the target gene promoter. Enhancers contain binding sites for regulatory 

proteins (such as, transcription factors, mediator complex, cohesin 

complex, or chromatin remodelers) and utilize chromatin folding to 

bypass these large distances, and facilitate the activation of their target 

genes by physical proximity. Three types of active enhancers have been 

described: (1) classical, (2) closed chromatin, and (3) chromatin 

dependent (Sahu et al., 2022).  

This historical distinction between enhancers and promoters is 

not able to capture all its complexity, as both regulatory elements share 

chromatin and sequence architectural features (such as, the H3K27ac 

deposition, they are located in nucleosome-devoid chromatin, and are 

actively transcribed by RNA polymerase II (Sahu et al., 2022)). Regarding 

this, several promoters have enhancer activity, while active enhancers 

are also able to drive local transcription at their boundaries (Andersson 

and Sandelin, 2020). 

One of the main differences between enhancers and promoters 

is their GC content. Approximately 70% of gene promoters overlap with 

CpG islands (CGIs), which provides them with a permissive chromatin 

state that facilitates transcription initiation; whereas almost no 

enhancer does. It is particularly remarkable that in mouse embryonic 

stem cells, poised enhancers that present CGIs promote the physical 

and functional communication with distally located genes within the 

same TAD, particularly those with large CGI clusters in their promoters 

(Pachano et al., 2021).  
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Super-enhancers are a subclass of enhancers that consist of 

clusters of highly active enhancers, which present high levels of 

transcriptional coactivators binding, especially Mediator, and are 

involved in the control of master regulators of cell identity, (Pott and 

Lieb, 2015; Whyte et al., 2013). They usually contain several chromatin-

dependent elements associated with a classical enhancer (Sahu et al., 

2022). 

Finally, interactions between TADs with similar epigenetic marks 

further spatially segregate chromatin according to its activity (Robson 

et al., 2019). In line with this, the human genome can be divided into 

either A compartments of actively transcribed genes and active histone 

modifications and B compartments characterized by lower transcription 

and chromatin repressive marks (Beagan and Phillips-Cremins, 2020). 
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3. SWI/SNF chromatin remodeling complexes   

Chromatin remodeling complexes are key components in the 

modulation of genomic architecture. They use the energy provided by 

ATP hydrolysis to transiently disrupt nucleosome-DNA contacts, move 

nucleosomes along the DNA, and catalyze its ejection, insertion, or 

exchange (Gonzalez-Perez et al., 2013; Wilson and Roberts, 2011). 

Consequently, they modify the accessibility of specific regions of DNA 

to the enzymatic transcriptional machinery, as well as different DNA-

binding proteins, cofactors, and regulators, playing important roles in 

chromatin assembly, gene expression regulation, cell differentiation, 

and DNA repair.  

According to their subunit composition and biochemical activity, 

chromatin remodeling complexes can be divided into four major 

families: SWI/SNF, INO80, ISWI, and CHD, being SWI/SNF the most 

clearly implicated in tumor development (Gonzalez-Perez et al., 2013; 

Wilson and Roberts, 2011). 

 

3.1. SWI/SNF subfamilies 

SWI/SNF was firstly described in Saccharomyces cerevisiae after 

the performance of two genetic screenings aimed at identifying 

mutations in genes affecting the mating-type switching (SWI) and the 

sucrose-fermentation (SNF) pathways (L et al., 2010; Wilson and 

Roberts, 2011).  

SWI/SNF complexes are complicated macromolecular 

assemblies of approximately 1-1.5 MDa consisting of many diverse and 

variable subunits. They are evolutionarily conserved from yeast to 

mammals (Wilson and Roberts, 2011). Mammalian SWI/SNF 

complexes are currently divided into three broad subfamilies: canonical 

BRG1-associated factor (cBAF); polybromo BGR1-associated factor 

(PBAF), and the recently described non-canonical BRG1-associated 

factor (ncBAF, also known as GBAF) (Mashtalir et al., 2018) (Figure 1.6). 

Each subfamily contains over ten subunits which are combinatorially 

assembled from the product of twenty-nine genes (Michel et al., 2018).  
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All complexes contain a group of the so-called core subunits, 

which are highly conserved between species and include 

SMARCC1/BAF155, SMARCC2/BAF170, SMARCD1/2/3, ACTB, 

ACTL6A/B, BCL7A/B/C, and either one of the two mutually exclusive 

ATPase subunits (SMARCA2/BRM or SMARCA4/BRG1). Core subunits 

SMARCC1, SMARCC2, and SMARCD1/2/3 are essential for proper 

complex assembly (X. Wang et al., 2019). SWI/SNF complexes also 

contain numerous accessory subunits that provide each of the 

subcomplexes with a distinct identity. Thus, SMARCB1/BAF47/SNF5 

and SMARCE1/BAF57 are common to cBAF and PBAF families, 

whereas ARID1A and ARID1B are specific to cBAF family and ARID2, 

PBRM1, and BRD7 are specific to PBAF. Finally, ncBAF complexes utilize 

instead BRD9, GLTSCR1, and GLTSCR1L subunits for their core 

assembly (Mashtalir et al., 2018; Michel et al., 2018; Mittal and Roberts, 

2020; Tsuda et al., 2021; Wilson and Roberts, 2011). Accessory subunits 

are thought to contribute to the targeting, the assembly, and the 

regulation of lineage-specific gene networks (Mittal and Roberts, 2020; 

Wilson and Roberts, 2011).  

 

Figure 1.6. Mammalian SWI/SNF complexes. Shared subunits among all 

complexes are represented in green, whereas common subunits of either two 

of the subfamilies appear in blue. Accessory subunits specific to each 

subfamily are depicted in different colors: red (cBAF), yellow (PBAF), and purple 

(ncBAF).   

Some common subunits of the SWI/SNF complexes are 

encoded by genes that produce different isoforms by alternative 

splicing. Moreover, they belong to gene families that often display 

differential lineage-restricted expression, such as those selectively 

incorporated in a certain type of neurons (Lessard et al., 2007) or 

embryonic stem cells (L et al., 2009). It is therefore likely that several 
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hundred versions of SWI/SNF complexes exist in mammals, which in 

turn control distinct gene expression programs in different cellular 

contexts.  

This regulation is even more intricate taking into consideration 

that each subfamily presents different patterns of remodeling activity. 

Furthermore, alterations of nucleosome structure affect not only their 

recruitment but also their activity (Mashtalir et al., 2021).  

The catalytic subunits of the complex contain DEXDc and 

HELICc domains that are responsible for its ATPase activity, but they 

also have bromodomains, which are also present in other subunits 

(BRD7, BRD9, and PBRM1) to recognize acetylated lysine residues 

(Figure 1.7). In addition to this, other domains present in the accessory 

subunits are thought to facilitate interactions with proteins (LXXLL, 

BAH, SANT, SWIRM, SWIB), DNA (ARID, HMG, Zn finger, Leucine zipper), 

and post-translational modifications present on histone tails 

(bromodomain, chromodomain, and PHD domains) (Kadoch et al., 

2016). 

Figure 1.7. Protein domains present in cBAF and PBAF complexes. Core 

subunits are shown in blue, subunits encoded by multigene families appear in 

green, and the accessory subunits that differentiate BAF from PBAF are shown 

in orange. Figure modified from Wang et al., 2014. 

 

cBAF PBAF 
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3.2. Influence of SWI/SNF in transcriptional regulation and 

development  

Mammalian SWI/SNF complexes exert general roles in 

transcriptional regulation. Under physiological conditions, they are 

involved in the differentiation of many cellular lineages. Regarding this, 

essential roles for these complexes have been identified during 

neurogenesis, myogenesis, adipogenesis, osteogenesis, and 

hematopoiesis (Mittal and Roberts, 2020). Thus, it is likely that they 

cooperate with tissue-specific transcription factors to coordinately 

balance the activation of lineage-specific genes, the promotion of 

differentiation, and the suppression of proliferative programs in such 

different cellular contexts (Wilson and Roberts, 2011). 

The precise mechanism behind the role of SWI/SNF complexes 

in transcriptional regulation is not fully understood. Recent reports 

indicate that they are highly enriched at enhancers, where they 

cooperate to establish an open chromatin state required for 

transcription and oppose to the inactivation mediated by polycomb 

repressive complexes (Nakayama et al., 2017; Wang et al., 2017). It is 

speculated that cBAF activity occurs mainly at enhancers, whereas 

PBAF and ncBAF tend to be more enriched at promoters (L et al., 2009; 

Lessard et al., 2007; Mashtalir et al., 2021; Wang et al., 2017).  

Enhancer dysregulation is a common feature in SWI/SNF-

mutated tumors and has been linked with the promotion of stemness 

and self-renewal and the blockage of development and differentiation 

programs (Jones et al., 2022).  

About this, in a rhabdoid tumor cell model, loss of SMARCB1 

alters SWI/SNF complex integrity and its targeting to enhancers implied 

in cell differentiation, while keeping SWI/SNF binding to super-

enhancers required for tumor survival and cell plasticity (Wang et al., 

2017). In agreement with this observation, as a result of SMARCB1 re-

expression in SMARCB1-deficient sarcoma cell lines, there is an 

increase in genome-wide BAF complex occupancy, which mediates 

enhancer activation and opposes to the polycomb-mediated repression 

at bivalent promoters (Nakayama et al., 2017).  
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Similar studies have been done in colorectal and liver cancer, 

where ARID1A disruption leads to the dysregulation of enhancers that 

govern cell identity (Guo et al., 2022; Mathur et al., 2017). In addition to 

this, increased activity at super-enhancers responsible for invasion 

properties has been reported in endometrial malignancies (Wilson et al., 

2020).  

 

3.3. Antagonistic role between SWI/SNF and PRC complexes  

SWI/SNF complexes have a direct role in antagonizing the 

transcriptional silencing mediated by polycomb repressive complexes 1 

and 2 (PRC1 and PRC2). Whereas proteins from the polycomb group are 

frequently overexpressed in cancer, SWI/SNF subunits are usually 

inactivated (Wilson et al., 2010). In addition to this, tumors harboring 

SWI/SNF inactivating mutations are particularly vulnerable to genetic 

and pharmacological inhibition of the EZH2 histone methyltransferase 

subunit of the PRC2 complex (Januario et al., 2017; Lu and Allis, 2017; 

Wilson et al., 2010).  

SWI/SNF activity can occur at gene promoters, distal lineage-

specific enhancers, and super-enhancers, where it leads to an open 

state of the chromatin associated with active transcription (Alver et al., 

2017) (Figure 1.8). Alterations in its composition can cause defective 

complex assembly, failure to oppose PRC1 and PRC2 at promoters and 

typical enhancers of genes involved in lineage specification, while 

maintaining its attachment to super-enhancers of genes important to 

maintain cell identity (Alver et al., 2017; Katherine C Helming et al., 2014; 

Stanton et al., 2017; Wang et al., 2017; Wilson et al., 2010). The resulting 

imbalance between differentiation and self-renewal promotes 

tumorigenesis.   

In addition to this, oncogenic SWI/SNF complexes containing 

SS18-SSX1 fusion protein (a common alteration found in human 

synovial sarcoma) are mistargeted genome-wide to polycomb target 

sites (Kadoch and Crabtree, 2013), and directly evict PRC1 complex 

from the chromatin (Kadoch et al., 2017). Finally, it has been proved by 

coimmunoprecipitation that SWI/SNF and PRC1 complexes interact in 

a chromatin-independent manner (Stanton et al., 2017). 
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Figure 1.8. The antagonistic role between SWI/SNF and PRC complexes. 

Abbreviations: TE, typical enhancers; SE, super-enhancers. Figure source Lu 

and Allis, 2017. 

 

3.4. Role of SWI/SNF in human cancer 

Large genome sequencing studies have evidenced a prominent 

role of chromatin structure in cancer development. Interestingly, 

mutations in specific SWI/SNF genes are enriched in particular cancer 

types, whereas other subunits are broadly mutated (Figure 1.9).  

The catalytic and accessory subunits of SWI/SNF complexes 

have been found recurrently mutated in several tumor types and their 

alteration has been associated with tumor progression (Kadoch et al., 

2013; Mittal and Roberts, 2020; Moreno et al., 2021; Nakayama et al., 

2017; Reisman et al., 2003; Wang et al., 2017), whereas core 

components in general present a very low mutation rate. One significant 

exception to this is SMARCB1, which is inactivated via biallelic 

mutations in 98% of malignant rhabdoid tumors (MRTs) (rare and 

aggressive childhood cancers that appear in the soft tissue of the brain) 

(Kadoch and Crabtree, 2015; Versteege et al., 1998).  
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Figure 1.9. Distribution of SWI/SNF subunit mutations across human cancers. 

Frequency and distribution of non-synonymous mutations and deletions 

affecting the nine subunits of the complex most commonly mutated in cancer. 

Figure source Mittal and Roberts, 2020.   

Regarding accessory and catalytic subunits, PBRM1 is 

inactivated in 41% of clear cell renal cell carcinoma patients (Gerlinger 

et al., 2014; Varela et al., 2011), where mutations in KDM6A and KDM5C 

(histone demethylases), as well as SETD2 (histone methylase) genes 

have also been identified but less frequently (Shain and Pollack, 2013; 

Varela et al., 2011). These findings suggest key roles of chromatin 

structure in the development of this tumor type.  

ARID1A is altered in 50% of ovarian clear cell carcinomas 

(OCCCs, one of the most lethal subtypes of ovarian cancer), in 35% of 

endometroid carcinomas (Jones et al., 2010; Wiegand et al., 2010), in 

9.4% of colorectal and in 8.2% of lung cancers (Kadoch et al., 2013). 

Other mechanisms that lead to ARID1A loss apart from loss-of-function 

mutations have been reported, such as copy number alterations (in 47% 
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of pancreatic cancer (Shain et al., 2012)) and epigenetic silencing of its 

promoter (in almost half of breast cancer patients (Zhang et al., 2013)).   

It is estimated that more than 90% of the cases of an ovarian 

cancer subtype called small-cell carcinoma of the ovary hypercalcemic 

type (SCCOHT) harbor biallelic inactivating mutations in SMARCA4 (Lu 

and Shi, 2019). SMARCA2 is epigenetically silenced or transcriptionally 

inactivated in rhabdoid tumors (Kahali et al., 2014) and SCCOHTs 

(Karnezis et al., 2016). In non-small cell lung cancer (NSCLC) SMARCA2 

and SMARCA4 expression is frequently lost, which is in turn associated 

with a worse prognosis (Herpel et al., 2017; Reisman et al., 2003). 

SMARCA2 expression is as well reduced in prostate cancer, where its 

absence correlates with advanced stages of disease progression and 

poor prognosis (Reisman et al., 2009).  

Another accessory subunit of cBAF complexes, ARID1B, has 

been found mutated in a variety of tumor types, including melanoma, 

neuroblastoma, ovarian clear cell carcinoma, gastric cancer, and non-

small cell lung cancer (Kadoch et al., 2013; Shain and Pollack, 2013). 

Lastly, ARID2 has been found inactivated in 18.2% of 

hepatocellular carcinomas (Li et al., 2011), and is also a significantly 

mutated gene in melanoma (Hodis et al., 2012). 

Overall, genes encoding subunits of the SWI/SNF chromatin 

remodeling complexes are collectively mutated in almost 25% of all 

human cancers, which places SWI/SNF as the second most frequent 

alteration in cancer, just after TP53 mutations (Kadoch et al., 2013; 

Mittal and Roberts, 2020; Shain and Pollack, 2013). 

Intriguingly, although the tumor-suppressive mechanism of the 

complex might be general, the alteration of each subunit tends to be 

manifested in an apparently tissue-specific manner (Kadoch and 

Crabtree, 2015), which might indicate tissue-specific functions of each 

subunit.  

Among the different subunits of SWI/SNF complexes, ARID1A is 

by far the most broadly and frequently mutated gene across human 

cancers and is often inactivated by frameshift or truncating mutations 

that are distributed along the length of the gene, resulting in a lack of 

protein expression (Kadoch and Crabtree, 2015; Otto and Kadoch, 

2017). 
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As the majority of ARID1A mutations are loss-of-function, this 

gene is hypothesized to be a tumor suppressor. What is more, nearly all 

human samples tested present heterozygous mutations. This finding 

implies that the inactivation of a single ARID1A allele might be enough 

to drive tumorigenesis and suggests that it might function as a negative-

dominant tumor suppressor (Kadoch and Crabtree, 2015).  

However, the inactivation of both Arid1a alleles in mice is 

necessary for the development of tumors in the colon (Mathur et al., 

2017), which probes that Arid1a functions as a recessive tumor 

suppressor in that particular animal model.  

In contrast, in some hepatocellular carcinoma patients, ARID1A 

is overexpressed in primary tumors, but not in metastatic lesions (Sun 

et al., 2017). Concerning this, it has been observed that conditional 

deletion of Arid1a in mouse liver protects against tumor initiation, 

whereas its suppression accelerates progression and metastases in 

established tumors.  

Similar findings have been observed in other types of cancer. 

Thus, Arid1a inactivation blocks tumorigenesis in Apc-mutant colorectal 

cancer but drives cancer in microsatellite instability context (Mathur et 

al., 2017). What is more, Arid1a inactivation leads to differentiation in 

Apc/Pten-mutant ovarian carcinomas (Zhai et al., 2016), whereas it 

drives tumor formation in Pik3ca-mutant context (Chandler et al., 2015). 

Consequently, Arid1a has context-dependent oncogenic and tumor-

suppressive functions in the development of some kinds of tumors, 

depending on the mutational background.     

 

3.4.1. Mutual exclusivity between SWI/SNF subunits 

A substantial body of scientific evidence supports that 

mutations in genes encoding components of SWI/SNF complexes tend 

to be mutually exclusive in the same patient. 

For instance, in colorectal cancer ARID1A is usually mutated in 

samples where neither SMARCA4, ARID2, SMARCA2 nor ARID1B are 

mutated (Gonzalez-Perez et al., 2013). These experimental 

observations could be explained either by a synthetic lethality 
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relationship among different subunits or by a loss of selective pressure 

to inactivate genes encoding additional SWI/SNF subunits after the first 

mutation.  

In agreement with the first hypothesis, it has been postulated 

that ARID1A and ARID1B present a synthetic lethal relationship in the 

colorectal cancer cell line HCT116, after realizing that ARID1A-/- cells 

present a prominent decrease in cell proliferation when downregulating 

the expression of ARID1B (Kelso et al., 2017). Moreover, NSCLC cell 

lines lacking the expression of SMARCA4 form fewer colonies and are 

more prone to cellular senescence after SMARC2 knock-down (Oike et 

al., 2013), which suggests that mutations in both catalytic subunits are 

lethal. Similar synthetic lethality relationships have been described 

among SMARCA4 and ARID2, SMARCA4 and ACTB, as well as SMARCC1 

and SMARCC2 (Schick et al., 2019). 

 

3.4.2. SWI/SNF complex disruption in lung cancer 

In the last two decades, several studies provided much evidence 

of the important role of SWI/SNF complexes disruption in lung cancer 

development.  Thus, SMARCA2 and SMARCA4 expression is lost in 30% 

of NSCLC cell lines. In addition to this, patients that maintain the 

expression of the catalytic subunits of the complex showed a 

significantly higher survival rate compared to the low-expression group 

(Reisman et al., 2003), highlighting the role of these genes as tumor 

suppressors. The prognostic role of SMARCA2/SMARCA4 expression 

has also been confirmed in larger cohorts of lung cancer patients (Bell 

et al., 2016; Matsubara et al., 2013), strengthening the fact that 

decreased expression of these subunits correlates with a worse 

prognosis.  

Similar observations have been done in other accessory 

subunits of the complex. For instance, ARID1A expression is lost in 

almost 35% of NSCLCs, which significantly correlates with a poorly 

differentiated stage, a higher TNM score, and nodal metastases (Zhang 

et al., 2014). Additionally, ARID2 has been found mutated in a loss-of-

function manner in 5% of the cases of lung adenocarcinomas (Manceau 

et al., 2013).   
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According to the publicly available information deposited on the 

Catalogue Of Somatic Mutations In Cancer (COSMIC) at the time of the 

elaboration of this doctoral thesis, the most affected subunits of 

SWI/SNF complexes in lung cancer are SMARCA4 (7.7%), ARID1A 

(7.1%), ARID1B (4.6%), and ARID2 (4.2%) (Figure 1.10).  

 

Figure 1.10. Mutation rate of accessory and catalytic subunits of SWI/SNF 

complexes across different tumor types. For each subunit (ARID1A, ARID1B, 

ARID2, or SMARCA4), the most commonly altered tissues according to the 

public database COSMIC (nov-2022, release 29) are indicated. In addition to 

this, mutation rates of those tissues that are specifically relevant in the context 

of this doctoral thesis are depicted.   

Consistent with these findings, in our laboratory we sequenced 

a cohort of 225 lung cancer patients and found that ARID2 mutations 

occurred at an even higher frequency (7.5%) (Moreno et al., 2021). 

Finally, TRACERx Consortium has published that in NSCLC, 

whereas driver mutations in EGFR, MET, BRAF, and TP53 were almost 

always clonal, mutations in SWI/SNF genes were systematically 

subclonal, indicating a late appearance during disease progression 

(Jamal-Hanjani et al., 2017). 
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3.5. Molecular pathways altered in SWI/SNF-mutant cancers   

Despite the clear role of SWI/SNF perturbations in the 

development of different types of cancer, the molecular pathways 

behind its contribution to tumorigenesis still remain elusive (Gonzalez-

Perez et al., 2013; Mashtalir et al., 2018; Mittal and Roberts, 2020; Wilson 

and Roberts, 2011). Among the postulated hypotheses that have more 

acceptance in the scientific community, we can stand out: (1) DNA 

repair alteration, (2) activation of canonical cancer-promoting pathways, 

and (3) promotion of epithelial to mesenchymal transition (EMT).   

 

3.5.1. DNA repair alteration 

There is a considerable amount of scientific evidence linking 

different subunits of SWI/SNF complexes with DNA repair mechanisms, 

which suggests that a potential mechanism of tumorigenesis in 

SWI/SNF-deficient cells is through the promotion of genomic instability.  

The catalytic subunits of the complex (SMARCA2 and 

SMARCA4) are recruited to double-strand breaks (DSBs) through their 

bromodomains, where they increase chromatin accessibility to allow 

the proper assembly of protein complexes required for this DNA 

damage repair mechanism (Rother and van Attikum, 2017). In particular, 

SMARCA4 is able to bind to H2AX nucleosomes (Lee et al., 2010) and 

interact with PARP1 (Chen et al., 2019), but it also takes part in the 

interstrand crosslinks (ICLs) damage repair through its interaction with 

BRCA1 (Wang et al., 2016).  

SMARCA4 is as well involved in the decatenation of newly 

replicated sister chromatids, exerting a key role in the precise 

chromosome segregation accomplished after each mitosis. 

Consequently, SMARCA4 loss gives rise to spontaneous anaphase 

bridges (Dykhuizen et al., 2013), which may result in an inequitable 

distribution of chromosomes, providing an additional source of 

genomic instability.  

ARID1A recruitment to DSBs is mediated by its interaction with 

ATR (a kinase that controls cellular response to DNA damage), where it 

facilitates DNA DSB end resection (Shen et al., 2015). This accessory 

subunit is also required for the G2-M DNA damage checkpoint (Shen et 



Introduction  

 

34 

 

al., 2015). Consequently, ARID1A loss might allow cells to progress 

through the cell cycle, even in case they had accumulated DNA damage. 

In a renal cancer model, the absence of PBRM1 results in a delay 

of p53-dependent response to DNA damage, characterized by a less 

efficient repression of genes that promote cell cycle progression (Feng 

et al., 2022). Consequently, an increasing number of cells progress 

through mitosis with unrepaired damage.  

SMARCB1 promotes nucleotide excision repair (NER) by 

interacting with UV damage recognition factor XPC at DNA damage 

sites. In addition to this, SMARCB1 is needed for the recruitment of ATM 

to DNA damage foci and its activation by phosphorylation (Ray et al., 

2009).  

Supporting the role of SWI/SNF complexes in DNA repair, 

ARID1A-deficient colorectal cancer cells present a significantly higher 

sensitivity to PARP inhibitors (Shen et al., 2015). Similarly, SMARCA4-

mutated lung cancer cell lines show an increase in DNA damage foci, 

together with an activation of the ATR pathway (Gupta et al., 2020).  

 

3.5.2. Activation of canonical cancer-promoting pathways 

SWI/SNF complex is able to interact directly with genes 

belonging to signaling pathways already known to be dysregulated in 

cancer, such as TP53, RB1, and MYC, suggesting that defects in these 

chromatin remodeling complexes could promote cancer through the 

activation of canonical cancer pathways.  

Regarding this, it has been demonstrated that SWI/SNF and 

TP53 or PTEN mutations do not usually concur in the same patient nor 

in colorectal or ovarian cancers (Kadoch et al., 2013; Wu et al., 2017). 

Subsequent studies have confirmed that ARID1A and TP53 mutations 

are mutually exclusive in gynecological malignancies (Wu et al., 2017). 

Similarly, BRD7 has been found frequently deleted in a subset of breast 

tumors that express wild-type TP53, which suggests that there might be 

exclusivity between mutations in both genes (Drost et al., 2010). 

Although it remains to be characterized in further detail, it has been 

postulated that BRD7 may act as a cofactor for TP53 in the oncogene-

induced senescence process (Burrows et al., 2010; Drost et al., 2010).  
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Rhabdoid tumors harboring SMARCB1 inactivating mutations 

are characterized by the overexpression of E2F target genes and the 

downregulation of p16INK4A (a cyclin-dependent kinase inhibitor) (Isakoff 

et al., 2005). Additionally, it has been observed that SWI/SNF complexes 

bind RB, facilitating the repression of its target genes, E2F and CCND1 

(Trouche et al., 1997). Collectively, both observations suggest that 

SWI/SNF alterations might result in an impaired RB tumor-suppressor 

pathway and consequently, the control upon cell cycle might be less 

restrictive.  

Another potential tumor suppressor role for SMARCB1 has been 

proposed regarding its interaction with the oncogene MYC. In particular, 

SMARCB1 prevents MYC binding to DNA and represses its binding to 

SMARCC1. When SWI/SNF is altered, residual complexes are able to 

interact with MYC, increasing the transcription of its target genes 

(Jones et al., 2022). 

Important relationships between the catalytic subunit of the 

complex SMARCA4 and critical molecular pathways have also been 

reported, which might provide molecular clues for its role in 

tumorigenesis. Thus, in NSCLC SMARCA4 loss is synthetic lethal with 

CDK4/6 inhibition both in vitro and in vivo (Xue et al., 2019). Similarly, in 

the same tumor type SMARCA4 alterations show a mutually exclusive 

pattern with mutations in EGFR (Fernando et al., 2020) and MAX 

(Romero et al., 2014) genes, together with MYC amplification (Medina 

et al., 2008; Romero et al., 2012). In line with this, SMARCA4 regulates 

the expression of MAX, and is required to activate neuroendocrine 

transcriptional programs and to upregulate MYC target genes, such as 

the ones implicated in glycolysis. Furthermore, in a murine model of 

LUAD where SMARCA4 is ablated, there is enhanced oxygen 

consumption (Lissanu Deribe et al., 2018), which suggests that 

SMARCA4-deficient cell lines rely on this metabolic process to sustain 

their high metabolic rate. Supporting this idea, derived tumor cells are 

more sensitive to OXPHOS inhibition.  
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Mutual exclusivity relationships among SWI/SNF subunits and 

EGFR/MAPK-pathway have also been reported in other tumor types. 

Thus, ARID1A and EGFR mutations (including short variant activating 

mutations and gene amplification) are mutually exclusive in lung cancer 

(Johnson et al., 2022). In colorectal cancer, ARID1A mutations do not 

concur with mutations in genes encoding EGFR downstream effectors, 

such as BRAF or KRAS (Johnson et al., 2022).  

Another layer of complexity appears when considering the 

distinct biochemical forms of SWI/SNF complexes and their interaction 

with transcriptional factors and coregulators. Regarding this, it has been 

proposed that ARID1B and ARID2 function coordinately to modulate the 

expression of hundreds of genes, depending on their interactions with 

factors that activate (BRCA1 or MAX) or repress (TEAD4 or TCF7L2) 

transcription (Raab et al., 2015). By contrast, ARID1A seems to have the 

opposite effect of ARID2 in transcriptional regulation (Raab et al., 2015).  

Similarly, in an osteoblast murine cell line SWI/SNF complexes 

are able to both promote or repress the expression of the oncogene 

MYC, depending on their subunit composition. During cell 

differentiation, ARID1A-containing SWI/SNF complexes can repress 

directly MYC transcription (Nagl et al., 2006), whereas ARID1B-

containing complexes have the opposite effect (Nagl Jr et al., 2007). 

Therefore, ARID1A inactivation may result in the aberrant activation of 

MYC programs, which could provide an explanation for tumor 

formation.   

SWI/SNF disruption has been linked with the activation of other 

cancer-promoting pathways, such as PI3K-AKT (Kadoch and Crabtree, 

2015) and -catenin (Pugh et al., 2012). Thus, ARID1A or ARID1B loss-

of-function mutations are frequently accompanied by an activating 

mutation in the PI3K-AKT pathway. What is more, both Arid1a 

inactivation and Pik3ca activation are required to give rise to ovarian 

clear cell carcinoma in mouse models (Chandler et al., 2015). It has also 

been reported that -catenin interacts directly with SMARCA4, 

regulating its ability to promote the expression of its target genes 

(Barker et al., 2001; Kadoch and Crabtree, 2015). 
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3.5.3. Epithelial to mesenchymal transition 

In the context of lung cancer, loss of any of the catalytic subunits 

of SWI/SNF (SMARCA2 or SMARCA4) results in a switch from an 

epithelial to mesenchymal state, evidenced by morphological changes, 

low E-cadherin and high vimentin expressions (Matsubara et al., 2013). 

Similar observations have been made in the absence of other subunits 

of the complex, as is the case of ARID1A in renal (Somsuan et al., 2019), 

pancreatic (Tomihara et al., 2021; W. Wang et al., 2019), and breast 

cancer (T. Wang et al., 2020), or ARID2 in liver cancer (Jiang et al., 2020).  

It is thought that this phenotypic switch is mediated by the 

inactivation of the TGF-/Smad4 pathway, leading to the lack of 

occupancy at enhancers regulating the expression of genes associated 

with the maintenance of an epithelial cell phenotype (such as TGFBR2, 

KLF4, FOXQ1, and BMP6) in breast and liver cancer (Guo et al., 2022; 

Jdeed et al., 2022). In addition to this, the transcription factor KLF4 is 

able to interact directly with SWI/SNF complexes (through SMARCA4 

and SMARCC2 subunits) to increase accessibility at enhancer sites that 

favor the expression of endothelial genes (Moonen et al., 2022).   

 

3.6. Impact of SWI/SNF mutations in current cancer treatments 

Due to the recurrence of SWI/SNF disruption in different tumor 

types, any new knowledge about how to exploit these alterations for 

therapy could improve the treatment of many cancer patients. 

According to the currently available treatments for NSCLC, several 

studies have provided some promising results. 

Firstly, due to its role in DNA repair, many authors reported that 

the lack of some accessory subunits of the SWI/SNF complex 

sensitizes tumor cells to therapeutic strategies aimed at promoting 

genomic instability. For instance, SMARCA4 (Bell et al., 2016), ARID1A 

(Shen et al., 2015), and ARID2 (Moreno et al., 2021) alterations have 

been linked to a higher sensitivity to platinum-based chemotherapy or 

treatments based on the inhibition of PARP. In line with this, it has been 

proved that the combined use of BRD4 and PARP inhibitors is lethal in 

several cancer lineages (Sun et al., 2018). Moreover, SMARCA4 (Gupta 

et al., 2020) and ARID1A (Karachaliou et al., 2018)-mutated lung cancer 

cell lines are more sensitive to ATR inhibition. Additionally, SMARCA4-
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mutant NSCLC cell lines present a higher sensitivity to aurora kinase 

inhibition (Lissanu Deribe et al., 2018). Therefore, the loss of any of the 

above-mentioned accessory subunits might be used as biomarkers in 

lung cancer patients that could benefit from therapeutic strategies that 

exploit defects in the DNA repair machinery of tumor cells (Figure 1.11).  

Secondly, it has been described that loss of the SMARCE1 

subunit gives rise to enhanced resistance to MET and ALK inhibitors in 

NSCLC cell lines, which is restored by the use of EGFR inhibitors 

(Papadakis et al., 2015). It is thought that this resistance relies on AKT 

and ERK activation. If these results are consistent in human patients, 

SMARCE1 expression might emerge as a potential predictive marker for 

drug response to MET and ALK inhibitors. In addition to this, SMARCE1-

mutated tumors may benefit from treatments based on the 

pharmacological inhibition of EGFR.  

Figure 1.11. Therapeutic implications of SWI/SNF-altered lung tumors. The 

most commonly mutated subunits of the complex and their association with 

different sensitivities to lung cancer treatments are depicted in different colors, 

depending on whether they are currently available (blue) or under development 

(orange). Shared subunits of SWI/SNF complexes are represented in green. 

The catalytic subunits of the complex (SMARCA2 and SMARCA4) appear in 

blue. The accessory subunits that define PBAF, cBAF, and ncBAF subfamilies 

are represented in yellow, red, and purple, respectively.  
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Another strategy that has been proven successful in many 

cancer types, including lung cancer, is the boost of the proper immune 

response of the patient against their tumor cells. Regarding this, it has 

been reported that the murine melanoma cell line B16F10 increased its 

sensitivity to T cell-mediated cytotoxicity after mutating different 

subunits of the PBAF complex (in particular, Arid2, Pbrm1, and Brd7) 

(Pan et al., 2018). These results seem to indicate that tumors harboring 

mutations in the SWI/SNF complex might respond better to 

immunotherapy.  

In agreement with this hypothesis, mice bearing tumors induced 

with Pbrm1-deficient B16F10 cells were more strongly infiltrated by 

cytotoxic T cells, developed smaller tumors, and had improved survival 

in comparison with control cells. Furthermore, whole exome sequencing 

of human metastatic clear cell renal carcinomas revealed that PBRM1 

inactivation is associated with a better clinical outcome from immune 

checkpoint inhibitor (ICI) therapy (Miao et al., 2018). It is thought that 

this response is mediated by increased levels of cytosolic DNA that in 

turn activates inflammatory signaling pathways (Feng et al., 2022).  

The potential relationship between SWI/SNF and response to 

immunotherapy has been extended to other accessory subunits of the 

complex, such as ARID1A and ARID1B (Zhu et al., 2021). However, the 

precise mechanism that explains why ARID1A, ARID1B, or ARID2-

mutated tumors have more chances to benefit from ICI therapy has not 

been elucidated yet. 

Finally, a recent whole-genome sequencing study performed on 

patients treated with immune checkpoint inhibitors has revealed that, 

collectively, SWI/SNF alterations are linked with better clinical outcome 

in non-small cell lung cancer (Wang et al., 2023).  
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3.7. New therapeutic opportunities for SWI/SNF-mutated 

patients 

SWI/SNF complexes exist in multiple compositions since 

several subunit positions can be occupied alternatively by proteins 

encoded from different genes. According to that, many authors have 

reported a dependency on the remaining functional alternative subunit 

in cells with alterations in specific SWI/SNF components. That is the 

case of SMARCA2 in SMARCA4-deficient cells (Hoffman et al., 2014; 

Oike et al., 2013) or ARID1B in ARID1A-deficient cells (Katherine C 

Helming et al., 2014; Kelso et al., 2017). Consequently, it has been 

postulated that this dependency could be exploited therapeutically. 

According to that, SMARCA2/4 specific protein degraders or ATP 

inhibitors impair celullar proliferation in SMARCA4-deficient lung cancer 

cellular models (Farnaby et al., 2019; Papillon et al., 2018). In line with 

this idea, as other SWI/SNF subunits contain bromodomains, a specific 

sensitivity to PFI-3 (Gerstenberger et al., 2016; Schiaffino-Ortega et al., 

2014), BI-7273 (Hohmann et al., 2016) or I-BRD9 (Theodoulou et al., 

2016) inhibitors could be considered.  

However, it is also worth keeping in mind that these synthetic 

lethality relationships have been reported in certain cellular contexts, 

and simultaneous mutations in paralog subunits are prevalent in cancer. 

For instance, over 94% of SCCOHT tumors present mutations in the 

SMARCA4 gene and its paralog subunit, SMARCA2, is epigenetically 

silenced (Karnezis et al., 2016), which probes the existence of viable 

cells besides the dual loss of both catalytic subunits. In addition to this, 

ARID1A and ARID1B mutations co-occur in a reduced subgroup of 

gastric, endometrial, and liver malignancies (1-5%) (Z. Wang et al., 

2020), more than a third of ARID1A-mutant cell lines harbor ARID1B-

inactivating mutations (Katherine C Helming et al., 2014), and dual loss 

of these accessory subunits promotes liver carcinogenesis in animal 

models (Z. Wang et al., 2020).  
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Other therapeutic strategies take advantage of the deficient 

activity of histone modifying enzymes in certain subgroups of tumors. 

Thus, SMARCA4-deficient cells express reduced levels of histone 

demethylases KDM6A and are strongly dependent on its activity. 

Therefore, the use of the histone lysine demethylase inhibitor GSK-J4 

has shown a strong anti-tumor effect on lung and ovarian cancers 

orthotopically transplanted in mouse models (Romero et al., 2021). 

Lastly, another therapeutic approach is based on the opposing 

role between polycomb repressive complex 2 (PRC2) and SWI/SNF  

(Bitler et al., 2015; Knutson et al., 2013).  According to this dependency, 

the inhibition of the catalytic subunit of the complex (EZH2) has shown 

very promising anti-tumoral activity in a variety of SWI/SNF-deficient cell 

lines (highlighting SMARCB1, ARID1A, and SMARCA4) in MRTs (Knutson 

et al., 2013), OCCCs (Bitler et al., 2015) and in a subset of lung 

carcinomas (Januario et al., 2017). Therefore, EZH2 inhibition could 

suppose a future treatment opportunity for SWI/SNF-deficient tumors. 

In agreement with these promising results, a specific inhibitor of EZH2, 

tazemetostat, has been approved for the treatment of epithelioid 

sarcoma and MRT (Centore et al., 2020), constituting the first targeted 

therapy described for SWI/SNF-mutant tumors. 
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4. Next-generation sequencing technologies  

DNA sequencing is a process based on different biochemical 

reactions and detection methods that allows the determination of the 

correct order of nucleotides in a DNA fragment.  

The completion of the Human Genome Project in 2003 using the 

Sanger chain termination method (Sanger et al., 1977) represented a 

milestone in genomic research, improving our knowledge of human 

biology and disease. However, the limited throughput and the high cost 

of sequencing remained major barriers to the study of big patient 

cohorts, revealing the need for more advanced technologies (Goodwin 

et al., 2016).   

The emergence of next-generation sequencing (NGS) 

technologies, also known as massively parallel or high-throughput 

sequencing, in the first decade of the 21st century supposed another big 

jump forward in the field of genomic research, due to the progressive 

decrease in the amount of time and the economic investment involved 

in this process. Thus, the first human genome required 15 years to be 

sequenced and its cost almost reached 3 billion dollars. With the new 

NGS technologies, the same amount of information can be determined 

within a week by less than 600 dollars  

(https://www.genome.gov/about-genomics/fact-sheets/DNA-

Sequencing-Costs-Data).   

 

4.1. Next-generation sequencing overview  

The first commercial NGS platform developed was the 454 

pyrosequencing from Roche in 2005 (Ronaghi et al., 1996). In this 

strategy DNA was amplified through emulsion PCR, using 

oligonucleotides immobilized on beads that were in turn captured inside 

emulsion droplets. In this way, thousands of identical copies of a DNA 

fragment were produced, which ensured that the generated signal could 

be distinguished from the background noise (Goodwin et al., 2016).  

In each sequencing cycle, one of the four nucleotides (dATP, 

dCTP, dGTP, or dTTP) was added and incorporated by complementarity 

in some of the growing chains by DNA polymerase. The by-product of 

this reaction was a pyrophosphate group (PPi), that was afterward 

converted into ATP by ATP sulfurylase. In the presence of ATP, 

luciferase catalyzed the conversion of luciferin to oxyluciferin, 

https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data
https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data
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generating light. Each burst of light was detected by a camera, which 

monitored the incorporation of a given nucleotide in a particular bead in 

each of the cycles.  

As a consequence of its detection method, each of the four 

deoxynucleotides (dNTPs) had to be added separately to make sure that 

a single dNTP was responsible for the detected signal. It did not require 

the use of terminators because the absence of other nucleotides 

prevented the elongation reaction from happening.  

This platform was able to generate long reads (up to 700 bp), 

which were easier to map to a reference genome. The main problem of 

pyrosequencing technology was the resolution of homopolymer regions 

(Kchouk et al., 2017) because it had to be determined by the intensity of 

the produced light (too-high or too-low intensity signals lead to under- 

or overestimation of the number of nucleotides of a homopolymer). 

Regardless of its advantages, the 454 platform rapidly became non-

competitive in terms of yield and cost, leading to its discontinuation in 

2016.  

Following the same sequencing principle, Life Technologies 

developed the Ion Torrent system (Rothberg et al., 2011) in 2010, which 

was the first NGS platform that detected the incorporation of 

nucleotides without requiring an optical system detection. This 

sequencing method takes advantage of the fact that when a nucleotide 

is incorporated into a DNA growing chain, a single proton is released as 

a by-product of this reaction, producing a change in the pH solution. This 

change can be detected by a sensor and converted into a voltage signal, 

which is proportional to the number of nucleotides incorporated 

(Kchouk et al., 2017).  

Among the major advantages of Ion Torrent sequencers, it can 

be highlighted the high read length (up to 600 bp) and the fast 

sequencing time (2-8 hours). It shares some drawbacks with 454 

pyrosequencing, such as the lack of accuracy in sequencing 

homopolymers larger than 6-8 bp (Goodwin et al., 2016).  
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Supported Oligonucleotide Ligation and Detection (SOLiD) was 

an NGS sequencer acquired by Applied Biosystems in 2007. This 

system relied on a sequencing by ligation method based on the use of 

fluorophore-labeled probes that were composed of two known 

nucleotides followed by degenerate bases (Valouev et al., 2008). During 

the process of sequencing, these probes bound to a DNA template by 

complementarity, allowing the ligase to incorporate the oligonucleotide 

into the growing chain, and the corresponding fluorescent signal was 

captured. Degenerate bases and the fluorophore were cleaved off, 

leaving a 5-bp extended fragment. As this process occurred, two out of 

every five bases were identified.  

There were no spectrally resolvable fluorophores to differentiate 

the possible sixteen dinucleotide combinations. Therefore, four 

fluorophores corresponding to four different dinucleotide combinations 

were used. To get the complete sequence of a given fragment, the 

process of binding, ligation, imaging, and cleavage was repeated, 

moving the original position to n + 1, n + 2, n + 3, and n +4.   

The main strength of the SOLiD platform was the high accuracy, 

as each base was read twice. However, one of its main limitations was 

the very short read length (maximum of 75 bp), which limited its use for 

the identification of structural variants or the assembly of a genome 

(Goodwin et al., 2016). These technical limitations and the amount of 

time involved in the reaction (up to several days) had limited its use to 

a small niche within the industry.   

In 2006 Solexa developed a new method of sequencing, which 

was then acquired by Illumina in 2007. Among the different platforms 

developed in that decade, Illumina is by far the most widely used system 

for short-read sequencing.                                                                                                                                                                             

Illumina platform is a sequencing by synthesis method based on 

the use of fluorescently labeled nucleotides with a reversible terminator 

(Bentley et al., 2008). In particular, the ribose 3’-OH group of each 

nucleotide is blocked by an O-azidomethyl group, preventing its 

elongation (Goodwin et al., 2016; Metzker, 2010).  

During the first steps of library preparation, total DNA is 

fragmented into small sequences, and adapters are ligated to both ends 

of each fragment. In this technology, a library of DNA fragments is 

loaded into a flow cell, where each fragment is captured on a solid 

surface completely covered by oligonucleotides complementary to the 
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ligated adapters that are common to all fragments, and is then amplified 

into a clonal cluster through bridge amplification. A highly variable 

number of millions of clusters can be generated depending on the 

specific Illumina platform, which impacts in the total sequence 

production. It is also important to control precisely the concentration of 

the template, so that the amplification takes place locally, generating no 

overlapping clonal clusters. 

In each cycle of sequencing, a mixture of four individually labeled 

and 3’-blocked dNTPs is added. After the incorporation of a single 

nucleotide into the growing chain, unbound dNTPs are removed and the 

fluorescent emission from each cluster is recorded. A reducing agent 

(tris(2‑carboxyethyl)phosphine) is then added to remove the dye and 

regenerate the 3’-OH group, allowing the beginning of a new sequencing 

cycle. As all nucleotides are present in each sequencing cycle, natural 

competition reduces sequence context-specific errors, reaching a highly 

accurate performance compared to other technologies (Bentley et al., 

2008).  

For a given cluster, all identical strands are read simultaneously 

and hundreds of millions of clusters are sequenced in a massively 

parallel process. Each strand of DNA is read separately by selectively 

cleaving off those fragments captured by 3’ or 5’ ends, respectively. 

Due to the possibility of using two different adapters in 3’ and 5’ 

ends, the same DNA fragment can be sequenced from both sides 

(paired-end sequencing), which favors a more accurate read alignment 

compared to single-end sequencing, where a DNA template is 

sequenced in just one direction.   

In addition to this, paired-end (PE) sequencing allows the 

possibility of detecting insertion and deletions and the removal of PCR 

duplicates (a common artifact generated during the PCR amplification). 
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The number of cycles determines the length of the read, which 

can vary between 50-300 bp according to the sequencing platform used 

(Figure 1.12). Additionally, Illumina technology has an overall accuracy 

rate greater than 99.5% (Bentley et al., 2008).  

 

Figure 1.12. Illumina sequencing platforms. Main applications and 
specifications of different sequencers available at Illumina. Benchtop and 
production scale sequencers’ specifications summarize the properties of the 
different systems developed (run time, maximum output, reads per run, and 
read length).   
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Establishing the complete sequence of a genome cannot be fully 

achieved with the previously described methodologies because there 

are repetitive and complex regions difficult to assemble and resolve 

with such short reads (Goodwin et al., 2016).  This technical issue 

explains why the complete sequence of the human genome was not 

deciphered until 2022 (Nurk et al., 2022), when the latest long-read 

sequencing methodologies were applied.  

Unlike the previous methods, in these new technologies, DNA 

amplification is not required. Instead, they detect directly the 

composition of a single-stranded DNA (ssDNA) molecule measuring 

light (PacBio) or electrical current fluctuations (Nanopore). The average 

read length obtained using these approaches varies between 10-15 kb, 

which makes them ideal for de novo genome assembly or the resolution 

of complex genomic structures.  

Pacific Biosciences developed the first single-molecule real-time 

sequencing approach (Eid et al., 2009). Template fragments are ligated 

to hairpin adapters at each end, resulting in a circular DNA molecule with 

ssDNA at the ends and the double-stranded DNA (dsDNA) template in 

the middle (Goodwin et al., 2016). This platform makes use of 

nanometric wells where a DNA polymerase and the target DNA fragment 

are attached. During the sequencing reaction, a new DNA strand is 

synthesized by a DNA polymerase using fluorescently labeled 

nucleotides. When a dNTP is incorporated, it releases a luminous signal 

recorded by a sensor (Kchouk et al., 2017).  

This technology presents a high error rate (about 13%) (Kchouk 

et al., 2017), with insertions and deletions being the most common 

mistakes. These errors are randomly distributed along the length of the 

read. As this platform uses a unique circular template, it can be 

sequenced multiple times, reaching a high coverage and improving the 

resulting accuracy (Goodwin et al., 2016).  

Oxford Nanopore technology emerged in 2009 (Clarke et al., 

2009). Unlike other methods, it detects directly DNA composition 

without any synthesis process. DNA is fragmented and two different 

adapters (a leader and a hairpin) are ligated to facilitate the interaction 

of the DNA with a protein nanopore, which can be an -hemolysin or a 

Mycobacterium smegmatis porin A (Kircher and Kelso, 2010; Wang et 

al., 2015). Once the individual nucleotides translocate through the pore, 

due to the establishment of an electrical voltage, a current blockade 
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occurs. Each nucleotide provides a characteristic current fluctuation 

that is recorded to unravel the DNA composition of the fragment (Slatko 

et al., 2018).   

The distinguishing features of this methodology include: (1) the 

sequencing of a single molecule, which avoids the need for PCR 

amplification and the consequent incorporation of errors in each cycle; 

(2) the sequencing of the direct strand without the potential errors 

associated with DNA synthesis, (3) the fast sequencing in real time, 

instead of being paused after each incorporation (Schadt et al., 2010), 

and (4) the generation of long sequencing reads, resolving problems 

with repetitive regions (Kchouk et al., 2017).  

In 2014 Oxford Nanopore Technologies released the MinION 

device, which was the first commercially available and portable size 

sequencer based on this methodology that can be plugged into a USB 

port. This platform combines the potential for long read lengths 

(average read length of 10 kb) with high speed (70 bp/s) (Goodwin et 

al., 2016). Despite its high sequencing error rate (12%), it can be run off 

a personal computer, turning into a reasonable alternative for clinical 

diagnostic applications and hard-to-reach field locations.  
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4.2. Next-generation sequencing applications  

As technology continues evolving, an increasing number of NGS 

library preparation methodologies appear in an attempt to address more 

complex biological questions related to the genome, the transcriptome, 

and the epigenome of any organism. The final information extracted 

from each of them is determined by a unique combination of the starting 

material, the specific protocols used during library preparation, and the 

specific bioinformatic tools used for its analysis (Metzker, 2010). 

Accordingly, a new generation of bioinformatic tools has emerged as a 

requisite to analyze sequencing data.  

Regardless of the biological origin of the sample, most NGS 

library methodologies are based on three basic steps: generation of a 

collection of DNA fragments, adapter ligation at 3’ and 5’ ends, and PCR 

amplification (Figure 1.13).   

Figure 1.13. Overview of different NGS library preparation methods. 
Schematic representation of the required steps of a selection of genomic and 
transcriptomic library preparation methods. Abbreviations: WGS, whole 
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genome sequencing; ATAC-Seq, Assay for Transposase-Accessible Chromatin 
with high-throughput sequencing; CUT&RUN, Cleavage Under Targets & 
Release Using Nuclease; RNA-Seq, transcriptome sequencing.  

In particular, Illumina adapters include at least two parts: (1) a 

fragment required for sequencing, which is the primer binding site that 

allows the binding of DNA polymerase, and (2) a capture sequence, 

which allows the DNA sample to be bound into the flow cell sequencing. 

Furthermore, depending on the application, additional sequences (such 

as single-molecule or sample-specific barcodes) can be incorporated 

into the adapters.  

Before preparing the sequencing reaction, it is recommended to 

perform a pre-quality control to check the ligation efficiency and the 

concentration of the library. The identification of a narrow peak typically 

around 200-400 bp (depending on the application) in a capillary 

electrophoresis analysis, without smaller or larger fragments (adapter 

dimers or genomic DNA fragment contamination, respectively) is 

indicative of a good quality library. 

Despite the great diversity of NGS methodologies, once the 

sequence of the fragments generated has been identified, data analysis 

frequently involves a sequencing quality control to remove repetitive or 

low-quality sequences followed by the alignment to a reference 

genome. In the following chapters, I will focus on those applications that 

are especially relevant in the context of this doctoral thesis.  

 

4.2.1. DNA-Seq applications 

Whole-genome sequencing (WGS) is the most commonly used 

application to identify the full sequence of a previously unknown 

genome (de novo sequencing), but it can also be used to identify 

differences versus an already available reference genome (re-

sequencing).  

WGS has already been applied in thousands of samples to 

identify sequence variants present in the entire genome, including single 

nucleotide variants (SNVs) or substitutions, small insertions and 

deletions (indels), copy number variations (CNVs), and large-scale 

reorganizations, such as translocations, deletions, insertions, or 

inversions.    
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Despite the reduction in sequencing costs, the study of the whole 

genome at high coverage still involves a large economic investment. 

Considering that the exome (the collection of all exons in the genome) 

represents only 1 % of the human genome (Teer and Mullikin, 2010), but 

contains the majority of variants responsible for diseases, whole exome 

sequencing (WES) represents a cheaper alternative to WGS. 

Additionally, targeted sequencing to an even smaller and specific set of 

genomic regions is commonly used, especially when the group of genes 

responsible for a specific disease that wants to be diagnosed has been 

clearly identified. By limiting the amount of required sequence to cover 

the region of interest, it is possible to increase the depth of the study. 

Regarding this, validation of very low-frequency sequence variants 

requires an extremely high coverage (10,000x) that cannot be achieved 

with WGS (Goodwin et al., 2016).    

 

4.2.1.1. Sequence quality control  

Once the libraries have been sequenced, the quality of the 

reaction is determined by the Phred quality score (Q). In particular, a Q30 

is considered a benchmark for quality in NGS, which means that the 

error rate is 1/1000, ensuring an accuracy rate of 99.9%. Low-quality 

reads are often filtered off to avoid troubles with downstream analysis.  

Tools such as FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) allow 

the extraction of some basic statistics, like the sequence quality through 

the read length, the GC content, the distribution of insert sizes, or the 

abundance of specific repetitive sequences. The diversity of the library 

(indicated by the amount of PCR duplicates) can also be determined 

using other programs, such as SAMTools (Li et al., 2009) or PICARD 

(http://broadinstitute.github.io/picard/).  

 

 

 

 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://broadinstitute.github.io/picard/
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4.2.1.2. Read alignment 

Most NGS applications require a resource‐consuming step in 

which the generated short sequences (reads) are aligned to a reference 

genome. Almost all aligners developed for this purpose try to identify all 

possible locations of these short sequences on the complete genome 

for a specific part of the read (seed). Subsequently, this seed is 

extended and the number of mismatches or gaps required for the 

alignment of the complete read is computed by the aligner in order to 

choose the most probable location of the read. Additionally, a quality 

score representing the certainty of the alignment is calculated.  

SOAP (R. Li et al., 2008) and MAQ (H. Li et al., 2008) were the 

first aligners developed using the previously explained strategy. These 

tools were afterward improved by BWA (Li and Durbin, 2009) and Bowtie 

(Langmead et al., 2009) applying the Burrows-Wheeler transformation 

to index the reference genome. In line with this, Hisat2  (Kim et al., 2019) 

developed the graph FM indexing approach to enable a rapid and 

accurate alignment of the sequencing read with considerably lower 

memory requirements.  

The above-mentioned tools generate a SAM format file (or the 

compressed versions, BAM or CRAM) that can be further edited by 

sorting, cleaning, or indexing using SAMtools, PICARD, or GATK 

(McKenna et al., 2010). The resulting files of the alignment can be 

graphically visualized using other tools, like Integrative Genomics 

Viewer (IGV) (Thorvaldsdóttir et al., 2013). 

 

4.2.1.3. Identification of genetic variants  

DNA-Seq applications allow the identification of different types 

of genetic variants, which can be grouped according to the length of 

nucleotides affected in the following categories: 

(1) Point mutations: nucleotide substitutions and small insertions 

or deletions (indels).   

(2)  Structural variations: inversions, deletions, duplications, 

translocations, and copy number variations (CNVs).  

Among the different computational strategies designed for 

variant calling, the identification of nucleotide substitutions is by far the 

most developed. Many tools are based on the Bayesian model initially 

described in MAQ (H. Li et al., 2008), and compute the different 
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probabilities associated with each potential genotype in a specific 

genomic position, according to the sequence reported for all the reads 

that cover that specific position. This approximation is suitable for 

germline substitutions. However, in cancer somatic mutations, the 

presence of contaminating normal DNA, copy number alterations, and 

intratumor heterogeneity prevent the proper construction of a prior 

model of expected frequency.  

To overcome this issue, new tools have been specifically 

developed for the detection of somatic SNVs, such as Strelka (Saunders 

et al., 2012), VarScan 2 (Koboldt et al., 2012), Seurat (Christoforides et 

al., 2013), MuTect (Cibulskis et al., 2013), or RAMSES (Martínez et al., 

2014).  

The detection of indels is a more difficult task, as very few tools 

display good sensitivity and specificity. The main issue of concern relies 

on the alignment of reads containing this type of mutation. For this 

reason, some tools like Pindel (Ye et al., 2009) and Dindel (Albers et al., 

2011) use a second alignment step on singleton reads to improve the 

identification of insertions and deletions. However, these tools are not 

completely specific and generally require additional filtering steps.  

Illumina sequencers offer the possibility of performing paired-

end sequencing, which can be applied to identify structural variations, 

such as insertions, deletions, duplications, inversions, and 

translocations. Regarding this, genomic breakpoints can be identified 

considering the alignment orientation of the reads, as well as the 

alignment distance between them. In high-coverage sequencing, this 

observation can also be complemented by the presence of split-apart 

reads, which contain segments that align in different genomic locations. 

Among the specific software designed to detect genomic breakpoints, 

BreakDancer (Chen et al., 2009) and DELLY (Rausch et al., 2012) are two 

of the most widely used.  

The quantitative nature of NGS technologies can also be used to 

detect copy number variations. Thus, the number of reads coming from 

a specific region depends on the number of DNA copies for that specific 

region in the starting genome. There is a variety of tools that allow the 

identification of deletions and amplifications taking advantage of this 

fact, such as CODEX (Jiang et al., 2015), CNV-seq (Xie and Tammi, 

2009), Control-FREEC (Boeva et al., 2012), or ExomeCNV 

(Sathirapongsasuti et al., 2011).    
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4.2.1.4. Identification of epigenetic alterations  

Epigenetic alterations refer to variations in the molecular 

structure of the DNA or the associated proteins that do not result in a 

nucleotide change in its sequence. Among these modifications, DNA 

methylation and histone covalent modifications are some of the most 

deeply studied.  

Many of these alterations can be detected using chromatin 

immunoprecipitation followed by deep sequencing (ChIP-seq) (Johnson 

et al., 2007). In this technique, there is an initial step of DNA 

fragmentation, followed by enrichment through immunoprecipitation 

with specific antibodies. Once purified and sequenced, these fragments 

provide information about the genome-wide location of the tested 

modification. ChIP-seq is the most frequently used method for assaying 

protein-DNA interaction in vivo.  

Cleavage Under Targets and Release Using Nuclease 

(CUT&RUN) (Skene et al., 2018) is a chromatin profiling strategy with 

similar applications to ChIP-Seq. This method is performed with fresh 

cells and uses a fusion protein that is able to cut the specific regions 

where the antibody is attached, releasing those protein-DNA complexes 

into the supernatant for sequencing. Among the main advantages of 

this technique, it can be highlighted that it does not require cross-linking 

or DNA fragmentation, it is quicker than ChIP-Seq protocols, it can be 

performed with low quantities of starting material, and has shown good 

results in the case of histone modifications and transcription factors.   

ChIP-Seq can be applied as well to detect DNA methylation with 

specific antibodies targeting 5-methylcytosine (MeDIP-Seq) (Down et 

al., 2008). Alternatively, bisulfite sequencing (Li and Tollefsbol, 2011), 

where DNA is treated with bisulfite to convert unmethylated cytosines 

to uracils before sequencing, has also been widely used to determine 

the pattern of methylation of a given sequence. 
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4.2.1.5. Identification of changes in chromatin structure   

Another group of DNA-Seq applications offers the possibility of 

studying chromatin conformation in terms of accessibility. Thus, 

DNAse-seq (sensitive regions to DNAse I digestion) (Boyle et al., 2008), 

FAIRE-seq (sensitive regions to cross-link with paraformaldehyde) 

(Giresi et al., 2007), or ATAC-seq (accessible regions by Tn5 

transposase) (Buenrostro et al., 2015) provide information about the 

genome-wide location of open or closed regions (Meyer and Liu, 2014). 

These regions are unprotected by proteins or nucleosomes and 

therefore are accessible to the action of a variety of enzymes.  

HiC-Seq (Lieberman-Aiden et al., 2009) provides another layer of 

complexity enabling the analysis of spatial genome organization and 

the identification of topologically associated domains (TADs). This 

technique quantifies the number of interactions between genomic 

elements that are closely located in the three-dimensional structure of 

DNA but may be separated by many nucleotides in the linear genome.  

 

4.2.1.6. Peak calling and enrichment analysis 

Regardless of the methodological differences among the 

techniques previously exposed for epigenetic studies, once raw 

sequences have been aligned to a reference genome, the next step is 

the identification of specific regions with significant enrichment in 

sequence coverage compared to the background noise of the genome 

(enriched region identification). These regions or peaks where counts 

are accumulated can be identified using different tools. The most 

popular one is MACS3 (Zhang et al., 2008), but FindPeaks (Fejes et al., 

2008), F-seq (Boyle et al., 2008), QuEST (Valouev et al., 2008) or SICER 

(Xu et al., 2014) can also be used for the same purpose. Subsequently, 

significant differences in the coverage of each of these peaks among 

samples can be identified using DESeq2 (Love et al., 2014).   

Genome annotation and functional interpretation of the 

identified peaks can be achieved with different software, such as 

ChIPseeker (Yu et al., 2015), ChIPpeakAnno (Zhu et al., 2010), HOMER 

(Heinz et al., 2010) or GREAT (McLean et al., 2010). HOMER can also be 

used for motif discovery, offering the possibility of analyzing sequence 

patterns of already known transcription factors, as well as de novo motif 

discovery. Finally, ChromHMM (Ernst and Kellis, 2017) is a software 

designed for characterizing chromatin states using a multivariate 
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hidden Markow model. Thus, multiple histone modification datasets 

can be integrated to identify recurrent spatial patterns of marks that are 

then computed and annotated to calculate the most probable state for 

each genomic segment.  

 

4.2.2. RNA-Seq applications 

Transcriptome characterization can also be addressed using 

NGS, taking advantage of the fact that the number of generated reads 

corresponding to a specific genes is proportional to the initial number 

of RNA molecules in the sample. A commonly used option is the 

sequencing of the whole transcriptome to get a complete view of a 

cellular transcriptional profile at a given moment, but targeted 

sequencing of a specific subset of genes represents another possibility. 

Most experimental protocols begin with an isolation step of 

messenger RNA (mRNA) before its conversion to cDNA, although there 

are specific protocols developed to capture small RNAs or non-coding 

RNAs.  

One of the main advantages of studying the complete 

transcriptome is the possibility of detecting RNA isoforms, novel 

transcripts, gene fusions, splice variants, and other post-transcriptional 

modifications that frequently occur during tumorigenesis (Z. Wang et 

al., 2009).  

 

4.2.2.1. Identification of transcriptional alterations  

Similar to DNA-Seq applications, once the quality of the raw 

sequences has been assessed, they are aligned to a reference genome. 

TopHat2 (Kim et al., 2013) and Hisat2 (Kim et al., 2019) accomplish this 

task in two stages. First, all the exons of the genome are identified by a 

stringent direct alignment of the reads to the reference genome. 

Unaligned reads are subsequently used to find the junctions (splice 

events) between exons. STAR (Dobin et al., 2013) presents a higher 

mapping rate and speed compared to other aligners, maintaining high 

sensitivity and precision. It is also suitable for the detection of events of 

non-canonical splicing or fusion transcripts.  
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Gene expression alterations can be determined by taking 

advantage of the quantitative nature of NGS technologies. The level of 

expression of a given transcript is usually normalized as RPKM or FPKM 

(reads or fragments per transcript kilobase and per million total reads) 

to compare gene expression levels across different sequencing 

reactions. The most commonly used tool to determine the number of 

counts per transcript is HTSeq (Anders et al., 2015).  

Two of the most broadly used software to detect changes in 

gene expression are DESeq2 (Love et al., 2014) and Cufflinks (Trapnell 

et al., 2012). Other tools developed for the same purpose are EdgeR 

(Robinson et al., 2010), limma (Ritchie et al., 2015), and NOISeq 

(Tarazona et al., 2015). Among them, the Cufflinks suite counts with 

specific tools to identify new genes, transcript-specific expressions, or 

new splice variants. Furthermore, if both alleles of a specific gene 

present different nucleotide sequences, RNA-Seq analysis enables the 

identification of specific expression patterns for each of the different 

alleles.           

 



 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HYPOTHESIS AND OBJECTIVES 
 

 

“Speculation and the exploration of ideas beyond what 

we know with certainty are what lead to progress.”  

– Lisa Randall 
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Despite the recurrence of SWI/SNF alterations in multiple types 

of cancer, the molecular mechanisms behind its contribution to 

tumorigenesis remain largely unknown. Another point of active research 

is studying whether these alterations could confer vulnerabilities 

therapeutically actionable.   

Consequently, we hypothesize that identifying direct targets of 

SWI/SNF complexes can increase our knowledge of the molecular 

mechanisms involved in tumor development. Additionally, this 

knowledge might be translated into clinical practice by ameliorating the 

prognosis and the treatment of lung cancer patients. 

Along this line, the general objective of this doctoral thesis is to 

improve our understanding of the molecular mechanisms by which 

SWI/SNF alteration promotes tumor progression, with the final aim of 

improving the clinical outcome of cancer patients. 

This general aim is implemented with the following specific 

objectives: 

1. To characterize the molecular mechanisms behind the role of 

SWI/SNF complexes in lung cancer development.  

 

2. To identify potential therapeutic opportunities in SWI/SNF-

mutated lung cancer patients. 

 

3. To study the molecular mechanisms involved in SWI/SNF-

mediated gene expression regulation. 



 

 
 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EXPERIMENTAL PROCEDURES 
 

 

“Every brilliant experiment, like every great work of art, 

starts with an act of imagination.”  

– Jonah Lehrer 
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1. Cell biology methods 

1.1. Cell lines and culture conditions 

Human cancer cell lines A549 (ATCC® CRM-CCL-185TM), NCI-

H460 (ATCC® HTB-177TM), NCI-H226 (ATCC® CRL-5826TM), NCI-H1568 

(ATCC® CRL-5876TM), Caco-2 (ATCC® HTB-37TM), SK-OV-3 (ATCC® 

HTB-77TM), and human embryonic kidney 293T (HEK 293T/17) (ATCC® 

CRL-11268TM) were obtained from The Francis Crick Institute and the 

American Type Culture Collection (ATCC) repositories, authenticated by 

STR profiling and tested for mycoplasma (as detailed in section 1.2. 

“Mycoplasma PCR”). 

SK-OV-3, A549, and HEK 293T/17 cell lines were maintained in 

DMEM (Corning, 10-017-CV) supplemented with 10% (v/v) fetal bovine 

serum (FBS) (Gibco, 10270-106), 30 g/ml of gentamycin sulfate 

(Biowest, L011-010) and 2 g/ml of ciprofloxacin (CPX) (Acros 

Organics, 449620050) at 37 ºC in a humidified atmosphere containing    

5% of CO2. The Caco-2 cell line was grown in the same culture 

conditions but its growth medium was supplemented up to 20% FBS, 

according to the ATCC’s culture specifications. Accordingly, NCI-H460, 

NCI-H226, and NCI-H1568 cell lines were maintained in RPMI-1640 

(Corning, 10-040-CV) supplemented with 10% FBS (Table 3.1).  

Cell densities were maintained below 80% confluence by 

subculturing them at 1:2-1:8 ratios. Considering that all cell lines used 

in this project are adherent, after aspiring the growth medium, cells were 

washed with 1x phosphate buffered saline (PBS) (Gibco, 10010023) and 

then detached using 0.25 % Trypsin-EDTA (Gibco, 25200-072). Finally, 

cells were collected by the addition of complete culture cell media to 

neutralize the activity of trypsin.  

A panel of lung cancer cell lines was selected to have a 

representation of the different mutational backgrounds found in 

patients. Thus, A549 and NCI-H460 cell lines harbor activating KRAS 

mutations (G12S and Q61H, respectively), NCI-H1568 has an 

inactivating mutation in TP53 (H179R), whereas NCI-H226 is wild-type 

for KRAS and TP53 genes (Table 3.1). Regarding its biological origin, 

most cell lines were obtained from primary tumors, with the exception 

of NCI-H1568 and NCI-H226 cell lines, which came from metastatic 

sites.  
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Cell line Tissue Disease Growth Medium Mutations 

A549 Lung Carcinoma 
DMEM  

+ 10% FBS 

KRAS pG12S, 

SMARCA4 p.Q729Cfs*4 

NCI-H460 Lung 
Large cell 

carcinoma 

RPMI-1640  

+ 10% FBS 

KRAS pQ61H, 

PIK3CA pE545K 

ARID1A p.I2135_L2136del 

NCI-H226 Lung 
Squamous cell 

carcinoma 

RPMI-1640  

+ 10% FBS 
PBRM1 p.Q1452* 

NCI-H1568 Lung Adenocarcinoma 
RPMI-1640  

+ 10% FBS 

TP53 p.H179R, 

EGFR p.D1127N, 

SMARCA4 p.E1449*, 

ARID1B p.R1808L 

Caco-2 Colon 
Colorectal 

adenocarcinoma 

DMEM 

 + 20% FBS 
CTNNB1 pG245A 

SK-OV-3 Ovary Adenocarcinoma 
DMEM  

+ 10% FBS 

TP53 p.S90Pfs*33, 

PIK3CA p.H1047R,    

EP300 p.Y1414C 

Table 3.1. Characterization of cell lines used in this doctoral thesis. The tissue 

of origin, the disease, the growth medium conditions, and the mutations 

present in each cell line are indicated.  

 

1.2. Mycoplasma PCR 

Mycoplasmas are small prokaryotic organisms that lack a cell 

wall, which makes them resistant to common antibiotics (e.g. penicillin 

or streptomycin), and their contamination is not directly visible under 

the microscope or by turbidity of the growth medium. For testing 

mycoplasma contamination, cells were cultured for at least 48 hours in 

the corresponding complete media of each cell line. 1 ml of cell culture 

supernatant was harvested and centrifuged to discard cell detritus. 

Next, 1 l of the remaining supernatant was added to a PCR reaction 

mixture (KAPA2G Fast HotStart ReadyMix with dye (2X), Peqlab, 

KK5609) with specific oligonucleotides to amplify a 480-bp sequence of 

the gene encoding ribosomal RNA (Table 3.2).  

Primer Sequence 

Myco_Fwd GGCGAATGGGTGAGTAACACG 

Myco_Rev CGGATAACGCTTGCGACCTATG 

Table 3.2. Nucleotide sequence of primers used to detect mycoplasma 

contamination.  
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PCR mixture was prepared in a final volume of 25 l per reaction 

with 12.5 l of a master mix (2x), 0.8125 l of 10 M oligonucleotides 

forward and reverse (reaching a final concentration of 0.325 µM),     

9.875 l of double-distilled water (ddH2O) and 1 l of the centrifuged 

supernatant of each cell culture to be tested. PCR reaction was 

performed as detailed in Table 3.3.  

Temperature Time Cycles Step 

94 ºC 5 min Hold Initial denaturation 

94 ºC 

60 ºC 

72 ºC 

1 min 

1 min 

1 min 

30 

Denaturation 

Annealing 

Extension 

72 ºC 5 min Hold Final extension 

10 ºC ∞ Hold Storage 

Table 3.3. PCR reaction conditions to detect mycoplasma contamination using 

KAPA2G DNA polymerase.  

PCR products were separated on a 2% agarose gel and revealed 

under a UV transilluminator (Bio-Rad, Gel Doc EZ Imager). The presence 

of a PCR product at around 500 bp was indicative of mycoplasma 

contamination.  

In case cell lines were affected by mycoplasma contamination, 

treatment with 5 g/ml of CPX and 10 g/ml of tetracycline was initiated 

for at least 7 days. After this period of time, a new aliquot of the 

supernatant was taken to verify by PCR amplification if mycoplasma 

contamination had been efficiently removed.  

 

1.3. Generation of stably-transduced cell lines 

Stably-transduced cell lines were generated using doxycycline-

inducible pTRIPZ constructs (Dharmacon, Horizon Discovery), which are 

lentiviral vectors that contain a short hairpin RNA (shRNA) targeting 

different subunits of the SWI/SNF complexes (Figure 3.1). In particular, 

constructs V3THS_343789, V3THS_343791, and V3THS_41001 were 

used for ARID1A knock-down, constructs V3THS_306688, 

V3THS_306689, and V3THS_306691 were selected to downregulate 

ARID1B, constructs V2THS_74399 and V3THS_347660 were used to 

downregulate ARID2, and finally constructs V3THS_317179, 
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V3THS_317182, and V3THS_317183 targeting SMARCA4 were 

selected. The empty vector (RHS4750) was used to generate a control 

to which refer the results obtained in each cell line.  

 

Figure 3.1. Detailed vector map of pTRIPZ. Schematic representation of the 

elements of the pTRIPZ lentiviral vector. This vector contains the sequence of 

an shRNA that interferes with the expression of a target gene. shRNA 

expression is controlled by an inducible promoter (tetracycline-inducible 

promoter, represented as TRE), activated by the addition of doxycycline. 

Additionally, it contains a reporter gene, which is a red fluorescent protein 

(turboRFP, represented as tRFP) that is transcribed in the same transcription 

unit as the shRNA, and a eukaryotic selection marker, which is a gene that 

confers resistance to the antibiotic puromycin (PuroR). Figure source: 

http://dharmacon.horizondiscovery.com/uploadedFiles/Resources/ptripz-

inducible-lentiviral-manual.pdf 

Lentiviruses harboring the sequence of shRNAs were generated 

in the HEK 293T clone 17 (293T/17) packaging cell line. 293T/17 cells 

were seeded at 20% confluence and transfected with 2 g of a given 

pTRIPZ construct, in addition to 1.5 g of psPAX2 (Addgene, 12660) and 

0.5 g of pMD2.G (Addgene, 12259) plasmids, which are required for a 

correct packaging of the lentiviruses. Polyethylenimine (PEI) (1 mg/ml, 

Sigma-Aldrich, 408719l) was used as the transfection reagent in a 4:1 

proportion (4 l of PEI/1 g of DNA).  

The next day, the supernatant containing recombinant lentiviral 

particles was collected, filtered through a 0.45 μm pore size filter          

(FP 30/0.45 CA-S, WhatmanTM, 10462100), and mixed in 1:1 proportion 

with the corresponding growth medium used to maintain the cells that 

were going to be infected, adding polybrene (Santa Cruz Biotechnology, 

sc-134220) up to a final concentration of 8 g/ml. In some cases, an 

additional centrifugation step at 134g for 45-60 min was carried out to 

http://dharmacon.horizondiscovery.com/uploadedFiles/Resources/ptripz-inducible-lentiviral-manual.pdf
http://dharmacon.horizondiscovery.com/uploadedFiles/Resources/ptripz-inducible-lentiviral-manual.pdf
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force the process of infection. Additionally, in order to achieve a higher 

infection titre, the same procedure was repeated the following day.   

Transduced cells were selected adding puromycin to the 

medium, reaching a final concentration that ranged between                  

0,25-5 g/ml, depending on the sensitivity of each cell line. The 

minimum amount of antibiotic required to efficiently kill all non-

transduced cells had been previously assessed in each cell line. During 

the process of selection, which lasted at least 8 days, puromycin was 

refreshed whenever the medium was renewed or cells were 

subcultured. In addition to this, a negative control, consisting of non-

infected cells treated with puromycin, was parallelly used to determine 

the end of the selection process.  

Once the stable cell lines had been successfully selected, the 

amount of puromycin was reduced to a maintenance dose, which 

ranged from one-half to one-tenth of the selection dose, to allow 

antibiotic-selective pressure.   

 

1.4. Induction of shRNA and turboRFP expression  

With the aim of reaching an effective knock-down of ARID1A, 

ARID1B, ARID2, or SMARCA4 the expression of the corresponding 

shRNA was induced by the addition of doxycycline (Sigma-Aldrich, 

D9891) to the medium for at least 5 days, reaching a final concentration 

of 1 g/ml. Considering that the half-life of this inductor in cell culture 

is 24 hours, it was refreshed daily in order to avoid fluctuations in the 

level of expression of the shRNAs. Additionally, the induction process 

was followed in a fluorescence inverted microscope (Eclipse TS100, 

Nikon) checking the expression of turboRFP, which could be detected 

between 8-16 hours after induction.   

 

1.5. FACS sorting of stably-transduced cell lines 

In order to enrich the proportion of transduced cells, a cell 

sorting step was performed using a FACS-Aria II cell sorter (Becton 

Dickinson) and the PE channel. Once the cells transduced with shRNAs 

or empty vectors had been selected, the expression of turboRFP was 

induced by adding 1 g/ml of doxycycline for at least 16 hours. Cells 
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were harvested, twice washed in phosphate-buffered saline (PBS), 

counted, and, resuspended in 0.2 μM-filtered sorting buffer containing 

15 mM HEPES, 1% BSA (w/v), 1% penicillin/ streptomycin (v/v) (100 

U/ml of each), and 2 mM EDTA in D-PBS (Ca2+ and Mg2+ free). Finally, 

cell suspensions of 5×106 cells/ml were prepared and filtered using a 

nylon mesh with a pore size of 70 μm (MACS® SmartStrainers (70 µm), 

Miltenyi Biotec, 130-098-462).  

FACS sorting was used to purify the top 5% of the cells 

expressing the highest levels of turboRFP. For proper cell recovery after 

the sorting process, the cells were collected in polypropylene tubes 

containing their corresponding growth medium supplemented with       

50% FBS to prevent dry out and cell death. Finally, the surviving cells 

were seeded and expanded in complete growth medium.  

 

1.6. Proliferation assays 

Growth inhibition assays were performed to determine the half-

minimum inhibitory concentration (IC50) values of different 

chemotherapeutic agents (etoposide: Sigma-Aldrich, E1383; and 

cisplatin: Sigma-Aldrich, 23210), PARP (veliparib (ABT-888): 

Selleckchem, S1004) and EGFR inhibitors (dacomitinib (PF-00299804): 

Selleckchem, S2727; and erlotinib: Santa Cruz Biotechnology,                   

sc-202154).  

In order to have the correct confluence for each experiment, cells 

were harvested and automatically counted using the TC20TM Automated 

Cell Counter (Bio-Rad, 1450102) following the manufacturer’s 

instructions. In addition, the Neubauer chamber (Marienfeld, 0640111) 

was used for some experiments, together with Trypan Blue (Sigma-

Aldrich, T8154) for checking cell viability.  

Cells were seeded in 384-well plates at 1.6×104 cells/ml density. 

Once they were attached to the surface, drug-containing medium was 

added. Cell viability was determined after 48 hours of exposure to the 

chemical agent using CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega, G7570), which is a luminescence-based method that 

measures intracellular ATP concentration as a signal of metabolically 

active cells.  
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IC50 values for each drug were calculated with Prism Software 

(GraphPad), using a non-linear regression model with dose-response 

inhibition that represents the logarithmic values of each concentration 

point against the normalized response.  

 

1.7. Immunofluorescence 

Before performing the immunofluorescence assays, cells were 

grown exponentially to 50-70% confluence on 10 mm diameter sterile 

cover glasses (VWR, ECN 631-1576). Additionally, poly-L-lysine (Sigma-

Aldrich, P4707) was used to increase cell attachment to the surface of 

the coverslips.  

Subsequently, cells were rinsed three times with PBS and fixed 

with fresh 4% paraformaldehyde in PBS for 15 min at room temperature. 

The cells were permeabilized using 0.5% Triton X-100 in PBS for 5 min 

at room temperature, and blocked with 3% BSA in PBT (PBS containing 

0.05% Triton X-100) for 30 min. Finally, they were subjected to 

immunofluorescence staining with primary antibodies at the optimized 

dilution for at least 30 min, at room temperature, in a humidity chamber.   

In particular, ARID2 (E3, Santa Cruz Biotechnology, sc-166117), 

H2AX (anti-phospho-Histone H2A.X Ser 319, clone JBW301, Merck 

Millipore, 05-636-I), and 53BP1 antibodies (H-300, Santa Cruz 

Biotechnology, sc-22760) were used. After three washing steps with 

PBS for 5 min, cover glasses were incubated with a FITC-labeled 

secondary antibody (Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, FITC, Invitrogen, F-2761) for 30 min, at room 

temperature, in a humidity chamber protected from the light. Cells were 

three times washed with PBS for 5 min and finally cover glasses were 

mounted in ProLongTM Gold antifade reagent with DAPI (Invitrogen, 

P36935) to preserve fluorescence. 

The cells were finally examined by fluorescence microscopy 

(Axio Imager M1, Zeiss). Colocalization of ARID2 with 53BP1 or H2AX 

was performed by measuring the variation in the intensity across the 

lines drawn using the linescan tool from MetaMorph® (Molecular 

Devices). Automatic foci quantification was performed in randomly 

acquired images using a modified version of the speckle counting 

pipeline from CellProfiler open-source software (McQuin et al., 2018).  



Methodology 

 

72 
 

For DNA repair assays, cells were treated with 10 M of 

etoposide for 1 hour. After that time, the medium was refreshed for up 

to 72 hours to allow cell recovery. In order to assess the effect of the 

chemotherapeutic agents on genomic stability, H2AX immunostaining 

was used as a marker of DNA damage. DAPI staining was used to verify 

that H2AX was specifically located in the nucleus. DNA-damage foci 

were quantified in randomly selected regions by computing the H2AX 

signal using a Macro of Image J software.  
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2. Molecular biology methods 

2.1. Nucleic acid extraction and purification 

Total RNA was isolated and purified using NZY Total RNA 

isolation kit (Nzytech, MB13402) according to the manufacturer’s 

instructions. -mercaptoethanol was used as a reducing agent and cell 

lysates were further disrupted through a disposable 20G syringe (Henke 

Sass Wolf, 4710009025) to reduce viscosity. Additionally, to increase 

the yield and reduce contamination by the presence of genomic DNA, an 

enzymatic digestion with DNase I was performed. RNA concentrations 

were measured at 260 nm in a microvolume spectrophotometer 

(Thermo Fisher Scientific, ND-2000), and their spectres were checked to 

verify the absence of contaminating chemical compounds.  

Genomic DNA was extracted from fresh cell lines using the 

Agencourt DNAdvance Beckman Coulter kit (Beckman Coulter, A48705) 

following the manufacturer’s instructions. DNA preparations were 

quantified using the Qubit® dsDNA BR Assay (Life Technologies, 

Q32851).  

 

2.2. Reverse transcription and quantitative polymerase chain 

reaction (qRT-PCR) 

To accomplish the reverse transcription reaction, PrimeScript™ 

RT Reagent Kit (Takara, RR037B) was used, following the 

manufacturer’s instructions. The reaction mixture was prepared in a 

final volume of 20 l, containing 4 µl of 5x PrimeScriptTM buffer, 1 µl of 

50 µM oligo dT primer (25 pmol), 1 µl of 50 µM random 6-mers                  

(50 pmol), and total RNA prepared in ddH2O, which allows the generation 

of complementary DNA (cDNA) from up to 1 µg of total RNA per 

reaction. The final mixture was incubated under the conditions indicated 

in Table 3.4. 

Temperature Time Step 

37 ºC 15 min Reverse transcription 

85 ºC 5 s 
Inactivation of reverse transcriptase 

with heat treatment 

4 ºC ∞ Storage 

Table 3.4. Reverse transcription program. 
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mRNA expression of the corresponding genes was measured by 

qRT-PCR using PowerUpTM SYBR Green Master Mix (Applied 

Biosystems, A25777) with the StepOnePlusTM Real-Time PCR system 

(Applied Biosystems). The reaction mixture was prepared in a final 

volume of 20 l, containing 10 µl of PowerUpTM SYBERTM Green Master 

Mix (2x), 1.8 µl of 10 µM forward and reverse oligos (800 nM), 5.4 µl of 

ddH2O and 1 l of DNA template (diluted if necessary to ensure between 

1-10 ng per reaction as starting material). PCR conditions are detailed 

in Table 3.5. A melting curve analysis was also included to verify that a 

single PCR product was obtained in each reaction. 

PCR conditions 
Melting curve 

Temp Time Cycles Step 

50 ºC 5 min Hold UDG activation 40x 

  

95 ºC 15 s (1.6 ºC/s) 

60 ºC 1 min (1.6 ºC/s) 

95 ºC 15s (0.15 ºC/s) 

95 ºC 2 min Hold Dual-lock DNA polymerase 

95 ºC 

60 ºC 

15 s 

1 min 
40 

Denaturation 

Annealing and extension 

Table 3.5. qPCR conditions for primers with a Tm > 60 ºC and dissociation 

curve conditions.  

As an internal control, gene expression was normalized to the 

housekeeping gene β-actin. The ΔΔCT method (Livak and Schmittgen, 

2001) was used for quantification and comparison.  

ΔCT= CT(gene of interest) - CT(housekeeping gene) 

ΔΔCT= ΔCT(SWI/SNF-deficient) - ΔCT(shEmpty) 

RQ = 2-ΔΔCt 

In order to assess significant gene expression differences 

between cells transduced with shRNAs or empty vectors, a one-tailed 

unpaired t-test was performed, assuming equal variances and a 95% 

confidence interval. 
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The complete list of the primers used for the qRT-PCR reactions 

can be found in Table 3.6. qPCR primers were designed using the Primer 

3 online software tool (https://primer3.ut.ee/), selecting parameters in 

line with the general PCR standards: length from 20 to 24 bp, CG content 

between 40-65 %, no secondary structures (confirmed using the online 

tool OligoAnalyzer, https://eu.idtdna.com/calc/analyzer), Tm around   

60 ºC, and amplicon size between 100-150 bp. The specificity and 

efficiency of all primers were also tested. 

Primer Sequence 

HsRT-ACTB-Fwd CCCAGCACAATGAAGATCAA 

HsRT-ACTB-Rev CGATCCACACGGAGTACTTG 

HsRT-ARID1A-Fwd CCAGTAAGGGAGGGCAAGAA  

HsRT-ARID1A-Rev AGAGCTCCTTCTGTCCCCAT 

HsRT-ARID1B-Fwd GCGCAACAAAGGAGTCACC 

HsRT-ARID1B-Rev GCCCATGCCATACAACTGAG 

HsRT-ARID2-Fwd CAGCCCATAACTTTGACGCA 

HsRT-ARID2-Rev TGGTGCAATTCCATCTTCCT 

HsRT-SMARCA4-Fwd CGGCGGCTTCTTTGTTTCGT 

HsRT-SMARCA4-Rev GACATCTTCACGGGAGCTGC 

HsRT_NRG1-Fwd ACTCCTCTCTCAGATTCAAGTGGT 

HsRT_NRG1-Rev GGCACTGTCATTTCCTAATTTGCT 

Hs_RT_SDK1_Fwd CAGCTACCCCAGACCTCAAG 

Hs_RT_SDK1_Rev CCAGCTGATTCTCCAATGTG 

Hs_RT_MTSS1_Fwd TAAGAAAGCCCGCCAAGAGA 

Hs_RT_MTSS1_Rev TGGAGAGCACTGTCCAACTGA 

Table 3.6. Nucleotide sequence of primers used for gene expression analysis.  

 

 

 

 

 

https://primer3.ut.ee/
https://eu.idtdna.com/calc/analyzer
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2.3. Western blot  

Total protein extracts were obtained by resuspending cellular 

pellets on kinase assay buffer containing 20 mM HEPES pH 7.5, 10 mM 

EGTA pH 8, 40 mM glycerol phosphate, 1% NP-40 (v/v), 2.5 mM MgCl2, 

2 mM orthovanadate, and 1 mM DTT. Protease (HaltTM protease 

inhibitor Cocktail (100x), Thermo Fisher Scientific, 78429) and 

phosphatase inhibitors (Phosphatase Inhibitor Cocktail 2, Sigma-

Aldrich, P5726) were freshly added to keep the phosphorylated version 

of the proteins. Cell lysis was achieved by mechanical disruption of 

samples, which were kept on ice for 30 min, pipetting cell suspensions 

up and down every 10 min. In case the desired protein had a nuclear 

location or was firmly attached to the chromatin, a sonication step 

consisting of 10 cycles of 30s/30s (ON/OFF cycles) at high power was 

performed using the Bioruptor® (Dia-genode). Finally, a centrifugation 

step at 12,000 g for 15 min at 4 ºC was included to isolate the protein 

supernatants.   

The protein concentration of each extract was determined using 

QubitTM Protein Assay Kit (Life Technologies, Q33212). 50 μg of total 

protein lysate were mixed with 5x Laemmli buffer (250 mM Tris pH 6.8, 

20% -mercaptoethanol, 10% SDS, 0.25% bromophenol blue, and 50% 

glycerol) and heated at 95 ºC for 5 min. Then, samples were separated 

by SDS-PAGE in 8-10% polyacrylamide gels (depending on the molecular 

weight of the analyzed proteins) in a Mini-PROTEAN® Tetra System 

cuvette (Bio-Rad) with running buffer (1x Tris-Glycine pH 8.4, 1% SDS) 

at 130-180V (stacking and running gels, respectively).  

Once the electrophoresis finished, proteins were transferred to 

nitrocellulose membranes (AmershamTM ProtranTM Premium 0.45 mM 

NC, GE Healthcare Life Sciences, 10600003) by wet electroblotting in 

constant current conditions (400 mA for the desired time, assuming that 

1 kDa of protein requires 1 min to move out the gel and attach to the 

membrane) using the transfer buffer (1x Tris-Glycine pH 8.4, 10% 

methanol).   

Subsequently, membranes were washed with TBS-T buffer       

(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween 20) and blocked for        

1-2 hours at room temperature, using 5 % BSA (Sigma-Aldrich, A9418) 

(w/v) solution in TBS-T as blocking agent. Membranes were then 

incubated with primary antibodies against pEGFR (9H2, Santa Cruz 
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Biotechnology, sc-57545), EGFR (A-10, Santa Cruz Biotechnology, sc-

373746), pAKT (phospho-Akt(Ser473), Cell Signaling, #9271), AKT         

(H-136, Santa Cruz Biotechnology, sc-8312), ARID2 (E3, Santa Cruz 

Biotechnology, sc-166117), ARID1A (Abcam, ab176395), SMARCA4    

(G-7, Santa Cruz Biotechnology, sc-17796), and Actin (I-19, sc-1616, 

Santa Cruz), at the recommended manufactured dilution in TBS-T 

containing 1 % BSA, in an orbital shaker (Biogen, DRS-12), at 4°C 

overnight.  

Then, membranes were three times carefully washed in TBS-T. 

After that, membranes were incubated with HRP-conjugated secondary 

antibodies (goat anti-rabbit: Immun-Star Goat Anti-Rabbit (GAR)-HRP 

Conjugate, BioRad, 1705046; goat anti-mouse: Immun-Star Goat Anti-

Mouse (GAM)-HRP Conjugate, BioRad, 1705047; and mouse anti-goat: 

mouse anti-goat IgG-HRP, Santa Cruz Biotechnology, sc-2354) at 

1:10,000 dilutions and incubated for 1 hour at room temperature. Finally, 

membranes were again three times washed in TBS-T before visualizing 

chemiluminescence signals using the Amersham ImageQuant 800 

system (Cytiva). 

 

2.4. RNA-Seq library preparation 

For RNA-Seq library preparation, 10 µg of total RNA were treated 

with DNase (TURBO DNA-free™ Kit, Ambion, AM1907) to remove any 

genomic DNA contamination. Additionally, profiles of eukaryotic 

ribosomal RNAs (18 and 28S) and RNA Integrity Number equivalent 

(RINe) (0-10) were assessed as a quality score, requiring a minimum 

value of 8, using an RNA ScreenTape (Agilent, 5067-5576). Then, 

between 1-5 µg of total RNA treated with DNase were subjected to an 

enrichment step in order to increase the proportion of mRNA in each 

sample, using the NEBNext® Poly(A) mRNA Magnetic Isolation Module 

(New England Biolabs, E7490S).  

mRNA was randomly fragmented by heating the samples at       

94 ºC for 15 min. The first strand of cDNA was generated using the 

PrimeScript™ RT Reagent Kit (Takara, RR037B), incubating the samples 

at 37 ºC for 15 min, followed by a 5 s step at 85ºC to inactivate the 

reverse transcriptase. The synthesis of the second strand of cDNA was 

initiated by the addition of DNA polymerase I (Thermo Fisher Scientific, 
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EP0042), and the remaining molecules of RNA were degraded by adding 

RNase HI (Thermo Fisher Scientific, EN0201) to the previous mixture, 

which was incubated at 15 ºC for 2 hours. T4 DNA polymerase (Thermo 

Fisher Scientific, EP0062) was added to each sample to extend and 

complete the synthesis of the second strand, and an incubation step at 

15 ºC for 5 min was performed before adding 5 μl of 0.5 M EDTA pH 8.0 

to each sample.  

The double-stranded cDNA fragments obtained were purified 

using Agencourt AMPure XP (Beckman Coulter, A63881). Different 

proportions of magnetic beads ranging from 0.8 to 1.8x (v/v) were used 

to isolate DNA fragments according to their sizes.  

Sequencing libraries were prepared through a series of 

enzymatic steps. Firstly, DNA fragments were blunted and 

phosphorylated using an end-repair mix (Fast DNA End Repair Kit, 

Thermo Fisher Scientific, K0771), which contains an optimized mixture 

of T4 DNA polymerase (for the 5’→ 3’ extension), Klenow fragment (for 

the removal of 3’ overhangs using its 3’→5’ exonuclease activity to form 

blunt ends), and T4 Polynucleotide Kinase (PNK) (for efficient 

phosphorylation of 5’ ends). The resulting DNA fragments were 

adenylated on their 3’ ends (Klenow Fragment exo-, Thermo Fisher 

Scientific, EP0422) before their ligation to paired-end adapters (T4 DNA 

Ligase, Thermo Fisher Scientific, EL0014) that had been previously 

obtained through the hybridization of two phosphorylated and 

complementary synthetic oligonucleotides (whose sequences are 

detailed in Table 3.7).  

Adapter Sequence 

Adapt_TruSeq_P5a CTACACGACGCTCTTCCGATCT 

Adapt_TruSeq_P5b GATCGGAAGAGCGTCGTGTAG 

Adapt_TruSeq_P7a GATCGGAAGAGCACACGTCTG 

Adapt_TruSeq_P7b CAGACGTGTGCTCTTCCGATCT 

Table 3.7. Nucleotide sequence of P5 and P7 primers used to generate paired-

end adapters compatible with Illumina sequencing platforms.  
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Finally, a PCR indexing amplification with a high-fidelity DNA 

polymerase (Phusion high fidelity DNA polymerase, Thermo Fisher 

Scientific, F530L) was performed to increase the amount of starting 

material and to add specific sequences in order to identify the reads 

from each sample. The specific PCR conditions used can be found in 

Table 3.8. 

Temperature Time Cycles Step 

98 ºC 3 min Hold Initial denaturation  

98 ºC 

62 ºC 

72 ºC 

10 s 

30 s 

30 s 

15 

Denaturation 

Annealing 

Extension 

72 ºC 5 min Hold Final extension 

10 ºC ∞ Hold Storage 

Table 3.8. PCR indexing reaction conditions.  

Different combinations of P5 and P7 indexes, shown in           

Table 3.9 and Table 3.10, were used in order to pool and sequence 

simultaneously different samples. 

 

Primer Sequence 

D501 
AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTT
TCCCTACACGACGCTCTTCCGATCT 

D502 
AATGATACGGCGACCACCGAGATCTACACATAGAGGCACACTCT
TTCCCTACACGACGCTCTTCCGATCT 

D503 
AATGATACGGCGACCACCGAGATCTACACCCTATCCTACACTCTT
TCCCTACACGACGCTCTTCCGATCT 

D504 
AATGATACGGCGACCACCGAGATCTACACGGCTCTGAACACTCTT
TCCCTACACGACGCTCTTCCGATCT 

D505 
AATGATACGGCGACCACCGAGATCTACACAGGCGAAGACACTCT
TTCCCTACACGACGCTCTTCCGATCT 

D506 
AATGATACGGCGACCACCGAGATCTACACTAATCTTAACACTCTT
TCCCTACACGACGCTCTTCCGATCT 

D507 
AATGATACGGCGACCACCGAGATCTACACCAGGACGTACACTCTT
TCCCTACACGACGCTCTTCCGATCT 

D508 
 

AATGATACGGCGACCACCGAGATCTACACGTACTGACACACTCTT
TCCCTACACGACGCTCTTCCGATCT 

Table 3.9. Nucleotide sequence of P5 oligonucleotides used during RNA-Seq 

library preparation. Specific indexing 8-bp sequences used to identify each 

sample are remarked in bold. 
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Primer Sequence 

D701 
CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D702 
CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D703 
CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D704 
CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D705 
CAAGCAGAAGACGGCATACGAGATTTCTGAATGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D706 
CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D707 
CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D708 
CAAGCAGAAGACGGCATACGAGATGCGCATTAGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D709 
CAAGCAGAAGACGGCATACGAGATCATAGCCGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D710 
CAAGCAGAAGACGGCATACGAGATTTCGCGGAGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D711 
CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

D712 
CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Table 3.10. Nucleotide sequence of P7 oligonucleotides used during RNA-Seq 

library preparation. Specific indexing 8-bp sequences used to identify each 

sample are remarked in bold. 

The resulting PCR products were purified using Agencourt 

AMPure XP (Beckman Coulter, A63881) and eluted in 20 µl of low TE 

buffer (Thermo Fisher Scientific, 12090015). Size distribution of the 

RNA-Seq libraries obtained was analyzed using D1000 (Agilent, 5067- 

5582) or High Sensitivity D1000 ScreenTape Assays (Agilent, 5067- 

5584), depending on their concentration, which was quantified using the 

Qubit® dsDNA BR Assay Kit (Life Technologies, Q32851). 

Before sequencing the RNA-Seq libraries, a quality control qPCR 

reaction was performed to determine the efficiency of the adaptor 

ligation in the preparations, using the Illumina universal sequencing 

primers indicated in Table 3.11. A fragment that contained the complete 

length of the PE Illumina adapters was used as a positive control.  
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Primer Sequence 

QC_Fwd AATGATACGGCGACCACCGAGA 

QC_Rev CAAGCAGAAGACGGCATACGAG 

Table 3.11. Nucleotide sequence of primers used to amplify a common region 

of PE Illumina adapters.   

Finally, equimolecular amounts of each sample were mixed to 

obtain a minimum of 60-80×106 of paired-end reads per sample. The 

sequencing of the resultant pool was carried out in a HiSeq, NextSeq, or 

NovaSeq platforms from Illumina, depending on the required number of 

reads per reaction, with a 75-150 bp paired-end protocol. Three 

biological replicates independently generated were prepared for each 

sample group (shEmpty or shRNAs targeting different subunits of 

SWI/SNF in different cell lines) to assess the statistical significance of 

all differences.  

 

2.5. ATAC-Seq library preparation 

ATAC-Seq libraries were generated using the previously 

described method by the Greenleaf lab (Buenrostro et al., 2015). Stably-

transduced cell lines were harvested, twice washed in PBS, and counted.  

For each sample, 50×104 cells were resuspended in 50 µl of cold 

lysis buffer (10 mM Tris-Cl pH 7.4, 10 mM NaCl, 3 mM MgCl2, and 0.1% 

IGEPAL, CA-630). Cell suspensions were centrifuged immediately at 

500g for 10 min at 4 °C. Nuclei pellets were resuspended in transposase 

mixture (25 µl of Tagment DNA Buffer, 2.5 µl of Tagment DNA Enzyme I 

(Nextera DNA Library Preparation Kit, Illumina, 15028220) and 22.5 µl of 

ddH2O). Next, cell nuclei were incubated at 37 ºC for 30 minutes to allow 

DNA cleavage and tagged (tagmentation). During this reaction, Tn5 

transposase is able to bind to accessible chromatin regions, which 

become flanked by the addition of Illumina adapters.   
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Transposed DNA was purified using the MinElute Reaction 

Cleanup Kit (QIAGEN, 28004) and eluted in 10 µl of elution buffer. Finally, 

a PCR indexing amplification under the same conditions described in 

“RNA-Seq library preparation” was followed (Table 3.8), using Phusion 

high-fidelity DNA polymerase (Thermo Fisher Scientific, F530L), and the 

customized Nextera PCR primers designed by the Greenleaf lab 

(Buenrostro et al., 2015). Different combinations of these indexes allow 

the recognition of samples during the sequencing reaction (Table 3.12).   

Size distribution, concentration, and quality of ATAC-Seq 

libraries were determined as previously described in the “RNA-Seq 

libraries preparation” section.  

Primer Sequence 

Ad1_noMX 
AATGATACGGCGACCACCGAGATCTACACTCGTCG
GCAGCGTCAGATGTG 

Ad2.1_TAAGGCGA 
CAAGCAGAAGACGGCATACGAGATTCGCCTTAGT
CTCGTGGGCTCGGAGATGT 

Ad2.2_CGTACTAG 
CAAGCAGAAGACGGCATACGAGATCTAGTACGGT
CTCGTGGGCTCGGAGATGT 

Ad2.3_AGGCAGAA 
CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTC
TCGTGGGCTCGGAGATGT 

Ad2.4_TCCTGAGC 
CAAGCAGAAGACGGCATACGAGATGCTCAGGAGT
CTCGTGGGCTCGGAGATGT 

Ad2.5_GGACTCCT 
CAAGCAGAAGACGGCATACGAGATAGGAGTCCGT
CTCGTGGGCTCGGAGATGT 

Ad2.6_TAGGCATG 
CAAGCAGAAGACGGCATACGAGATCATGCCTAGT
CTCGTGGGCTCGGAGATGT 

Ad2.7_CTCTCTAC 
CAAGCAGAAGACGGCATACGAGATGTAGAGAGGT
CTCGTGGGCTCGGAGATGT 

Ad2.8_CAGAGAGG 
CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTC
TCGTGGGCTCGGAGATGT 

Ad2.9_GCTACGCT 
CAAGCAGAAGACGGCATACGAGATAGCGTAGCGT
CTCGTGGGCTCGGAGATGT 

Ad2.10_CGAGGCTG 
CAAGCAGAAGACGGCATACGAGATCAGCCTCGGT
CTCGTGGGCTCGGAGATGT 

Ad2.11_AAGAGGCA 
CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTC
TCGTGGGCTCGGAGATGT 

Ad2.12_GTAGAGGA 
CAAGCAGAAGACGGCATACGAGATTCCTCTACGTC
TCGTGGGCTCGGAGATGT 

Table 3.12. Nucleotide sequence of Nextera oligonucleotides used during 

ATAC-Seq library preparation. Specific indexing 8-bp sequences used to 

identify each sample are remarked in bold. 
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2.6. CUT&RUN library preparation 

CUT&RUN experiments were prepared as previously described 

by the Henikoff lab (Skene et al., 2018), starting from 0.1-1×106 cells per 

condition. As this protocol is performed with fresh cells, it is advisable 

to follow the steps prior to the addition of the antibodies at room 

temperature to minimize the stress on the cells and to avoid DNA 

breakage.  

Fresh cultured cells were harvested and counted. Two 

centrifugation steps with wash buffer (20 mM HEPES pH 7.5, 150 mM 

NaCl, 0.5 mM spermidine, and one Roche Complete Protease Inhibitor 

(EDTA-free) tablet (Sigma-Aldrich, 5056489001)) at 600g for 3 min and 

at room temperature were done.  

Concanavalin-A coated beads (BioMag®Plus Concanavalin A, 

Quimigen, 86057-10) were activated with binding buffer (20 mM HEPES-

KOH pH 7.9, 10 mM KCl, 1 mM CaCl2, and 1 mM MnCl2).  10 µl of bead 

suspension was added to each sample, which was then gently rotated 

(C1 program, 20 rpm, 10 min) at room temperature using an Intelli-Mixer 

RM-2 Rotator (Vortex Shaker, FV-51202). 

Antibodies solutions were prepared by mixing 2 ml of digitonin 

buffer (wash buffer containing 5% of digitonin) with 8 µl of 0.5 M EDTA 

and the corresponding volume of the antibody to obtain a final 

concentration of 1:50-1:100, according to the manufacturer’s 

recommendations. In particular, H3K27me3 (Tri-Methyl-Histone 

H3(Lys27) (C36B11), Cell Signaling, 9733), H3K4me1 (Mono-Methyl-

Histone H3(Lys4) (D1A9), Cell Signaling, 5326), H3K4me3 (histone 

H3K4me3, Active Motif, 39159), and H3K27ac (Anti-Histone H3 (acetyl 

K27) antibody, Abcam, ab4729) antibodies were used to characterize 

the epigenetic landscape of the stably-transduced cell lines.    

Cellular pellets were resuspended in the antibody solution and 

placed on the rotator (60 mode, 34 rpm, 10 min) at room temperature. 

Subsequently, they were permeabilized by resuspension on digitonin 

buffer to allow the diffusion of the primary antibody.  

Purified and tested protein A-MNase (pA-MN) fusion protein 

(obtained from pK19pA-MN plasmid, Addgene, 86973) was added to 

each sample. To increase the binding of the nuclease to the primary 

antibody, samples were again inverted by rotation. Target digestion of 
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pA-MN was reached by adding 3 µl of 100 mM CaCl2 and incubating the 

samples for at least 30 min at 0 ºC.  Cleavage was finished by adding 

100 µl of 2x stop solution (333.3 mM NaCl, 19.6 mM EDTA, 3.92 mM 

EGTA, 5% digitonin, 0.05 mg/ml RNase A, and 0.05 mg/ml glycogen). 

Specific protein-DNA complexes were released by incubating the 

samples at 37 ºC for 10 min and 500 rpm, followed by an additional 

centrifugation step at 16,000g for 5 min at 4 ºC.  

Finally, CUT&RUN fragments were purified using a magnetic rack 

(DynaMag Magnet, Thermo Fisher Scientific, 12321D).   

Eluted DNA was purified using the NucleoSpin kit (Macherey-

Nagel, 740609.50), following the manufacturer’s instructions. 

CUT&RUN libraries were prepared using the Accel-NGS 2S Plus DNA 

library kit (Swift Biosciences, 21024), according to the manufacturer’s 

instructions, and sequenced on an Illumina NovaSeq 6000, with a          

100 bp paired-end protocol, at the Institut Curie Next Generation 

Sequencing Core Facility, requiring a minimum of 20-40×106 of paired-

end reads per condition.    
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A summary of the NGS libraries prepared in the different stably-

transduced cell lines generated in this doctoral thesis can be found in 

Table 3.13.   

Table 3.13. NGS libraries prepared on SWI/SNF-deficient cell lines. 

 

  

Cell line NGS libraries 

A549 shARID1A RNA-Seq, ATAC-Seq 

A549 shARID1B RNA-Seq, ATAC-Seq 

A549 shARID2 RNA-Seq, ATAC-Seq 

H460 shARID1A 
RNA-Seq, ATAC-Seq, CUT&RUN-Seq (H3K27ac, 
H3K4me1, H3K4me3, H3K27ac)  

H460 shARID2 
RNA-Seq, ATAC-Seq, CUT&RUN-Seq (H3K27ac, 
H3K4me1, H3K4me3, H3K27ac)  

H460 shSMARCA4 
RNA-Seq, ATAC-Seq, CUT&RUN-Seq (H3K27ac, 
H3K4me1, H3K4me3, H3K27ac)  

H460 shARID2 daco 
RNA-Seq after 24 and 48 hours of exposure to 
EGFR inhibitor dacomitinib 

Caco-2 shARID1A RNA-Seq, ATAC-Seq 

Caco-2 shARID1B RNA-Seq, ATAC-Seq 

SK-OV-3 shARID1A RNA-Seq 
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3. Bioinformatic methods 

3.1. DNA sequencing data analysis 

  Raw sequence data were subjected to quality control using 

FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), 

removing those reads that did not accomplish the quality criteria. Then, 

reads were mapped to the reference human genome (GRCh38 release 

84) using BWA-MEM (Li and Durbin, 2009). Format transformation, 

sorting, and indexing of the bam files were done with SAMTools (Li et 

al., 2009). The alignment was fixed and cleaned, and PCR duplicate 

reads were marked and excluded from the analysis with Picard 

(http://broadinstitute.github.io/picard/). Finally, GATK (McKenna et al., 

2010) was used to perform local realignment around indels. Bedtools 

(Quinlan and Hall, 2010) was used to calculate the enrichment statistics 

and the target coverage.  

Exome sequencing results from the TCGA-LUAD project 

available on March 2022 were downloaded  from the public portal 

(http://www.tcgaportal.org/TCGA/Lung_TCGA_LUAD/index.html), non-

synonymous mutations were found with Mutect2 (Cibulskis et al., 2013), 

and maftools R library was used to create the maf object and to plot the 

somatic variants.   

 

3.2. RNA sequencing data analysis 

Paired-end reads from RNA-Seq experiments were aligned 

against the human reference genome (GRCh38 release 84) using Hisat2 

(Kim et al., 2019). Predict transcripts from the Ensembl database were 

analyzed and transcripts that would lack a CDS start or stop site were 

filtered out. The number of counts of each gene was quantified using 

HTSeq (Anders et al., 2015) and the GRCh38 human genome assembly 

(annotation GENCODE v96). Differentially expressed genes (DEGs) 

between SWI/SNF-deficient cells and their respective control were 

identified using DESeq2 (Love et al., 2014). These R packages for 

transcriptome expression profile analysis were used according to the 

software developer’s indications, requiring a minimum of three counts 

per gene in more than two independent samples to be considered as 

expressed. The results obtained were filtered requiring a minimum 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://broadinstitute.github.io/picard/
http://www.tcgaportal.org/TCGA/Lung_TCGA_LUAD/index.html
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absolute logarithmic value of fold change greater than 0.5 and an 

adjusted p-value of less than 0.05 (|log2FC |> 0.5 & adjusted                             

p-value < 0.05). The set of genes that accomplish both conditions was 

manually reviewed and the final list of DEGs was created. Heatmaps 

showing a selection of differentially expressed genes were obtained 

using the pheatmap package developed by R  

(https://cran.r-project.org/web/packages/pheatmap/index.html).  

Gene Set Enrichment analysis (GSEA) (Subramanian et al., 2005)  

was performed to identify significant enrichments at the molecular 

pathway level using a permutation type based on phenotype 

distribution, the normalized counts of all genes expressed in the 

different conditions tested, and a hallmark gene set 

(h.all.v2022.1.Hs.symbols.gmt). Those pathways with a nominal               

p-value below 0.05 and a false discovery rate (FDR) q-value cutoff of 

less than 0.25 were considered significantly altered. The FDR is an 

estimation of the probability that a given gene set with a particular 

enrichment score (normalized for gene set size) constitutes a false 

positive. An FDR of 25% means that the result is likely to be valid three 

out of four times. Considering the different sizes of the gene sets, the 

small number of samples in each biological group, the variability of the 

inactivation of the target gene, and the type of permutation, we selected 

the top 20 positively enriched pathways to not overlook potential 

hypotheses that in any case require further validation in future research.  

In addition to this, GOrilla (http://cbl-gorilla.cs.technion.ac.il/) 

(Eden et al., 2009) and AmiGO2 (http://amigo.geneontology.org/amigo) 

were used to identify enriched Gene Ontology (GO) terms (biological 

process, molecular function, or cellular component) using a target list 

of genes compared to a background list of genes. 

 

 

 

 

 

https://cran.r-project.org/web/packages/pheatmap/index.html
http://cbl-gorilla.cs.technion.ac.il/
http://amigo.geneontology.org/amigo
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3.3. ATAC and CUT&RUN sequencing data analysis 

ATAC-Seq and CUT&RUN reads were aligned against the 

reference human genome (GRCh38 release 84) using BWA-MEM (Li and 

Durbin, 2009). Accessible regions were identified using MACS3 (Zhang 

et al., 2008). In the case of the histone epigenetic marks, some 

parameters of the analysis (such as the expected size of the peak and 

the statistical cut-off) had to be adjusted due to the distribution of the 

epigenetic mark (e.g. H3K27me3 has broad chromatin peaks, whereas 

H3K4me1 peaks tend to be sharper). A similar strategy was followed to 

identify general changes in chromatin or at specific regulatory regions 

(enhancers and promoters): 
 

(1) To assess global changes in the complete genome, a combined 

list of all accessible or positive regions for the corresponding 

histone modification mark identified in any of the tested 

samples was created.  

 

(2) The genomic positions of promoters were obtained assuming 

that they are located close to the transcription start site (TSS) of 

their corresponding gene, selecting a region of ±1 kb around the 

TSS.   

 

(3) The complete list of enhancers identified in the GeneHancer 

project (Fishilevich et al., 2017), which includes regulatory 

elements identified in all types of tissues, was used as an input 

in case no histone epigenetic marks datasets were available for 

the selected cell line.   

 

(4) In case histone epigenetic marks datasets had been generated, 

ChromHMM software (Ernst and Kellis, 2017) was used to 

characterize chromatin states corresponding to enhancers. For 

that purpose, histone modifications datasets (H3K27ac, 

H3K27me3, H3K4me1, and H3K4me3) from all tested samples 

(SWI/SNF-deficient and their corresponding controls) were 

included, and the segmentation was based in 12 states. 

According to the epigenetic pattern and the candidate state 

annotation described by the Kellis lab (Ernst and Kellis, 2017), 
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four different regions were identified as possible enhancers with 

different biological outcomes (Table 3.14). 

 Table 3.14. Types of enhancers identified using ChromHMM. The name, 

description (candidate state annotation and the corresponding chromatin state 

identified by the Kellis lab), and histone epigenetic pattern of each enhancer 

are indicated.  

Once the complete list of genomic positions identified in all 

samples had been characterized, a significant region enrichment 

analysis was performed in SWI/SNF-deficient cells against control cells 

using DESeq2 (Love et al., 2014).   

Region annotation and visualization of their genomic distribution 

according to their distance to the nearest transcription start site were 

performed using the ChIPSeeker software (Yu et al., 2015). The 

overlapping of genomic regions with altered accessibility or histone 

modifications was assessed using BEDTools (Quinlan and Hall, 2010). 

Motif enrichment analyses were performed using HOMER (Heinz et al., 

2010). In case information of specific histone epigenetic marks had not 

been generated in our laboratory, ENCODE publicly available ChIP-seq 

datasets (https://www.encodeproject.org/data-standards/chip-seq/) 

were downloaded and compared with our ATAC-Seq data, assuming 

that accessible regions are likely to carry active histone modifications. 

The overlapping results were plotted using deepTools2 (Ramírez et al., 

2016). TADs genomic positions were downloaded from a publicly 

available database    

(http://3dgenome.fsm.northwestern.edu/view.php). Finally, read 

alignments were visualized using the IGV genome browser (Robinson et 

al., 2017). 

 

Region Description Chromatin characterization 

Enhancer_1 
Active enhancer 1  
(state #9) 

↑ H3K27ac, ↑ H3K4me1 

Enhancer_2 
Active enhancer 2  
(state #10) 

↓ H3K27ac, ↓↓H3K4me1 

Enhancer_3 
Weak/primed enhancer  
(state #11) 

↓ H3K27ac, ↑ H3K4me1 

Enhancer_4 
Bivalent/poised enhancer  
(state #15)  

↑ H3K27me3, ↑ H3K4me1 

https://www.encodeproject.org/data-standards/chip-seq/
http://3dgenome.fsm.northwestern.edu/view.php
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3.4. Statistical analysis  

In all cases, at least three independent experiments were 

performed in order to assess the statistical significance of all 

differences. In figure legends, the specific statistical test performed in 

each case is indicated. Results are represented as the mean of 

independent biological replicates with error bars representing the 

standard error of the mean (SEM). In general, for quantitative variables, 

a two-tailed t-test assuming equal variance was used to identify 

significant differences between control and experimental groups. For 

qualitative variables, a two-tailed Fisher’s exact test was used to identify 

significant differences between groups. Generally, a p-value of less than 

0.05 was considered significant and represented in the graphs with an 

asterisk (*), with the following criteria: *p < 0.05, **p < 0.01, and                

***p < 0.001.
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“All outstanding work, in art as well as in science, results 

from immense zeal applied to a great idea.”  

– Santiago Ramón y Cajal 
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1. Characterization of the molecular mechanisms behind the 

role of SWI/SNF alteration in lung cancer development 

1.1. Transcriptional alterations found in SWI/SNF-deficient 

A549 cell lines 

Loss of different subunits of SWI/SNF complexes has been 

linked with tumor progression and worse prognosis in animal models 

(Moreno et al., 2021) and lung cancer patients (Bell et al., 2016; 

Matsubara et al., 2013; Zhang et al., 2014). In addition to this, accessory 

subunits of the complex have been proposed to mediate the targeting, 

the assembly, and the regulation of specific gene networks (Mittal and 

Roberts, 2020). 

Therefore, in order to unravel the molecular mechanisms behind 

the contribution of SWI/SNF alteration to the development of lung 

cancer, we knocked down the expression of the most commonly 

mutated accessory subunits (ARID1A, ARID1B, or ARID2) (Figure 4.1) in 

the lung cancer cell line A549, and we performed RNA-Seq experiments. 

Figure 4.1. Knock-down validation of A549 stably-transduced cell lines by  

qRT-PCR. Representative figures of the relative mRNA expression for the 

inactivated genes in A549 shARID1A (A), shARID1B (B), and shARID2 (C) 

cellular models. The results are represented as mean ± SEM of at least three 

independent experiments (one-tailed t-test *p < 0.05, **p < 0.01, and                    

***p < 0.001). 

The analysis of the results showed that in general, SWI/SNF 

deficiency was accompanied by profound transcriptional changes in the 

cells (Figure 4.2.A). In particular, cBAF alteration (ARID1A or ARID1B 

deficiency) resulted in a higher proportion of overexpressed genes 

(shARID1A: 1393 upregulated and 540 downregulated; shARID1B: 1719 
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upregulated and 1135 downregulated), whereas PBAF disruption (ARID2 

deficiency) was associated with a greater proportion of underexpressed 

genes (366 upregulated and 789 downregulated).  

Consequently, cBAF alteration resulted in a higher number of 

differentially expressed genes (DEGs) compared to the PBAF-altered 

model (DEGs shARID1A: 1933, shARID1B: 2854, shARID2:1155). These 

findings suggest that in the lung cancer cell line A549, cBAF complexes 

are essential to keep the expression of a higher number of genes, 

whereas PBAF complexes might in turn regulate the transcription of a 

more reduced set of genes.  

 

Figure 4.2. Transcriptomic landscape of SWI/SNF-deficient A549 cell lines.  

A) Proportion of DEGs reported in ARID1A, ARID1B, or ARID2-KD A549 stably-

transduced cells, colored according to their fold change (red: upregulation; 

blue: downregulation). On the right, a Venn diagram representation of the 

overlap of DEGs reported in each A549 deficient condition, shARID1A (purple), 

shARID1B (orange), or shARID2 (green), separated according to their fold 

change. B) Venn diagram showing the results of Gene Set Enrichment Analysis 

(GSEA) in SWI/SNF-deficient A549 cell lines. On the left, there is a 

representation of the overlap between the top 20 gene sets positively enriched 
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in ARID1A (purple), ARID1B (orange), or ARID2 (green)-deficient A549 stably-

transduced cells, whereas those pathways enriched in the control cells are 

represented on the right.  

A complete list of the normalized counts and the results of the 

differential gene expression analysis performed in each SWI/SNF-

deficient cell line can be found in Supplementary Table 1. To allow 

comparisons between the different models, only the commonly 

expressed genes in all models have been compiled.  

In addition to this, the comparison of the list of DEGs obtained in 

each condition revealed specific gene set regulation networks 

controlled by ARID1A, ARID1B, or ARID2-containing SWI/SNF 

complexes, evidenced by the presence of a very low number of shared 

genes (6 upregulated and 3 downregulated) (Figure 4.2.A). This finding 

suggests that cBAF and PBAF complexes are required to regulate the 

expression of different gene expression programs in the context of lung 

cancer. 

It is quite remarkable that ARID1A and ARID1B-deficient cells 

share a higher proportion of DEGs (194 upregulated and 93 

downregulated) than other comparisons. Regarding that both accessory 

subunits are considered to be mutually exclusive in cBAF complexes, 

the expression of those genes that are specifically controlled by ARID1A 

or ARID1B would be controlled by the remaining paralog. Therefore, 

having found commonly dysregulated genes in the absence of either 

ARID1A or ARID1B suggests the existence of cBAF-mediated gene 

networks whose expression requires the presence of both ARID1A and 

ARID1B-containing complexes. 

In order to check if the altered genes could be organized in 

similar molecular functions, we performed functional analysis with 

Gene Set Enrichment Analysis (GSEA) software in each knock-down 

(KD) cell line using the hallmark gene collection (Liberzon et al., 2015) 

(Figure 4.2.B). Due to the small number of samples in each biological 

condition, the small size of the gene sets and/or the variability in 

SWI/SNF knock-down, we considered the top 20 positively enriched 

pathways of the GSEA analysis, although in most cases, this enrichment 

was not statistically significant. Nevertheless, in order to remove false 

positives, we only considered the commonly enriched pathways in the 

different cellular models for further studies. 
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Beginning with the cBAF complexes, we observed an enrichment 

of angiogenesis, upstream KRAS, apical junction, and response to 

interferon signaling pathways in ARID1A or ARID1B-KD cells compared 

to their respective controls. In some cases, the upregulated genes 

belonging to each functional category were conserved between 

subunits, whereas in others we found different transcriptional 

alterations that could be grouped in the same molecular pathway.  

Thus, among the shared alterations reported, genes encoding 

proteins involved in cell adhesion and motility (TSPAN1, NRP1, CD37, 

SLIT2, and CNTN1), together with extracellular matrix remodeling 

(COL16A1, ADAM23, MMP11, ITGB1, LAMC2, LAMA3, LAMB3, SDC3, 

CDH3, FBN1, and SKAP2) stood out. However, we found specific gene 

expression changes in ARID1A-deficient cells related to KRAS signaling 

(VEGFA and IGF2) and response to interferon pathways (TNFSF10, CISH, 

LTB, IFITM3, FLT3LG, NFKBIZ, LIF, CSF1, and IER3). Similarly, ARID1B-

deficient cells presented other transcriptional alterations of 

components belonging to the KRAS signaling (PDGFA, BTC, EGFR, and 

SLIT2) and immune response pathways (GBP4, IFIT3, IFITM2, IFITM3, 

IFI44, IRF7, IL7, and IL15).  

We also looked for shared DEGs and potential signaling 

pathways regulated by cBAF and PBAF complexes in this particular lung 

cancer cell model. Between those genes commonly upregulated in 

ARID1A, ARID1B, or ARID2-deficient cells, it can be highlighted RHOD, a 

Ras homolog involved in cytoskeleton reorganization, TYMP, an 

angiogenic factor, and FOXL1, a transcription factor involved in cell 

proliferation. Regarding the shared repressed genes, BMP7, which is a 

ligand of TGF-β known to reverse the epithelial to mesenchymal 

transition, stands out (Zeisberg et al., 2003) (Figure 4.2.A). 

Concerning the positively enriched signaling pathways in all 

SWI/SNF-deficient cells, the epithelial to mesenchymal transition (EMT) 

was among the main potentially altered pathways. In particular, we 

found commonly upregulated genes in all cellular models (TWIST2, 

ECM1, LAMC2, LAMA3, and VEGFC), but also specific transcriptional 

alterations for the deficiency of ARID1A (SNAI3, MMP15, and MMP25), 

ARID1B (TGFB1, CDH2, SNAI2, FOXC2, JUN, MMP2, SPOCK1, COL5A1, 

and FN1) or ARID2 (AREG, VIM, SDC1, COL5A3, and RHOB) (Figure 4.3). 
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Figure 4.3. Positive enrichment of EMT in SWI/SNF-deficient A549 cell lines.  

Heatmap representation of a selection of upregulated genes related to the 

epithelial to mesenchymal transition in SWI/SNF-deficient A549 cells. Gene 

expression differences between the absence of different subunits of the 

complex (shARID1A, shARID1B, or shARID2) and shEmpty cells (n=3 in each 

condition) have been represented according to the log2 of the fold change and 

have been indicated by colors, which range from red (upregulation) to blue 

(downregulation).  

Taken together our results indicate that in the same cellular 

context, SWI/SNF complexes mediate the expression of different 

transcriptional programs depending on their composition. However, we 

have observed some similarities in terms of signaling pathways 

controlled by each subunit, as is the case of EMT, which might indicate 

conserved mechanisms mediating gene expression regulation by the 

distinct compositions of SWI/SNF complexes. 
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1.2. Transcriptional alterations across different cellular 

contexts 

Considering the low amount of shared DEGs obtained after 

removing the expression of different subunits of the complex in the 

same cell line, we hypothesize that SWI/SNF-mediated gene networks 

might be subunit-specific. Therefore, in order to figure out if those genes 

were maintained in different cellular contexts, we decided to investigate 

the transcriptional alterations found after the deficiency of the same 

accessory subunit of the SWI/SNF complex in cellular models obtained 

from different tumor types. 

To that end, we extended our collection of stably-transduced cell 

lines to other cell types with recurrent SWI/SNF mutations. We selected 

an ovarian (SK-OV-3) and a colorectal (Caco-2) cancer cell lines, where 

we knocked down the expression of ARID1A. Moreover, we also 

downregulated ARID1B in the colorectal cancer cell line Caco-2. We 

prepared RNA-Seq experiments on these additional models in order to 

compare the results with the ones generated in the A549 cell line.  

ARID1A deficiency in different cellular contexts resulted in a 

general transcriptional activation (Figure 4.4.A), as we reported a higher 

proportion of upregulated genes compared to the downregulated ones 

(SK-OV-3: 55 upregulated and 39 downregulated; Caco-2: 1249 

upregulated and 1044 downregulated; A549: 1393 upregulated and 540 

downregulated).  

Similar results were obtained following ARID1B knock-down in 

different tumor types (A549: 1719 upregulated and 1135 

downregulated; Caco-2: 419 upregulated and 396 downregulated) 

(Figure 4.4.B).  

The comparison of the list of DEGs obtained in each SWI/SNF-

deficient cell line showed again a very low overlap, as only 3 genes were 

commonly dysregulated in ARID1A-deficient cells (2 upregulated and 1 

downregulated) and 53 in the case of ARID1B-deficient cells (30 

upregulated and 23 downregulated). Altogether these findings indicate 

that ARID1A and ARID1B-containing complexes regulate the expression 

of different gene networks, depending also on the cellular context.  
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Figure 4.4. Transcriptomic landscape of ARID1A or ARID1B-deficient cell 

lines. A) Proportion of DEGs reported in ARID1A-KD SK-OV-3, Caco-2, and A549 

stably-transduced cells, colored according to their fold change (red: 

upregulation; blue: downregulation). On the right, a Venn diagram 

representation of the overlap of DEGs reported in each ARID1A-deficient 

condition, SK-OV-3 (blue), Caco-2 (yellow), or A549 (green), separated 

according to their fold change. B) Proportion of DEG reported in ARID1B-KD 

A549 and Caco-2 stably-transduced cells, colored according to their fold 

change (red: upregulation; blue: downregulation). On the right, a Venn diagram 

representation of the overlap of DEGs reported in each ARID1B-deficient 

condition, A549 (green) or Caco-2 (yellow), separated according to their fold 

change. 
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Although the vast majority of transcriptional alterations tend to 

be tissue-specific, among the commonly dysregulated genes in ARID1B-

deficient cells, we can highlight the upregulation of SPARC and ALCAM, 

which are molecules involved in cell migration, together with the 

repression of the adhesion protein TMPRSS6, and the dysregulation of 

transcription factors involved in development SOX4, FOSB, and TCF4. 

Besides the very low overlap achieved at the gene level, we 

wondered if the altered genes could be grouped in similar molecular 

pathways, as previously occurred in the lung cancer cell model. 

Consistent with this idea, functional analysis performed in SWI/SNF-

deficient cells revealed a potential alteration of some signaling 

pathways similar to the ones reported in the prior experiments.  

Thus, we observed a positive enrichment in genes belonging to 

EMT and angiogenesis. Some transcriptional alterations were 

conserved in at least two ARID1A-deficient cells (A549 and Caco-2: 

S100A4, JAG2, and NRP1; A549 and SK-OV-3: VCAN and LUM; Caco-2 

and SK-OV-3: THBS1, INHBA, TIMP3, LAMC1, COL12A1, and COL4A2). 

Similarly, we found common transcriptional alterations related to 

angiogenesis and EMT in the case of ARID1B-deficient cells (A549 and 

Caco-2: ITGAV, STC1, FSTL1, FN1, TGFBI, SNAI2, SPARC, SPOCK1, 

IGFBP4, SLIT2, MSX1, NRP1, and LUM). The fact that we have been able 

to find commonly altered molecular pathways in different SWI/SNF-

deficient cell lines supports the existence of general mechanisms of 

gene expression regulation exerted by SWI/SNF complexes which are 

conserved across different tumor types.  

In addition to this, in ARID1A-deficient cells we observed a 

general upregulation of genes related to the immune response in all 

cellular contexts compared, some of which were shared in at least two 

of the cell lines (Caco-2 and SK-OV-3: IRF1 and IFR7; Caco-2 and A549: 

IFIT1, IFI6, IFITM1, IFITM2, IFITM3, OAS1, NRP1, and GATA3; SK-OV-3 and 

A549: LTB, TNFSF10, and NFKBIZ).  

In light of the exposed results in this and the previous section, it 

can be collectively concluded the existence of signaling pathways 

specifically controlled by each subunit in the same cellular context and 

also by the same subunit of the complex in different tissues. Together, 

these observations mean that target genes of SWI/SNF complexes 

depend not only on their composition, but also on their interaction with 

tissue-specific transcription factors.    
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1.3. Transcriptional alterations found in SWI/SNF-deficient  

NCI-H460 cell lines 

Considering the high variability of the gene networks regulated 

by SWI/SNF complexes in different cellular conditions, we decided to 

focus our research on those mechanisms that could be conserved in a 

specific tumor type. Consequently, we reduced the tissue-specific 

complexity by extending our analysis to additional lung cancer cellular 

models because in this particular tumor type up to three different 

SWI/SNF subunits (ARID1A, ARID2, and SMARCA4) present alterations 

in around 20% of the cases (Monterde and Varela, 2022). Accordingly, 

we selected the lung cancer cell line NCI-H460, which presents a similar 

mutational background to A549 (KRAS-mutant), and we generated 

stably-transduced cell lines by knocking down the expression of either 

ARID1A, ARID2, or SMARCA4.  

RNA-Seq experiments revealed that SWI/SNF deficiency in the 

NCI-H460 cell line was again accompanied by a significant 

dysregulation in the expression of thousands of genes (Figure 4.5). 

Similar to what we had observed in the A549 cell model, cBAF alteration 

(ARID1A deficiency) resulted in a higher number of dysregulated genes 

compared to the PBAF-altered model (ARID2 deficiency). This finding 

reinforces the requirement of cBAF complexes to keep the expression 

of deeper gene networks than PBAF complexes in the context of lung 

cancer.  

Nevertheless, as opposed to what we had observed in the A549 

model, in the NCI-H460 cell line ARID2 alteration resulted in a higher 

proportion of overexpressed genes (shARID2: 471 upregulated and 233 

downregulated), while ARID1A or SMARCA4 deficiency was generally 

associated with transcriptional repression (shARID1A: 1153 

upregulated and 1460 downregulated; shSMARCA4: 2289 upregulated 

and 2819 downregulated).  
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It is quite remarkable that SMARCA4 knock-down resulted in the 

highest number of differentially expressed genes (DEGs                 

shARID1A: 2613; shARID2: 704; shSMARCA4: 5108), which could be 

explained regarding that catalytic subunits are present in all complexes. 

Hence, its downregulation is more likely to have a greater impact 

compared to other accessory subunits that are only present in certain 

subcomplexes. Interestingly, this result indicates that SMARCA2, the 

other catalytic subunit of the complex, is not able to fully compensate 

the absence of SMARCA4, as it has been suggested in previous studies 

(Katherine C. Helming et al., 2014).  

Figure 4.5. Transcriptomic landscape of SWI/SNF-deficient NCI-H460 cell 

lines. Proportion of DEGs reported in ARID1A, ARID2, or SMARCA4-KD              

NCI-H460 stably-transduced cells, colored according to their fold change (red: 

upregulation; blue: downregulation). On the right, a Venn diagram 

representation of the overlap of DEGs reported in each NCI-H460 deficient 

condition, shARID1A (purple), shARID2 (green), or shSMARCA4 (yellow), 

separated according to their fold change. 

The comparison of the list of DEGs obtained in each stably-

transduced cell line revealed a considerably higher overlap than in A549, 

although we also reported subunit-specific transcriptional alterations. 

This effect was particularly noticeable between shARID1A and 

shSMARCA4 cells, which could be explained considering that cBAF 

complexes are the most stoichiometrically abundant subtype (Mashtalir 

et al., 2018). In line with this, around 36% of dysregulated genes as a 

result of SMARCA4 deficiency were commonly altered in ARID1A-

deficient cells (1843/5108), while only 1.8% of DEGs were shared with 

ARID2-deficient cells (93/5108).  
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Similar to what we had noticed in the A549 cell line, ARID1A or 

ARID2-deficient NCI-H460 cells share a low amount of DEGs (52 

upregulated and 78 downregulated), which strengthens the hypothesis 

that cBAF and PBAF complexes are required to regulate the expression 

of specific gene expression programs.  

SWI/SNF deficiency was accompanied by the common 

dysregulation in the expression of 99 genes (34 upregulated and 65 

downregulated), among which we can highlight the overexpression of 

transcriptional regulators implicated in development (SEBOX, NR2F1, 

and SOX18), molecules involved in cell adhesion and extracellular matrix 

remodeling (RHOF, FBLN5, CTNND2, and SEMA6B), together with the 

downregulation of EPGN, which is one of the ligands of the epidermal 

growth factor receptor, as well as genes related to the immune response 

(CCL2, IL1A, PTX3, and IFIT1). 

Regarding the low proportion of shared transcriptional 

alterations reported in the previous experiments, we wondered if the 

overlap could be observed at the pathway level instead. Therefore, we 

made use of GSEA software to identify potential signaling pathways 

commonly altered as a result of the deficiency of any of the SWI/SNF 

subunits.  

As it can be distinguished in Figure 4.6.A, we obtained a very 

high overlap at the pathway level, considering that almost half of the 

signaling pathways (8/20) were commonly altered in the context of 

SWI/SNF deficiency. Among the top 20 positively enriched molecular 

pathways in SWI/SNF-deficient cells, interestingly we observed again an 

enrichment in the epithelial to mesenchymal transition (EMT). Similarly, 

we observed a negative enrichment of genes related to the immune 

response in SWI/SNF-deficient cells. 
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Figure 4.6. Positive enrichment of EMT in SWI/SNF-deficient NCI-H460 cell 

lines. A) Venn diagram representation of the overlap between the top 20 gene 

sets positively enriched in ARID1A (purple), ARID2 (green), or SMARCA4 

(yellow)-KD NCI-H460 stably-transduced cells (left) and in control cells (right). 

B) Heatmap representation of a selection of upregulated genes related to the 

epithelial to mesenchymal transition in SWI/SNF-deficient NCI-H460 cells. 

Gene expression differences between the absence of different subunits of the 

complex (shARID2, shARID1A or shSMARCA4) and shEmpty cells (n=3 in each 

condition) have been represented according to the log2 of the fold change and 

have been indicated by colors, which range from red (upregulation) to blue 

(downregulation).   
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In particular, we observed that 3 genes related to the EMT were 

commonly upregulated in the absence of either ARID1A, ARID2, or 

SMARCA4: FBLN5 (molecule involved in cell adhesion and extracellular 

matrix remodeling), CRLF1 (receptor of cytokines type 1), and COL4A1 

(type of collagen that constitutes part of the basement membrane). 

Other transcriptional alterations were maintained in shARID1A or 

shSMARCA4 cells, as is the case of the upregulation of genes involved 

in cell migration (ID1, PLXND1, SEMA4C, MESP1, TBX1, CORO1B, ANXA6, 

RADIL, LAMA5, and NRTN), extracellular matrix organization (COL6A2, 

COL9A2, LAMC3, LAMA5, COL18A1, COL4A2, COL14A1, MMP11, ITGB5, 

PLOD3, ADAM8, and LTBP3), and mesenchymal markers (SNAI1, 

TWIST2, TGFBI, MEST, and CDH6). Moreover, we also reported specific 

transcriptional alterations for each subunit related to the EMT 

(shARID1A: PDGFRB, IGFBP2, IGFBP3, and SDC1, shARID2: CDH2, MMP2, 

VEGFC, and SLIT2; shSMARCA4: JUN, SPARC, and TGM2) (Figure 4.6.B).  

On the other hand, SWI/SNF-deficient cells presented a 

repression of some genes belonging to the functional categories TNF-α 

signaling via NFKβ and response to IFN-γ. Some of these alterations 

were conserved in all cases (IFIT1, IFIT3, PTGER4, PTX3, CXCL3, CCL2, 

and CXCL2), others were shared among ARID1A and SMARCA4-deficient 

cells (IL13RA2, IL13, CD74, TLR4, IL1B, IL6, IL8, IL7R, IFIH1, CD22, IGHM, 

and IGKC), and we also observed subunit-specific transcriptional 

changes (shARID1A: IFIT1, SOX4, KLF6, and CCL2; shARID2: IFIT2, 

IFITM2, IRF4, and GBP4; shSMARCA4:  GBP6, CFB, MX2, IFIH1, CD74, and 

CXCL1). 
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1.4. Common transcriptional alterations found in SWI/SNF-

deficient lung cancer models  

SWI/SNF deficiency resulted in an intense tissue-specific 

transcriptional reprogramming of cells characterized by thousands of 

changes in gene expression, which was highly variable depending on 

both the eliminated subunit and the specific cellular model. In order to 

discover commonly dysregulated mechanisms that are more likely to 

play an important role in lung cancer progression, we compared the 

transcriptomic landscape of either ARID1A or ARID2 knock-down in two 

lung cancer cellular models, A549 and NCI-H460, both of which harbor 

KRAS activating mutations.  

ARID1A or ARID2 deficiency was accompanied by a profound 

transcriptional rewiring of cells that did not show a common pattern in 

any of the two models, in terms of the proportion of up- and 

downregulated genes (Figure 4.7).  

However, in both cases, ARID1A-deficient cells present a higher 

number of DEGs compared to ARID2 knock-down (DEGs A549 

shARID1A: 1933, NCI-H460 shARID1A: 2613; A549 shARID2: 1155, NCI-

H460 shARID2: 704). This finding is in line with our previous 

observations and reinforces the requirement of cBAF complexes to 

ensure the expression of a higher number of genes than PBAF 

complexes.  

Accordingly, if we only consider the differentially expressed 

genes commonly reported in both cellular models, there were more 

dysregulated genes in the absence of ARID1A (225 genes) compared to 

ARID2-deficient cells (52 genes). What is more, the proportion of shared 

DEGs between the lung cancer cell models is higher in the case of 

ARID1A deficiency (8.6%) compared to ARID2-deficient cells (4.5%), 

which suggests a more conservative regulatory network between 

models in the case of cBAF complexes (these percentages have been 

calculated as the proportion of common DEGs with respect to the 

largest dataset compared, shARID1A: 225/2613; shARID2: 52/1155). 

It is quite remarkable that less than 10% of DEGs were commonly 

altered between the two lung cancer models (A549 and NCI-H460) in 

the absence of two different accessory subunits of the complex 

(ARID1A or ARID2), revealing that SWI/SNF-mediated gene expression 

regulation is even more intricate and involves additional mechanisms 

specific to each cellular model.    
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Figure 4.7. Transcriptomic landscape of SWI/SNF-deficient lung cancer cell 

lines. A) Proportion of DEGs reported in ARID1A-KD NCI-H460 and A549 stably-

transduced cells, colored according to their fold change (red: upregulation; 

blue: downregulation). On the right, a Venn diagram representation of the 

overlap of DEGs reported in each ARID1A-deficient condition, NCI-H460 (red) or 

A549 (green), separated according to their fold change. B). Proportion of DEGs 

reported in ARID2-KD NCI-H460 and A549 stably-transduced cells, colored 

according to their fold change (red: upregulation; blue: downregulation). On the 

right, a Venn diagram representation of the overlap of DEGs reported in each 

ARID2-deficient condition, NCI-H460 (red) or A549 (green), separated 

according to their fold change. 
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Among the shared transcriptional alterations reported in 

ARID1A-deficient lung cancer cell lines (166 upregulated and 59 

downregulated), we can highlight the overexpression of molecules 

involved in cell migration (GRB7, ADAMTS7, and LLGL2), the 

downregulation of the tumor suppressor gene CDH5, and a general 

dysregulation of developmental genes (NR2F1, BARX1, NOTCH3, 

MLXIPL, FOSL1, CHAC1, and TRIM29).  

Functional analysis performed in both ARID1A knock-down cell 

lines revealed a positive enrichment in angiogenesis and the PI3K-AKT-

mTOR signaling pathways. While there were commonly upregulated 

genes in both cell lines (PLCG1, MKNK2, TNFRSF1A, TRIB3, PAK4, VAV3, 

PITX2, CALR, and JAG2), we could also find genes specifically 

dysregulated in each model (A549: VEGFA, LUM, VCAN, and NRP1;          

NCI-H460: FGFR1 and VAVA2).  

In the case of ARID2-deficient cells, among the commonly 

altered genes (25 upregulated and 27 downregulated), we can highlight 

the upregulation of molecules that promote angiogenesis and cell 

growth (MDK and VEGFC), together with the downregulation of genes 

involved in cell adhesion (NRXN3, VCAN, CDHR1, NTM, OLFML3, and 

ST8SIA4).  

In addition to this, functional analysis performed in ARID2-

deficient lung cancer cell lines revealed potential alterations in several 

molecular pathways, highlighting a higher progression through cell 

cycle (POLE, PRIM2, CDC25A, MCM2, MCM3, MCM6, BARD1, TMPO, 

PLK4, AURKA, XPO1, MKI67, ESPL1, and RAD21) and the epithelial to 

mesenchymal transition (VEGFC, LAMA3, COL1A1, ECM2, and DPYSL3). 

We also found an upregulation of genes involved in DNA repair 

mechanisms, which were not conserved among cell lines (A549:  RAD51, 

RPA3, FEN1, POLD1, POLD3, and TYMS; NCI-H460: BRCA1, BRCA2, POLQ, 

POLE, and RAD50).   
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A summary of the molecular pathways positively enriched in 

each SWI/SNF-deficient stably-transduced cell line can be found in 

Table 4.1. In this table we have represented a selection of the top 20 

positively enriched signaling pathways in each condition and we have 

colored them according to their frequency across different cellular 

models. Among the recurrently altered events, we have found an 

enrichment of the epithelial to mesenchymal transition in almost all 

SWI/SNF-deficient models generated. However, although we found 

some commonly overexpressed genes after removing different 

SWI/SNF subunits in at least one lung cancer cellular model (TWIST2, 

CDH2, MMP2, VEGFC, SDC1, and JUN), the majority of upregulated 

genes tended to be subunit-specific. This finding might imply an 

activation of this biological process in the context of SWI/SNF 

deficiency, but how cells reach this state is probably different.  

Finally, it is also worth mentioning that this transcriptomic 

analysis has enable us to identify potentially activated signaling 

pathways that could contribute to tumorigenesis. Apart from the 

positive enrichment of the epithelial to mesenchymal transition, in 

certain cases we have reported a potential activation of cell cycle, DNA 

repair, MAPK, and PI3K-AKT molecular pathways. Nevertheless, 

experimental validation is still required to prove that these alterations 

are certainly driving phenotypic changes in the cells.  

Consistent with this idea, during the composition of this doctoral 

thesis, in our laboratory we described that ARID2 deficiency in lung 

cancer cellular models is accompanied by a higher proliferative and 

metastatic potential of cells in vivo and in vitro (Figure 4.8). These 

findings are reflecting an activation of cell cycle progression that could 

be explained by the upregulation of MYC targets and genes involved in 

the G2M checkpoint.   
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Figure 4.8. ARID2 deficiency increases proliferative and metastatic potential 

of cells in vitro and in vivo. A) Histograms representing the proportion of A549 

cells in each cell division at 48h, estimated by CFSE labeling and measured by 

flow cytometry. Bellow, bar representation of the percentage of cells that have 

suffered each number of cell divisions, indicated by different colors.                       

B) Bar representation of quantified cells in destination chamber on migration 

and invasion assays of A549 cells transduced with two different shRNAs 

targeting ARID2 (blue and red bars). Data are shown as mean ± SEM of three 

independent experiments, relative to control cells, A549 Empty vector (black 

bars), (two-tailed t-test *p < 0.05, **p < 0.01, and ***p < 0.001). C) Representative 

images of lung metastases generated in intravenously injected 

immunocompromised mice with A549 cells transduced either with shEmpty or 

shARID2_v3 vectors. On the right, a quantification of the number and size of 

tumors generated in both groups is shown (one-tailed Fisher’s exact test             

*p < 0.05, **p < 0.01, and ***p < 0.001). 
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Cell line SWI/SNF KD Positively enriched functional terms 

A549 

shARID1A 

Angiogenesis PI3K AKT mTOR signaling 

IL2 STAT5 signaling Apical junction 

Upstream KRAS signaling Response to IFNγ 

shARID1B 

Angiogenesis 
Epithelial to mesenchymal 

transition 

Response to IFNα G2M checkpoint 

Upstream KRAS signaling Response to IFNγ 

shARID2 

G2M checkpoint MYC targets 

DNA repair mTORC1 signaling 

PI3K AKT mTOR signaling 
Epithelial to mesenchymal 

transition 

NCI-H460 

shARID1A 

E2F targets Apical junction 

DNA repair 
Epithelial to mesenchymal 

transition 

Mitotic spindle PI3K AKT mTOR signaling 

shARID2 

Apical junction Upstream KRAS signaling 

IL2 STAT5 signaling Upstream response to UV 

G2M checkpoint 
Epithelial to mesenchymal 

transition 

shSMARCA4 

NOTCH signaling 
Downstream KRAS 

signaling 

Wnt β catenin signaling Apical junction 

Angiogenesis 
Epithelial to mesenchymal 

transition 

Caco-2 

shARID1A 

Response to IFNγ IL2 STAT5 signaling 

Response to IFNα Angiogenesis 

Downstream response to 
UV 

Epithelial to mesenchymal 
transition 

shARID1B 

G2M checkpoint Upstream KRAS signaling 

Angiogenesis E2F targets 

Epithelial to mesenchymal 
transition 

TGF-β signaling 

SK-OV-3 shARID1A 

IL2 STAT5 signaling IL6 JAK STAT3 signaling 

Mitotic spindle NOTCH signaling 

Epithelial to mesenchymal 
transition 

Upstream KRAS signaling 

Legend 1 2-3 4-5 > 5 

 

Table 4.1. Functional categories enriched in SWI/SNF-deficient cell lines. 

Each column contains a selection of the most relevant signaling pathways 

positively enriched in SWI/SNF-deficient models from the top 20 results 

obtained using the GSEA hallmark gene set (Liberzon et al., 2015). Functional 

terms are depicted in different tones of blue depending on the number of cell 

lines that share the same alteration: from light blue (unique events) to dark blue 

(events found in more than five different cell lines).  
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2. Therapeutic implications of SWI/SNF-altered lung cancer 

patients 

Once we had seen the potential molecular pathways frequently 

altered as a result of SWI/SNF deficiency, we wondered if this 

knowledge could have implications for the treatment of SWI/SNF-

mutated patients. Among them, we were particularly interested in the 

study of the epithelial to mesenchymal transition and DNA repair, due to 

their potential implications in the context of lung cancer treatment.   

 

2.1. Mutual exclusivity between SWI/SNF and EGFR mutations 

One of the molecular pathways that we found recurrently 

enriched in SWI/SNF-deficient models is the epithelial to mesenchymal 

transition (Table 4.1). It has been reported that SWI/SNF complexes 

play an important role during the process of cellular differentiation 

(Jones et al., 2022). Therefore, loss of SWI/SNF activity could be 

accompanied by an increased cellular plasticity. Epithelial to 

mesenchymal transition is frequently observed in different tumors 

types, is characterized by the altered expression of adhesion molecules 

that allows cells to adopt a migratory and invasive behavior (Nieto et al., 

2016), and has been associated with treatment resistance (Byers et al., 

2013; Engl et al., 2015; Fischer et al., 2015), especially to targeted 

therapies against molecular pathways that fuel cellular proliferation. 

In the particular case of lung cancer, many patients present an 

overactivation of the epidermal growth factor receptor (EGFR) pathway 

(Skoulidis and Heymach, 2019), which is typically combated with the 

use of specific inhibitors. In order to check if there were further evidence 

of a relationship between SWI/SNF alterations and EGFR signaling 

pathway, we analyzed the publicly available data from lung 

adenocarcinoma patients generated during the TCGA consortium   

(http://www.tcgaportal.org/TCGA/Lung_TCGA_LUAD/index.html).  

According to the information deposited at the time of the 

elaboration of this doctoral thesis, SWI/SNF genes are collectively 

mutated in around 20% of the cases, with SMARCA4 (8%), ARID1A (6%), 

ARID2 (6%), and SMARCA2 (3%) being the most commonly altered 

http://www.tcgaportal.org/TCGA/Lung_TCGA_LUAD/index.html
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subunits (Figure 4.9.A and Supplementary Table 4) (Monterde and 

Varela, 2022).  

Figure 4.9. Mutual exclusivity between SWI/SNF and canonical pathways 

altered in lung adenocarcinoma. A) Oncostrip representation of the non-

synonymous mutations found by MuTect2 (Cibulskis et al., 2013) in patients 

with lung adenocarcinoma (LUAD) extracted from the TCGA-LUAD project 

dated March 2022 . For each gene (rows), the presence of mutations in each of 

the 567 patients (columns) is represented in different colors, according to the 

mutation predicted functional consequence. SWI/SNF mutation rate has been 

calculated as the proportion of patients that harbor at least one mutation in one 
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of the components of SWI/SNF complexes in relation to the total number of 

patients. Silent mutations were excluded to calculate the mutation frequency 

of each subunit. KRAS-EGFR, KRAS-TP53, STK11-EGFR, TP53-SWI/SNF, TP53-

SMARCA4, and EGFR-SMARCA4 mutations are mutually exclusive. B) Venn 

diagram representation comparing the number of LUAD patients with 

mutations in the most frequently altered subunits of SWI/SNF complexes.  

The fact that more than one subunit of the complex is mutated 

in patients of this particular tumor type suggests that SWI/SNF 

alteration involves common molecular mechanisms that finally lead to 

tumor development.  

The number of SWI/SNF-mutated samples is not large enough 

to prove significant mutual exclusivity relationships between the 

individual subunits. However, from the total cohort of 115 patients with 

SWI/SNF-mutated tumors, only 10 patients harbored alterations in more 

than one subunit (8.7%), which indicates that collectively SWI/SNF 

mutations are mutually exclusive (p-value<0.0001, one-tailed Fisher’s 

exact test) (Figure 4.9.B). This finding supports the idea that SWI/SNF 

mutations might provide selective advantages to tumor cells that once 

acquired, there is no further need to inactivate other components by 

secondary mutations.  

In addition to this, SWI/SNF-mutated patients show TP53 and 

KRAS mutations in similar ratios to no-mutated patients. Nevertheless, 

SWI/SNF-mutant patients show a lower EGFR mutation ratio (9/115  ~ 

7.8%) than the 12% (68/567) observed in the complete cohort, although 

this difference is not statically significant (p-value=0.0797, one-tailed 

Fisher’s exact test). This bias is mainly the result of SMARCA4 

mutations showing significant mutual exclusivity with EGFR mutations 

in this dataset, as only 2% (1/47) of SMARCA4-mutated patients show 

EGFR mutations versus the 12% that would be expected by chance                      

(p-value=0.0151, one-tailed Fisher’s exact test).  

This observation extends previous results (Matsubara et al., 

2013) and suggests the existence of either synthetic lethality 

relationships or redundant tumor progression-promoting activities.  
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2.2. SWI/SNF deficiency increases cell resistance to EGFR 

inhibitors 

SWI/SNF-deficient cells presented an upregulation of certain 

genes involved in the epithelial to mesenchymal transition. Moreover, 

we reported a pattern of mutually exclusive mutations between 

SWI/SNF and EGFR in lung adenocarcinoma patients. Thus, we 

hypothesized that the presence of SWI/SNF alterations could have an 

impact on the sensitivity of the cells to treatments based on the 

inhibition of EGFR.  

To figure out if that was the case, we treated the knock-down 

cells with different concentrations of dacomitinib and we assessed the 

sensitivity of each cell line by computing the half-maximal inhibitory 

concentration (IC50). Dacomitinib is a second-generation tyrosine kinase 

inhibitor used in the treatment of lung cancer, which has been specially 

developed to overcome the EGFR T790M resistance mutation.  

Considering that the positive enrichment in the epithelial to 

mesenchymal transition was specially significant in the case of       

ARID2-KD NCI-H460 cells, we first tested the sensitivity of this cellular 

model to EGFR inhibitors. As it can be distinguished in Figure 4.10.A, 

ARID2-deficient NCI-H460 cells presented an enhanced resistance to 

the inhibition of EGFR, evidenced by a higher drug concentration 

required to obtain a 50% of cell death (IC50).  

NCI-H460 cell line contains an activating KRAS mutation. Hence, 

in order to decipher whether this effect could rely on the activation of 

the KRAS signaling pathway, we performed equivalent experiments in 

the NCI-H1568 cell line, which is wild-type for KRAS, but presents an 

inactivating mutation in TP53. This assay showed that ARID2-deficient 

NCI-H1568 cells also exhibited higher resistance to EGFR inhibitors 

(Figure 4.10.B).  

Finally, we conducted the same experiments in the NCI-H226 cell 

line, which is wild-type for both genes, and we confirmed that this 

increased resistance was conserved, regardless of the mutational 

background of KRAS and TP53 genes (Figure 4.10.C).  
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Thus, our findings collectively indicate that, in the context of 

ARID2 deficiency, resistance to EGFR inhibition is independent of the 

mutational status of KRAS and TP53. 

Figure 4.10. Sensitivity of SWI/SNF-deficient cell lines to EGFR inhibition. 

Representative experiments measuring cell survival to increasing 

concentrations of the EGFR inhibitor dacomitinib (PF-00299804) on NCI-H460 

(A, D, and E), NCI-H1568 (B), and NCI-H226 (C) cell lines transduced with 

shEmpty (black), shARID2 (red), shARID1A (blue), or shSMARCA4 (green) 

vectors. Bar graphs represent the calculated IC50 value for each experiment. In 

all cases, the results are represented as mean ± SEM of at least three 

independent experiments (two-tailed t-test *p < 0.05, **p < 0.01, and                     

***p < 0.001).  
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Next, we wondered if this effect would be maintained after 

inactivating other subunits of the complex, taking into account that we 

had observed a positive enrichment in the epithelial to mesenchymal 

transition pathway in other SWI/SNF-deficient NCI-H460 cell lines. As 

shown in Figure 4.10.A, Figure 4.10.D and Figure 4.10.E, ARID2, ARID1A 

or SMARCA4 deficiency resulted in higher resistance to EGFR inhibition. 

These findings reinforce the idea that the alteration of a particular 

subunit of the SWI/SNF complex is enough to achieve an enhanced 

resistance to EGFR inhibitors in the context of lung cancer.  

Therefore, SWI/SNF mutational status appears to be very 

relevant in lung cancer treatment decisions, as our data suggest that 

SWI/SNF-mutated patients might present a worse response to 

treatments based on the inhibition of the EGFR signaling.  

In order to unravel the molecular mechanisms contributing to the 

increased resistance to EGFR inhibition, we performed additional      

RNA-Seq experiments on ARID2-deficient NCI-H460 and control cells 

after adding dacomitinib to the medium. A complete list of the 

normalized counts and the results of differential expression analysis of 

ARID2-deficient and control NCI-H460 cells treated with EGFR inhibitor 

dacomitinib for 0, 24 and 48 hours can be found in Supplementary    

Table 3. 

Although we have already observed an upregulation of several 

mesenchymal genes in ARID2-deficient cells compared to controls, after 

the treatment with dacomitinib these differences deeply increased 

(Figure 4.11). The role of some of these genes (e.g. MYL9, EMP3, FN1, 

TGBI, and ECM1) in the epithelial to mesenchymal transition has been 

extensively characterized before (Dong et al., 2022; Gan et al., 2018; 

Kahm et al., 2021). Even though the treatment with dacomitinib also 

triggered an epithelial to mesenchymal transition in control cells, this 

process takes longer and is less intense compared to ARID2-deficient 

cells. The epithelial to mesenchymal transition is a reported effect of 

EGFR inhibition and constitutes one of the main mechanisms 

associated with resistance to epidermal growth factor receptor 

inhibition (Li et al., 2017; Weng et al., 2019; Zhu et al., 2019).  
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Figure 4.11. Transcriptional alterations found in ARID2-deficient NCI-H460 

cells treated with the EGFR inhibitor dacomitinib. Heatmap representation of 

a selection of differently expressed genes in ARID2-deficient NCI-H460 cells          

(n = 3) at different times of exposure to EGFR inhibitor dacomitinib (0, 24 and 

48 h) and grouped according to their biological function. Gene expression 

differences between shARID2 and shEmpty cells have been represented 

according to the log2 of the fold change and have been indicated by colors, 

which range from red (upregulation) to blue (downregulation).  
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Thus, our results are in agreement with the general model in 

which SWI/SNF-deficient cells are in a less robust epithelial 

differentiation state and, therefore, undergo this transition easier and 

faster than control cells. This behaviour likely explains the higher 

resistance to dacomitinib treatment observed in ARID2-deficient cells. 

Accordingly, these changes were also accompanied with an 

upregulation of genes involved in cell migration (NCAM1, NTRK1, 

L1CAM, HYAL1, and OPHN1), together with a downregulation of genes 

associated with cell adhesion (SDK1, NRXN3, FBN1, VCAN, FGG, 

CLDN11, ICAM5, IGFBP7, and CDH4).   

 

2.3. DNA repair alteration in ARID2-deficient cells 

Functional analysis of the transcriptional alterations found in 

SWI/SNF-deficient cells, and particularly ARID2 knock-down models, 

showed a significant upregulation of genes involved in DNA damage 

detection and repair, suggesting a defective DNA damage response 

(Figure 4.12). We selected the GSEA gene sets sorted by biological 

function to figure out if DNA repair was a recurrently altered pathway in 

other databases. As a result, we observed that Gene Ontology terms 

“DNA repair”, “Damaged DNA binding”, “DNA synthesis involved in DNA 

repair”, and “Transcription coupled to Nucleotide Excision Repair" were 

particularly overrepresented in ARID2-deficient A549 cells.   
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Figure 4.12. DNA repair mechanisms are positively enriched in the absence of 

ARID2. Representative signaling pathways overrepresented in ARID2-deficient 

A549 cells using Gene Set Enrichment Analysis (GSEA) from RNA-Seq data. 

Bellow a heatmap representation showing the expression of a selection of 

upregulated genes belonging to these ontologies in the different replicates is 

included. Gene expression differences between shARID2 and shEmpty cells 

have been represented according to the log2 of the fold change and have been 

indicated by colors, which range from red (upregulation) to blue 

(downregulation). 
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As DNA repair alteration leads to increased genomic instability, 

one of the recurrently observed cancer hallmarks (Hanahan and 

Weinberg, 2011), and can be exploited to improve the treatment of 

cancer patients, we decided to analyze the potential role of ARID2 in 

DNA repair. To that end, we performed immunofluorescence assays in 

DNA-damaging conditions to check the location of ARID2. In particular, 

we treated wild-type cells with etoposide, a chemotherapeutic agent 

that forms a ternary complex with DNA and topoisomerase II, inhibiting 

the ability of the enzyme to ligate cleaved DNA fragments and producing 

DNA strand breaks (van Maanen et al., 1988).  

As shown in Figure 4.13, ARID2 colocalizes with markers of DNA 

damage (e.g. 53BP1 and γH2AX) at the DNA-repair foci in untransduced 

A549 cells. This finding strengthens the idea that ARID2 is recruited to 

DNA damage foci and exerts an active role in DNA repair mechanisms. 

Figure 4.13. ARID2 colocalizes with DNA repair proteins. Representative 

images of immunofluorescence experiments performed in wild-type A549 cells 

demonstrating colocalization of 53BP1 (green) and ARID2 (red) (upper panel) 

and γH2AX (red) and ARID2 (green) (lower panel) at DNA damage foci. 

Colocalization was confirmed on the right through parallel quantifying the red 

and green signals on a manually selected path (white line) across the image 

using the LineScan tools from Methamorph software.  

Subsequently, we decided to test whether ARID2 deficiency 

could have an impact on the accumulation of DNA damage. Thus, we 

performed time-lapse experiments consisting of inducing the DNA 

damage response by a 1-hour treatment with etoposide, followed by cell 

recovery at different time points. We measured DNA damage 

53BP1DAPI ARID2 Merge Linear-scan

ARID2DAPI γH2AX Merge Linear-scan
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accumulation by γH2AX immunostaining. In order to avoid possible 

fluctuations between the basal γH2AX signal in each cell line, a control 

consisting of cells without treatment with etoposide was included to 

normalize the results measured at each time point.   

As it can be observed in Figure 4.14, although there were no 

statistically significant differences in the amount of DNA damage foci 

between ARID2-deficient and control cells just after the 

chemotherapeutic treatment, ARID2-deficient cells showed a clear delay 

in DNA damage resolution evidenced by a higher number of γH2AX foci 

at 24, 48 and 72 hours after removing the drug from the medium. 

 

Figure 4.14. Effect of ARID2 deficiency on DNA repair mechanisms in A549 

cells. Representative images of DNA-repair foci visualized by γH2AX 

immunofluorescence (green) in transduced nuclei stained with DAPI at 

different recovery times after the treatment with etoposide in the A549 cell line. 

On the bottom, bar representation of the number of foci in each transduced cell 

line (shARID2_V3 or shEmpty) at different times of recovery after the induction 

of DNA damage with etoposide. For each cell line, a control consisting of the 

basal γH2AX signal in cells grown without etoposide was included for data 

normalization. The results are represented as mean ± SEM of at least three 

independent experiments (two-tailed t-test *p < 0.05, **p < 0.01, and ***p < 

0.001).  
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In order to validate these observations in another cellular model, 

we performed equivalent experiments on the NCI-H460 cell line, which 

presents a similar mutational background to A549 cells (KRAS-

mutated). ARID2-deficient NCI-H460 cells also showed a significant 

delay in the resolution of DNA damage upon treatment with etoposide 

at 24 hours of recovery, but these differences were lost at higher times 

of recovery (Figure 4.15). This finding suggests that NCI-H460 cells 

require less time than A549 cells to resolve the accumulated DNA 

damage induced by the treatment with etoposide. 

 

Figure 4.15. Effect of ARID2 deficiency on DNA repair mechanisms in            

NCI-H460 cells. Representative images of DNA-repair foci visualized by γH2AX 

immunofluorescence (green) in transduced nuclei stained with DAPI at 

different recovery times after the treatment with etoposide in NCI-H460 cell 

line. On the bottom, bar representation of the number of foci in each transduced 

cell line (shARID2_V3 or shEmpty) at different times of recovery after the 

induction of DNA damage with etoposide. For each cell line, a control 

consisting of the basal γH2AX signal in cells grown without etoposide was 

included for data normalization. The results are represented as mean ± SEM of 

at least three independent experiments (two-tailed t-test *p < 0.05, **p < 0.01, 

and ***p < 0.001). 
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 Subsequently, considering that neither A549 nor NCI-H460 cell 

lines contain TP53 mutations, we decided to check the contribution of 

the TP53 pathway to the observed effect on DNA damage accumulation. 

Accordingly, we initiated the same experiments in the NCI-H1568 cell 

line, which contains an inactivating mutation in TP53 (H179R), but is 

wild-type for KRAS.  

In this particular cell line, loss of ARID2 is accompanied by a 

significantly higher amount of DNA damage at 48 and 72 hours of 

recovery (Figure 4.16). It is quite remarkable that the number of DNA 

damage foci measured per cell is the highest one compared to the 

previous experiments, which could be explained due to the lack of 

proper TP53 function. 

 

Figure 4.16. Effect of ARID2 deficiency on DNA repair mechanisms in            

NCI-H1568 cells. Representative images of DNA-repair foci visualized by 

γH2AX immunofluorescence (green) in transduced nuclei stained with DAPI at 

different recovery times after the treatment with etoposide in NCI-H1568 cell 

line. On the bottom, bar representation of the number of foci in each transduced 

cell line (shARID2_V3 or shEmpty) at different times of recovery after the 

induction of DNA damage with etoposide. For each cell line, a control 
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consisting of the basal γH2AX signal in cells grown without etoposide was 

included for data normalization. The results are represented as mean ± SEM of 

at least three independent experiments (two-tailed t-test *p < 0.05, **p < 0.01, 

and ***p < 0.001). 

Altogether our findings support the idea that the impaired DNA 

damage response observed in the absence of ARID2 is not dependent 

on KRAS nor on TP53 functions.  

Finally, we conducted the same experiments in the NCI-H226 cell 

line, which is wild-type for KRAS and TP53 genes. As it can be seen in 

Figure 4.17, there were no statistically significant differences between 

ARID2-deficient and control cells. Interestingly, this cell line presents the 

lowest amount of DNA damage foci measured per cell. This resistance 

to DNA damage accumulation might explain our failure to identify 

significant differences. 

 

Figure 4.17. Effect of ARID2 deficiency on DNA repair mechanisms in            

NCI-H226 cells. Representative images of DNA-repair foci visualized by γH2AX 

immunofluorescence (green) in transduced nuclei stained with DAPI at 

different recovery times after the treatment with etoposide in NCI-H226 cell 

line. On the bottom, bar representation of the number of foci in each transduced 

cell line (shARID2_V3 or shEmpty) at different times of recovery after the 



Results  

 

128 

 

induction of DNA damage with etoposide. For each cell line, a control 

consisting of the basal γH2AX signal in cells grown without etoposide was 

included for the normalization of the data. The results are represented as mean 

± SEM of at least three independent experiments (two-tailed t-test *p < 0.05,    

**p < 0.01, and ***p < 0.001). 

 

 

2.4. ARID2 deficiency increases cell sensitivity to chemotherapy 

and PARP inhibition 

As platinum-based chemotherapy is widely used for the 

treatment of lung cancer patients (Chen et al., 2014), and we have seen 

that ARID2-deficient cells present deficiencies in DNA repair 

mechanisms, we hypothesized that ARID2-deficient cells might show 

different sensitivities to DNA-damaging agents.  

Consequently, we first examined the sensitivity of ARID2-

deficient cell lines to the chemotherapeutic agents cisplatin and 

etoposide. As it can be seen in Figure 4.18.A, in concordance with a 

defective DNA repair machinery, ARID2-deficient A549 cells exhibited a 

higher sensitivity to both compounds compared to control cells.  

A similar effect was observed in NCI-H460 transduced cells 

(Figure 4.18.B). Both observations suggest that SWI/SNF-mutated lung 

cancer patients might show higher response rates to DNA-damaging 

treatments.  
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 Figure 4.18. ARID2 deficiency increases sensitivity to cisplatin, etoposide, and 

veliparib in A549 and NCI-H460 cell lines. Representative experiments 

measuring cell survival to increasing concentrations of the chemotherapeutic 

agents cisplatin and etoposide on A549 (A) and NCI-H460 cells (B) transduced 

with shEmpty (black), or shARID2_v3 (red) vectors. C) Sensitivity to PARP 

inhibitor veliparib in A549 (left) and NCI-H460 cells transduced with shEmpty 

(black), or shARID2_v3 (red) vectors. Bar graphs represent the calculated IC50 

value for each experiment. In all cases, the results are represented as mean ± 

SEM of at least three independent experiments (two-tailed t-test *p < 0.05,        

**p < 0.01, and ***p < 0.001).  
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In addition to this, in the last decade, many researchers have 

described a higher sensitivity of PARP inhibitors in tumors harboring 

defects in DNA-repair mechanisms due to synthetic lethality (Lord and 

Ashworth, 2017). Consequently, we checked if this might apply as well 

to ARID2-deficient cells. As it can be seen in Figure 4.18.C, in both A549 

and NCI-H460 cell lines ARID2 loss led to a higher sensitivity to veliparib, 

a well-described PARP inhibitor that is under research in several clinical 

trials in breast, ovarian, and most importantly, lung cancer.  

Thus, our findings reinforce the importance of SWI/SNF 

mutational status in the assignment of the most appropriate treatment 

for cancer patients. In particular, ARID2 deficiency could be used as a 

marker for the stratification of lung cancer patients that may benefit 

from treatments based on the promotion of genomic instability. 
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3. Molecular mechanisms involved in SWI/SNF-mediated 

gene expression regulation 

3.1. Chromatin structure alteration of SWI/SNF-deficient cell 

lines  

Considering that the main biological function of the SWI/SNF 

complex is the modulation of chromatin structure, we hypothesized that 

the transcriptional alterations observed in SWI/SNF-deficient cells 

might be the result of changes in its chromatin remodeling activity. 

Thus, we performed ATAC-Seq experiments on the knock-down cell 

lines.   

The deficiency of each SWI/SNF subunit was accompanied by 

hundreds of specific chromatin structural changes at the complete 

genome, without a clear pattern of gain or loss of accessibility. This 

pattern was highly variable depending on both the cellular context and 

the eliminated subunit (Figure 4.19).  

Figure 4.19. Chromatin structure alterations found in SWI/SNF-deficient cell 

lines. Barplot representing the proportion of regions that gain (purple) or lose 

(green) accessibility following ARID1A, ARID1B, ARID2, or SMARCA4 knock-

down in A549, NCI-H460, and Caco-2 cell lines, at the complete genome (G), 

and at enhancers (E) identified in the GeneHancer project (Fishilevich et al., 

2017).  
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It is particularly noticeable that ARID1B deficiency barely altered 

chromatin accessibility neither in lung nor in colorectal cancer, as only 

56 and 426 regions, respectively, showed significant changes compared 

to the many hundreds observed in the case of other subunits.  

Taking into account the proposed role of SWI/SNF complexes at 

regulatory regions, we checked the global effect on the regions 

described as enhancers as part of the GeneHancer project (Fishilevich 

et al., 2017). In most cases, we observed a clear loss of accessibility 

affecting enhancers, which is statistically significant compared to the 

alterations found on the complete genome (Figure 4.19).  

Those genomic regions with altered chromatin accessibility 

presented a low overlap, meaning that each subunit is required to 

modulate the structure of different sites. In addition to this, cBAF 

alteration (ARID1A deficiency) generally mediated the accessibility of 

more regions than PBAF complexes (ARID2 deficiency), supporting its 

broader role in gene expression regulation. In all cellular contexts, we 

observed a higher overlap between those regions with a significant loss 

of accessibility (Figure 4.20.A).  

Similar to what was observed in the transcriptomic analysis of 

SWI/SNF-deficient cell lines (previously addressed in chapter 1: 

“Characterization of the molecular mechanisms behind the role of 

SWI/SNF alteration in lung cancer development”), changes in chromatin 

accessibility showed high variability depending on the subunit 

composition of the complex.  

Interestingly, in the context of SWI/SNF deficiency, A549 cell 

lines presented a predominant loss of accessibility at distal regions to 

gene transcription start sites, which could be the result of a specific 

effect on enhancers (Figure 4.20.B). Similar findings were reported in 

the colorectal cancer cell line Caco-2. However, in the case of NCI-H460 

cell lines, we also observed regions located near the transcription start 

site especially affected by changes in accessibility, which might 

probably be affecting promoters. This effect is particularly remarkable 

in the case of ARID1A-deficient cells (shARID1A: 74.1%, 558/753, 

shARID2: 27.3% 180/660, shSMARCA4: 38.2%, 1117/2924).  
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Figure 4.20. Alteration of chromatin accessibility of SWI/SNF-deficient cell 

lines. A) Venn diagram representation of the overlap between regions that gain 

or lose accessibility in each A549, NCI-H460, and Caco-2 deficient condition, 

shARID1A (purple), shARID2 (green), shARID1B (orange), shSMARCA4 (yellow). 

B) Barplot distribution of the proportion of genomic regions that significantly 

lose accessibility as a result of SWI/SNF deficiency according to their distance 

to the nearest transcription start site (TSS) and their relative orientation 

(upstream or downstream). Categories representing several distances to TSS 

are plotted in different colors. 
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Subsequently, we performed sequence-based motif analysis on 

the affected regions using HOMER to identify DNA-binding sites 

indicative of specific transcription factors. The results of this analysis 

showed that, in most cases, binding motifs of the AP-1 transcription 

factors were particularly enriched in those genomic regions that showed 

less accessibility on SWI/SNF-deficient lung cancer cell lines (Figure 

4.21).  

 

Figure 4.21. Enrichment of sequence motifs identified by HOMER in those 

regions that lost chromatin accessibility after SWI/SNF deficiency. The most 

significant motifs identified in each SWI/SNF-deficient cell model are shown. 

In most cases, a recurrent sequence, TGA(C/G)TCA, recognized by the AP-1 

transcription factors was found.  

AP-1 transcription factor family has been previously described 

to be abundantly present in enhancers (Sheffield et al., 2013; Bejjani et 

al., 2019). Consequently, our findings are in agreement with the 

proposed specific role of SWI/SNF complexes in establishing an open 

chromatin conformation at enhancers.  

The identified recurrent sequence, TGA(C/G)TCA (TRE site) (Wu 

et al., 2021), was also detected after knocking down some accessory 

subunits of the complex in the colorectal cancer cell line Caco-2 (Figure 

4.21). In this particular cellular context, Sen and coworkers identified a 

direct binding of ARID1A in AP-1 occupied enhancers (Sen et al., 2019). 

Moreover, the Greenberg lab demonstrated that AP-1 transcription 

factors mediate the targeting of SWI/SNF complexes to specific 

enhancers across the genome during the process of cell differentiation 

(Vierbuchen et al., 2017). Altogether, these results strengthen the idea 

that SWI/SNF alteration might affect the ability of the complex to 

regulate enhancer accessibility and developmental processes.   
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In the particular case of ARID1A-deficient NCI-H460 cells, we 

selected the genomic regions that were located near the transcription 

start site (± 1kb), as they were the most affected by changes in 

accessibility (74.1%, 558/753). The main finding of sequenced-based 

motif analysis was a sequence recognized by the NF-Y transcription 

factor, which is known to bind promoter proximal sites to ensure the 

maintenance of nucleosome-depleted regions (Oldfield et al., 2019) 

(Figure 4.21). Therefore, this result supports the fact that ARID1A 

cooperates with other nuclear components to keep an open chromatin 

structure at promoters.  

Our findings collectively point to a major effect of SWI/SNF 

complexes in ensuring chromatin accessibility at regulatory regions 

responsible for gene expression regulation, such as enhancers and 

promoters.  

Although we have seen a general loss of accessibility affecting 

enhancers as a result of SWI/SNF deficiency, the affected regions 

presented a low overlap (Figure 4.22). This result suggests that each 

subunit modulates the accessibility of different enhancers. Similar to 

what was reported in the alterations of the complete genome, there was 

a higher overlap between those enhancers with a significant loss of 

accessibility. 

 

Figure 4.22. Alteration of enhancer accessibility of SWI/SNF-deficient cell 

lines. Venn diagram representation of the overlap between enhancers 

identified with the GeneHancer database that gain or lose accessibility in each 

A549, NCI-H460, and Caco-2 deficient condition, shARID1A (purple), shARID2 

(green), shARID1B (orange), shSMARCA4 (yellow). 
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3.2. Correlation between alterations in enhancer accessibility 

and gene expression in SWI/SNF-deficient cell lines  

Considering that SWI/SNF deficiency altered the gene 

expression program of the cells and its chromatin remodeling effect 

was mainly affecting enhancers, we hypothesize that dysregulated 

genes might be the result of changes in the accessibility of their 

theoretical enhancers.  

 

Figure 4.23. Correlation between gene expression changes and alterations in 

chromatin accessibility of enhancers in SWI/SNF-deficient lung cancer cell 

lines. Dot plots representing the correlation between the accessibility changes 
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in enhancers obtained by ATAC-Seq (Y-axis) according to the GeneHancer 

project and expression changes on their target genes obtained by RNA-Seq (X-

axis) for the different stably-transduced cell lines are shown. Blue dots 

represent enhancers that showed significant accessibility changes in SWI/SNF-

deficient lung cancer cell lines.  

Therefore, in order to identify potential targets of the complex, 

we looked for a general correlation between transcriptional alterations 

and changes in the accessibility of their associated enhancers 

according to the GeneHancer project.  

However, as shown in Figure 4.23 and Figure 4.24, we did not 

observe a clear correlation between alterations in gene expression and 

enhancer accessibility in any of the SWI/SNF-deficient lung or colorectal 

cancer models.  

 

Figure 4.24. Correlation between gene expression changes and alterations in 

chromatin accessibility of enhancers in SWI/SNF-deficient colorectal cancer 

cell lines. Dot plots representing the correlation between the accessibility 

changes in enhancers obtained by ATAC-Seq (Y-axis) according to the 

GeneHancer project and expression changes on their target genes obtained by 

RNA-Seq (X-axis) for the different stably-transduced cell lines are shown. Blue 

dots represent enhancers that showed significant accessibility changes in 

SWI/SNF-deficient colorectal cancer cell lines.  

Consequently, we hypothesize that the mechanisms of gene 

expression regulation mediated by SWI/SNF complexes are more 

intricate and cannot be explained just by changes in the accessibility of 

enhancers. 
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3.3. Alteration of enhancer activity in SWI/SNF-deficient lung 

cancer cell lines  

In order to get further insight into how SWI/SNF regulates 

enhancer activity, we characterized the genome-wide distribution of 

histone epigenetic marks (H3K27ac, H3K4me1, H3K4me3, and 

H3K27me3) in SWI/SNF-deficient NCI-H460 cell lines using the 

CUT&RUN methodology (a detail description of this technique is 

addressed in chapter 2.6).  

Subsequently, we used ChromHMM software, which integrates 

epigenetic data from different histone modifications and predicts the 

presence of different chromatin states that can be manually annotated. 

As a result, we obtained four different types of enhancers with different 

patterns of histone marks (Figure 4.25), that correspond to those 

regulatory regions previously identified as active (E1 and E2), primed 

(E3), and bivalent enhancers (E4) by the developers of ChromHMM 

(Ernst and Kellis, 2017).  

Figure 4.25. Types of enhancers identified with ChromHMM software. 

Epigenetic modifications H3K27ac, H3K4me1, H3K4me3, and H3K27me3 from 

SWI/SNF-deficient NCI-H460 cell lines were integrated to find a total of 12 



Results 

 

139 

 

chromatin states. Plots showing the distribution of histone modifications (A), 

the genomic annotation (B), and the distance to the nearest TSS (C) for each 

chromatin state are depicted. In these heatmaps each row corresponds to a 

different chromatin state and each column a different histone modification (A), 

genomic annotation (B) or distance to TSS (C), coloured in different tones of 

blue according to their probability (darker tones represent higher probabilities). 

D) Diagram showing the pattern of histone marks and its description in the 

different types of enhancers identified (the correspondence to chromatin 

states identified by the Kellis lab can be found in Table 3.13). 

We hypothesized that gene expression changes resulted from 

SWI/SNF alteration might be caused by changes in the activity of their 

corresponding enhancers. Thus, among the epigenetic marks 

characterized, we focused on the study of H3K27ac and H3K4me1 due 

to their implication in enhancer functionality.   

H3K27ac is a histone modification located at promoters and 

enhancers of actively transcribed genes. SWI/SNF deficiency resulted 

in a highly variable alteration in the deposition of this mark, depending 

on both the eliminated subunit and the type of enhancer affected (Figure 

4.26.A).  

Considering the total number of enhancers with altered 

H3K27ac deposition, SMARCA4-deficient cells present the highest 

number of affected regions (shARID1A: 896; shARID2: 2362, 

shSMARCA4: 3983). In addition to this, ARID2 deficiency resulted in 

almost a three times higher number of affected enhancers compared to 

ARID1A-deficient cells, which suggests that PBAF complexes might 

control the acetylation or a larger number of regions than cBAF 

complexes.   

Similar to what was concluded in the transcriptional and the 

accessibility studies, the overlap of enhancers with altered acetylation 

in the context of SWI/SNF deficiency was quite low, which indicates that 

each subunit is required to modulate the acetylation levels of specific 

regions (Figure 4.26.B).  

In most cases, we reported a higher overlap between ARID1A and 

SMARCA4-deficient cells, which means that the acetylation of some 

enhancers relies on more than one subunit of the complex. In addition 

to this, we reported some overlap between ARID1A and ARID2-deficient 

cells, besides being part of different SWI/SNF subfamilies (cBAF and 

PBAF, respectively).  
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Figure 4.26. H3K27ac alteration at enhancers identified in SWI/SNF-deficient 

lung cancer cell lines. A) Barplot representing the proportion of regions that 

gain (purple) or lose (green) acetylation following ARID1A, ARID1B, or 

SMARCA4 knock-down in NCI-H460 cell lines in different types of enhancers 

identified with ChromHMM. E1 and 2: active enhancer; E3: primed enhancer. E4 

type enhancers are not included in this comparison as they do not present 

H3K27ac signal. B) For each type of enhancer, Venn diagrams showing the 

overlap of enhancers that gain or lose H3K27ac in the absence of different 

subunits of the SWI/SNF complex, shARID1A (purple), shARID2 (green), 

shSMARCA4 (yellow), requiring a minimum of 20% of overlap between two 

regulatory regions. 
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Therefore, although there might be enhancers whose acetylation 

relies on both subfamilies, H3K27ac regulation of most enhancers 

tends to be subunit-specific. The complete analysis of H3K27ac 

deposition on the regions identified as enhancers using ChromHMM in 

all SWI/SNF-deficient NCI-H460 cell lines is available in Supplementary 

Table 6.  

H3K4me1 is another epigenetic mark associated with enhancer 

activity. SWI/SNF deficiency resulted in a general loss of H3K4me1 

deposition at all regulatory regions and in all cell lines (Figure 4.27.A). 

Similar to what we had observed in the case of H3K27ac modification, 

SMARCA4 deficiency resulted in the highest number of affected regions, 

and ARID2 knock-down impacted a significantly higher number of 

enhancers compared to ARID1A-deficient cells (shARID1A: 2780; 

shARID2: 12943, shSMARCA4: 21958).   

In addition to this, we observed a low overlap between those 

enhancers with changes in the deposition of H3K4me1. This finding 

reinforces the idea that each subunit is necessary to ensure the activity 

of specific enhancers, in this case indicated by the mono-methylation of 

lysine 4 on histone H3 (Figure 4.27.B). However, we reported some 

cases in which H3K4me1 regulation depended on more than one 

subunit of the complex. In line with this, we obtained a quite high overlap 

between ARID2 and SMARCA4-deficient cells, but we also found some 

examples of enhancers whose mono-methylation relies on either 

ARID1A or ARID2.  
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Figure 4.27. H3K4me1 alteration at enhancers identified in SWI/SNF-deficient 

lung cancer cell lines. A) Barplot representing the proportion of regions that 

gain (purple) or lose (green) acetylation following ARID1A, ARID1B, or 

SMARCA4 knock-down in NCI-H460 cell lines in different types of enhancers 

identified with ChromHMM. E1 and 2: active enhancer; E3: primed enhancer; 

E4: bivalent enhancers. B) For each type of enhancer, Venn diagrams showing 

the overlap of enhancers that gain or lose H3K4me1 in the absence of different 

subunits of the SWI/SNF complex, shARID1A (purple), shARID2 (green), 

shSMARCA4 (yellow), requiring a minimum of 20% of overlap between two 

regulatory regions. 
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Finally, when we compared the number of affected regions by 

acetylation or mono-methylation, it seems that SWI/SNF complexes 

exert a more predominant role in the deposition of H3K4me1 at 

enhancers (H3K27ac shARID1A: 896, shARID2: 2362, shSMARCA4: 

3983; H3K4me1 shARID1A: 2780; shARID2: 12943, shSMARCA4: 

21958). 

In summary, SWI/SNF alteration is associated with deep 

changes in the deposition of histone marks H3K27ac and H3K4me1 at 

enhancers, which suggests that their function might be compromised. 
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3.4. Alteration of developmental gene network in SWI/SNF-

deficient lung cancer cell lines 

Considering the high variability of the transcriptional programs 

and the chromatin structure changes observed in the different SWI/SNF-

deficient cell lines, we wondered if that might be the result of the 

interaction between SWI/SNF and specific transcription factors that 

could have different target genes in each cellular context.  

Accordingly, we selected the DEGs reported in the context of 

SWI/SNF deficiency, obtained their genomic coordinates, and 

performed a sequence-based motif analysis against the complete list of 

human promoters, in order to identify if the former presented an 

enrichment in a specific sequence pattern. The results of this analysis 

indicated that upregulated genes in ARID1A or SMARCA4-deficient    

NCI-H460 cells presented binding sites of Hox genes (Hoxa11, Hoxa13, 

Hoxd11, Hoxd13, HOXB13, and Hoxa9), suggesting a dysregulation of 

developmental gene networks (Figure 4.28). Among them, HOXA9 and 

HOXB13 are the most commonly altered genes in solid malignancies 

(Bhatlekar et al., 2014), and particularly, HOXA13 is upregulated in lung 

adenocarcinomas compared to normal tissues (Deng et al., 2018).  

 

Figure 4.28. Enrichment of sequence motifs identified by HOMER in the 

promotors of DEGs in the context of SWI/SNF deficiency. The most significant 

motifs identified in each SWI/SNF-deficient lung cancer cell lines are shown.  
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Due to the potential alteration of the developmental gene 

expression program, we next examined if dysregulated genes as a result 

of SWI/SNF deficiency were associated with cell identity. To that end, 

we used a list of genes proposed to be specially involved in cellular 

differentiation, kindly provided by the Rada lab, which are defined by the 

presence of CpG islands on their promoter regions and H3K27me3 

broad domains while they are inactive in pluripotency (the complete list 

of developmental genes can be found in Supplementary Table 7). For 

each SWI/SNF-deficient condition, we checked whether there was a 

significant enrichment in developmental genes among those identified 

as differentially expressed compared to the whole set of expressed 

genes.  

Upregulated genes as a consequence of ARID2 deficiency in the 

NCI-H460 cell line were significantly enriched in the developmental 

category (125/471 ~ 27%, p-value = 0.0006, one-tailed Fisher’s exact 

test) (Figure 4.29).  

 

Figure 4.29. Enrichment of developmental category in DEGs as a result of 

SWI/SNF deficiency. Barplot representing the proportion of genes that overlap 

with developmental signature among those expressed and those dysregulated 

(up- or downregulated) in different SWI/SNF-deficient lung cancer models.   
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To validate the consistency of this alteration, we performed an 

equivalent analysis in the lung cancer cell model A549, where we 

observed that upregulated genes in the context of ARID1A-deficiency 

and dysregulated genes in ARID2-deficient cells presented a 

significantly higher proportion of developmental genes compared to the 

expected proportion by chance (Figure 4.29) (shARID1A upregulated 

232/1393 ~ 17%, p-value = 0.0011, two-tailed Fisher’s exact test; 

shARID2 upregulated 67/366 ~ 18%, p-value = 0.0309, two-tailed 

Fisher’s exact test; shARID2 downregulated 239/789 ~ 30%, p-value = 

0.0001, two-tailed Fisher’s exact test).  

Thus, our data indicate that SWI/SNF alteration might result in 

the perturbation of developmental gene networks. The fact that we have 

identified a significantly higher proportion of developmental genes in 

both upregulated and downregulated categories is probably revealing 

that SWI/SNF is required to keep a balance expression of this gene 

expression program.  

Consequently, alterations in SWI/SNF composition likely result 

in a more unstable differentiation, promoting a cellular state which 

could explain the faster ability of cells to undergo the epithelial to 

mesenchymal transition in the context of SWI/SNF deficiency. 
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3.5. Identification of potential targets of SWI/SNF complexes in 

lung cancer  

Once we had characterized the transcriptomic profile, the 

chromatin accessibility, and the epigenetic landscape of SWI/SNF-

deficient lung cancer cell lines, we decided to propose candidate genes 

as direct SWI/SNF targets that might be directly involved in the final 

behavior of our cellular models. To that end, we looked for specific 

correlations between the data extracted from the different experiments 

performed in SWI/SNF-deficient cells.  

Although we were not able to prove a direct correlation between 

gene expression changes and alterations in enhancer accessibility 

(Figure 4.23), we found some particular cases that accomplished both 

conditions. Thus, in the particular case of the A549 cell line, ARID2 

deficiency resulted in the downregulation of MTSS1, a well-described 

metastasis inhibitor (Kayser et al., 2015), as well as SDK1, a molecule 

involved in cellular adhesion (Figure 4.30.A).  

The decreased expression of both genes correlated with a 

significant reduction of chromatin accessibility on their corresponding 

enhancers, identified as part of the GeneHancer project (Figure 4.30.B). 

We additionally downloaded from the ENCODE database ChIP-Seq 

experiments performed in the same cellular model using antibodies 

against histone modifications indicative of enhancer activity (H3K27ac 

and H3K4me1). Thus, we observed that those regions identified as 

theoretical enhancers of MTSS1 and SDK1 genes presented a strong 

signal of both histone modifications in the ENCODE data, confirming 

that both regions are indeed active enhancers on normal conditions. 

Therefore, we propose that MTTS1 and SDK1 expressions are 

modulated by ARID2-containing SWI/SNF complexes, which are 

essential to keep an open chromatin structure at their corresponding 

enhancers.  
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Figure 4.30. Correlation between MTSS1 and SDK1 expression and 

accessibility of their theoretical enhancers. A) Bar graph representation of the 

relative mRNA expression of MTSS1, SDK1, and ARID2 genes in ARID2-deficient 

A549 cells obtained by qRT-PCR. The relative mRNA expression is plotted as 

mean ± SEM of at least three biological replicates (two-tailed t-test *p < 0.05, 

**p < 0.01, and ***p < 0.001). Bellow a heatmap representing the expression of 

these genes obtained by RNA-Seq experiments is shown. B) Visualization of 

read alignments for the different replicates of our ATAC-Seq experiments in 

ARID2-deficient A549 cells for the regions identified as enhancers of MTSS1 

(chr8:125,641,534-125,642,614) and SDK1 (chr7:3,307,240-3,308,759) genes 

according to the GeneHancer database (Fishilevich et al., 2017). Read 

alignments of ChIP-Seq experiments performed in wild-type cells against 

different histone modification marks extracted from the ENCODE project are 

also represented (H3K27ac: ENCSR000AUI; H3K4me1: ENCSR000AUM; 

H3K4me3: ENCSR000ASH).  
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Following the same approach on SWI/SNF-deficient NCI-H460 

cells lines, we found a significant decrease in the expression of the 

SCGB3A2 gene that correlated with reduced accessibility of its enhancer 

in the absence of either ARID1A, ARID2, or SMARCA4 (Figure 4.31). 

SGB3A2 is a secretoglobin produced in the airway epithelial cells that 

has anti-inflammatory, anti-fibrotic, and anti-cancer activity (Kimura et 

al., 2022). Thus, regarding its tumor suppressor role, SGB3A2 loss could 

partially explain why SWI/SNF-mutated lung tumors present worse 

clinical outcome (Peinado et al., 2020).    

 

Figure 4.31. Correlation between SCGB3A2 expression and accessibility of its 

theoretical enhancer. A) Heatmap representing the expression of SCGB3A2 

gene in SWI/SNF-deficient NCI-H460 and control cells obtained by RNA-Seq 

experiments. B) Visualization of read alignments for the different replicates of 

our ATAC-Seq experiments in ARID1A, ARID2, or SMARCA4-deficient NCI-H460 

cells for the region identified as an enhancer of SCGB3A2 (chr5:147,872,839-

147,876,002).  

We next focused on the establishment of associations between 

genes and enhancers identified using ChromHMM in order to identify 

which are the genes under the influence of each enhancer. To that end, 

we studied the correlation between gene expression alterations and 

H3K27ac levels of enhancers belonging to the same TAD, as a higher 
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probability of interaction is expected considering that both elements are 

physically proximal in the three-dimensional conformation of DNA. A 

complete list indicating the genomic coordinates of TADs identified in 

the NCI-H460 cell line, the corresponding TAD of human genes and 

enhancers identified with ChromHMM can be found in Supplementary 

Table 5. 

As an example, we found that in the absence of ARID2, there is a 

downregulation of NRG1, which is a ligand of tyrosine kinase receptors 

ErbB3 and ErbB4, together with a decrease in the acetylation of an 

enhancer belonging to the same TAD (TAD_0840). Therefore, we 

hypothesize that ARID2 regulates the expression of the NRG1 gene by 

maintaining the acetylation of its enhancer (Figure 4.32).  

  

Figure 4.32. Correlation between NRG1 expression and acetylation of its 

potential enhancer. A) Bar graph representation of the relative mRNA 

expression of NRG1 and ARID2 genes in ARID2-deficient NCI-H460 cells 

obtained by qRT-PCR. The relative mRNA expression is plotted as mean ± SEM 

of at least three biological replicates (two-tailed t-test *p < 0.05, **p < 0.01, and 

***p < 0.001). Bellow a heatmap representation of the expression of both genes 

obtained by RNA-Seq experiments is shown. B) Visualization of read 

alignments for the different replicates of our CUT&RUN experiments against 

H3K27ac performed in ARID2-deficient NCI-H460 cells in a genomic region 

identified as a possible enhancer of NRG1 gene (chr8:32,223,800-32,226,600).  

In addition to this, we prepared the Supplementary Table 2 

containing the normalized counts and the differential gene expression 

analysis of SWI/SNF-deficient NCI-H460 cell lines, indicating also the 

TAD where each gene belongs.    
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Subsequently, we searched for alterations that were conserved 

among cell lines. We found that, in the context of SWI/SNF deficiency, 

there was a consistent decrease in the expression of EPGN, one of the 

ligands of EGFR (Figure 4.33.A).  

Figure 4.33. Correlation between the expression of EGFR ligands and the 

acetylation of their potential enhancer. A) Visualization of read alignments for 

the different replicates of our CUT&RUN experiments against H3K27ac 

performed in SWI/SNF-deficient NCI-H460 cells (shARID1A: purple, shARID2: 

green, shSMARCA4: yellow) in a genomic region identified as a possible 

enhancer of genes encoding EGFR ligands (chr4:74,417,800-74,419,200). B) 

Heatmap representing the relative mRNA expression of some ligands of EGFR 

(EPGN, AREG, EREG, and BTC) in ARID1A, ARID2, or SMARCA4-deficient cells 

obtained by RNA-Seq experiments. 
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In addition to this, we reported a significant reduction in the 

acetylation of an enhancer that is located within the same TAD 

(TAD_0444) (Figure 4.33.B). Interestingly, this TAD contains the coding 

genes of other ligands of EGFR, some of which were significantly 

downregulated in ARID1A or SMARCA4-deficient cells (AREG, EREG, and 

BTC). Therefore, we hypothesize that SWI/SNF mediates the expression 

of some ligands of EGFR by maintaining the activity of their potential 

enhancer.  

Moreover, we observed additional mechanisms contributing to 

SWI/SNF-mediated gene expression regulation, as is the case of a loss 

of accessibility at the EPGN promoter in ARID1A or ARID2-deficient cells, 

which was likewise accompanied but the downregulation of that gene 

in both cellular models (Figure 4.34).   

 

Figure 4.34. Correlation between the accessibility of EPGN promoter and its 

gene expression. Visualization of read alignments for the different replicates 

of our ATAC-Seq experiments performed in SWI/SNF-deficient NCI-H460 cells 

(shARID1A: purple, shARID2: green) in the promoter of EPGN gene 

(chr4:74,307,473-74,309,473). On the right, a heatmap representing the 

decreased expression of EPGN in ARID1A or ARID2-deficient cells obtained by 

RNA-Seq experiments.  
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With the final aim of understanding the molecular mechanisms 

that explained the final transcriptomic profiles of SWI/SNF-deficient 

cells, we looked for changes in the expression of genes and in the 

activity of enhancers relevant to the epithelial to mesenchymal 

transition, as it was the main recurrently altered pathway.  

Thus, in SMARCA4-deficient NCI-H460 cells we observed a 

decrease in the expression of transcription factors KLF6 and SOX6, both 

of which have been reported to impair the epithelial to mesenchymal 

transition (Jiang et al., 2018; Wang et al., 2021). In order to know how 

SWI/SNF could mediate the expression of both genes, we looked for 

changes in the activity of the enhancers belonging to the same TAD. As 

it can be distinguished in Figure 4.35.A and Figure 4.35.B, we reported 

a loss of H3K27ac deposition at their theoretical enhancers.  

Figure 4.35. Correlation between KLF6 and SOX6 expression and histone 

epigenetic profile. Visualization of read alignments for the different replicates 

of our CUT&RUN experiments against H3K27ac performed in SMARCA4-

deficient NCI-H460 cells in (A) three genomic regions identified as potential 

enhancers of KLF6 (chr10:3,482,400-3,483,000; chr10:3,538,400-3,539,400; 
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chr10:3,624,600-3,625,000) and (B) a genomic region identified as a possible 

enhancer of SOX6 gene (chr11:14,687,600-14,688,800).  C) Visualization of 

read alignments for the different replicates of our CUT&RUN experiments 

against H3K4me3 performed in SMARCA4-deficient H460 cells in the promoter 

of KLF6 gene (chr10:3,774,996-3,776,996). D) Heatmap representing the 

relative mRNA expression of KLF6 and SOX6 genes in SMARCA4-deficient cells 

obtained by RNA-Seq experiments. 

In the particular case of the KLF6 gene, we found three putative 

enhancers at different locations upstream the TSS (150-300 kb) that 

presented a significant decrease in H3K27ac deposition. Besides the 

large genomic distance, potential enhancers could become close to 

their target gene in the three-dimensional structure of DNA due to the 

formation of chromatin loops. In addition to this, we also noticed a 

significant decrease in H3K4me3 deposition at the KLF6 promoter 

(Figure 4.35.C).  

Together, our results seem to indicate that SWI/SNF complex 

mediates the expression of specific genes by ensuring a proper 

chromatin conformation and an active histone epigenetic pattern at 

regulatory regions. However, further experiments are required to prove 

if SWI/SNF complex binds directly to these genomic regions, as well as 

the implication of all these genes and pathways in lung cancer 

progression.  
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“Research is to see what everybody else has seen, and 

to think what nobody else has thought.”  

– Albert Szent-Györgyi 
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1. Characterization of the molecular mechanisms behind the 

role of SWI/SNF alteration in lung cancer development 

Lung cancer remains the leading cause of cancer-related deaths 

globally and shows one of the lowest survival rates. Therefore, there is 

a clear need to better understand the molecular mechanisms driving 

tumorigenesis in this tumor type in order to develop more effective 

therapies. In this context, the presence of frequent alterations in genes 

encoding subunits of the SWI/SNF complex represents a great research 

opportunity to decipher its role in tumor progression and to exploit these 

deficiencies for the development of antitumoral treatments.   

SWI/SNF complexes mobilize nucleosomes at target promoters 

and enhancers but are also able to interact with transcription factors, 

coactivators, and corepressors to modulate gene expression (Liao et al., 

2017). In addition to this, SWI/SNF complexes exert key roles in the 

activation of differentiation and the suppression of proliferative 

programs of many cellular lineages (Mittal and Roberts, 2020).   

In this doctoral thesis, we have characterized the transcriptomic, 

the chromatin conformation, and the epigenetic landscape of SWI/SNF-

deficient lung cancer cell lines with the final aim of improving our 

knowledge of the molecular mechanisms involved in tumor 

progression.  

Accordingly, we have observed that SWI/SNF alteration results 

in an intense tissue-specific transcriptional reprogramming of cells 

characterized by thousands of alterations, which is highly variable 

depending on both the eliminated subunit and the specific tissue. In 

addition to this, SWI/SNF deficiency was associated with the alteration 

of both shared and tissue-specific molecular pathways.  

In particular, our transcriptomic analysis showed a very low 

overlap between DEGs after removing different subunits of the complex 

in the same cell line or after downregulating the expression of the same 

subunit of the complex in different cellular contexts. Both results 

revealed that the majority of transcriptional alterations tend to be 

subunit- or tissue-specific, respectively.  

 



Discussion 

 

160 
 

Consequently, we hypothesize that target genes of SWI/SNF 

complexes rely not only on their subunit composition, but also on their 

interaction with tissue-specific transcription factors. Another important 

point to keep in mind is that the final effect of SWI/SNF activity might 

depend on its interaction with other cellular components, such as 

coactivators, and corepressors. With this respect, alteration of specific 

subunits of the complex might affect its interaction with transcription 

factors or coregulators, impairing SWI/SNF recruitment to specific 

genomic loci.  

In most cases, cBAF alteration resulted in a higher number of 

dysregulated genes. Considering that these subcomplexes are the most 

abundant in cells (Mashtalir et al., 2018), they are more likely to mediate 

the expression of more highly connected gene expression networks 

than PBAF complexes. In addition to this, it has been postulated that 

ARID1A and ARID2 have an opposite effect on transcriptional regulation, 

whereas ARID1B and ARID2 are required for the repression of hundreds 

of genes in the context of liver cancer (Raab et al., 2015). The low 

overlap among DEGs reported in our lung cancer cell models suggests 

that SWI/SNF subcomplexes regulate different gene networks in that 

particular cellular context, but we cannot completely rule out the 

possibility of cooperative or competitive relationships among subunits.  

Concerning the mutually exclusive subunits of the complex, it 

could be inferred that ARID1A and ARID1B functions are not completely 

equivalent, as we have reported the dysregulation of thousands of 

genes in each knock-down cell line. This implies that the expression of 

the remaining paralog is not enough to cover the lack of expression of 

the inactivated subunit. In agreement with our results, it has been 

recently reported that there is a subset of ARID1A-dependent genes 

(p53 and estrogen receptor targets) in ovarian clear carcinoma whose 

expression cannot be compensated by the overexpression of ARID1B 

(Trizzino et al., 2018). Moreover, dual loss of ARID1A and ARID1B in the 

murine liver resulted in a significantly higher number of dysregulated 

genes compared to the individual knockouts (Z. Wang et al., 2020), 

suggesting synergistic effects between both subunits in gene 

expression regulation.  
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Similarly, as a result of SMARCA4 deficiency, we obtained 

thousands of dysregulated genes, which might imply that SMARCA2 is 

not enough to cover the functions exerted by its paralog subunit, at least 

in our cellular models. In addition to this, it has been reported that 

SMARCA2 and SMARCA4 are able to interact with different transcription 

factors (Kadam and Emerson, 2003). This finding adds another layer of 

complexity to the transcriptional regulation exerted by SWI/SNF 

complexes.  

Despite all this complexity, we have been able to identify a 

common enrichment of several signaling pathways in the context of 

SWI/SNF deficiency. In most cases, the specific dysregulated genes 

belonging to these functional categories were not conserved, which 

seems to indicate that perhaps SWI/SNF complexes are important for 

the regulation of specific mechanisms or biological functions rather 

than particular genes. In line with this, there is considerable evidence 

supporting the role of SWI/SNF complexes in maintaining the cellular 

identity, but how cells reach this final stage of differentiation varies in 

each cell type. It is therefore likely that SWI/SNF complexes are in 

charge of the regulation of different set of genes in each cellular context 

that may have similar molecular functions.  

Another possibility to consider is whether all these 

transcriptional alterations are directly or indirectly caused by SWI/SNF 

alteration, as we have conducted the experiments for several days to 

ensure a proper downregulation of the target gene. In any of the possible 

scenarios, to our knowledge, this is the first study that characterizes 

whether SWI/SNF-regulated gene networks are conserved or specific 

across human tumor types. 

Concerning the commonly altered signaling pathways, most 

SWI/SNF-deficient cells showed evidence of apparently undergoing the 

epithelial to mesenchymal transition and in some cases, we reported a 

perturbation of DNA damage response (Table 4.1). Both molecular 

processes are especially relevant in this context, not only because they 

provide a possible explanation for the increased oncogenic properties 

of SWI/SNF-mutant tumors, but also because they open up the 

opportunity to explore potential therapeutic vulnerabilities.  
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The epithelial to mesenchymal transition appeared among the 

positively enriched pathways in SWI/SNF-deficient cells, but in the 

majority of the cases, this enrichment was not statistically significant. 

This result might be explained by the low number of samples in each 

biological condition, the small size of the gene sets and/or the high 

variability among samples. However, the prominent role of SWI/SNF in 

maintaining a differentiated state prompted us to study this process in 

further detail. In line with this, dual loss of ARID1A and ARID1B in a 

murine liver cancer model led to a prominent decrease of genes 

involved in differentiation (Z. Wang et al., 2020). More interestingly, and 

in agreement with our findings, ARID1A loss in a pancreatic cellular 

model resulted in the activation of the epithelial to mesenchymal 

transition and a stem-like transcriptional program, together with 

increased migratory and invasive properties (W. Wang et al., 2019).  

In spite of all the reported evidence, further experimental 

validations are required to decisively prove the activation of the 

epithelial to mesenchymal transition in our SWI/SNF-deficient cellular 

models and its potential involvement in lung cancer progression.  

It is also worth noting that SWI/SNF complexes are frequently 

mutated across a wide spectrum of cancers, but some subunits tend to 

be specifically altered in certain tumor types (for instance, SNF5 in 

malignant rhabdoid tumors, SMARCA4 in small cell ovarian carcinomas, 

or PBRM1 in renal cell carcinomas). Therefore, there might be conserved 

mechanisms mediating gene expression regulation by the distinct 

subunits of SWI/SNF complexes that, as a result of their disruption, lead 

to tumorigenesis. It may seem controversial that the loss of a single 

subunit of the complex could promote cancer development. However, it 

is important to keep in mind that it has been reported that the alteration 

in just one subunit results in the loss of activity at enhancers mediating 

the expression of genes linked to differentiation and development, 

together with an activation of super-enhancers important for cell 

survival and invasion (Guo et al., 2022; Mathur et al., 2017; Nakayama et 

al., 2017; Wang et al., 2017; Wilson et al., 2020).     

 

 

 



Discussion 

 

163 
 

In addition to this, residual SWI/SNF subcomplexes resulted 

from the loss of different subunits are aberrantly targeted to other 

genomic loci (Nakayama et al., 2017; Wang et al., 2017), perturbating 

the homeostasis of SWI/SNF-mediated gene networks and the 

assembly of other subcomplexes. In relation to this, Wang and 

collaborators proved a prominent loss of ARID2 genome-wide binding 

sites upon dual loss of the accessory subunits ARID1A and ARID1B (Z. 

Wang et al., 2020). 

Another possibility to contemplate is the potential assembly of 

new complexes besides the canonically described ones. In relation to 

this, ARID2 has been proposed to participate in DNA repair as part of 

complexes that do not contain the catalytic subunit SMARCA4 (de 

Castro et al., 2017; Oba et al., 2017). It has also been suggested that 

ARID2 inactivation impairs the assembly of the PBAF complex beyond 

its core components (Sadek et al., 2022). However, this would not affect 

those functions that do not rely on the whole complex but are performed 

but the individual subunits instead. Moreover, SWI/SNF complexes can 

assemble without SMARCB1, SMARCA4, or ARID1A subunits (Doan et 

al., 2004; Katherine C Helming et al., 2014; Hoffman et al., 2014; Wilson 

et al., 2014), but the remaining complexes are aberrantly targeted to 

their corresponding genomic regions (Schick et al., 2019). This is 

particularly relevant in the context of tumorigenesis, as ARID1A, 

SMARCA4, or SMARCB1 are frequently mutated in a loss-of-function 

manner and these subunits are crucial for targeting cell-specific 

enhancers (X. Wang et al., 2009).  

Considering all this complexity, we propose a model on which 

SWI/SNF is required to regulate the expression of cell type-specific gene 

networks that are essential to keep the cellular identity thanks to its 

interaction with different transcription factors and regulators. As a 

result of SWI/SNF deficiency, the lineage identity losses its robustness, 

facilitating the transition to a mesenchymal phenotype.  
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2. Therapeutic implications of SWI/SNF-altered lung cancer 

patients 

Any advance in the possibility of therapeutically exploiting 

vulnerabilities associated with SWI/SNF deficiency is of great interest 

considering that almost 25% of all human cancers harbor alterations in 

any of their components. Another point of active research is the study 

of the molecular mechanisms involved in resistance to treatments, 

which are becoming more frequent in the last years.  

In this doctoral thesis, we have provided evidence about the 

importance of SWI/SNF mutational status in the assignment of the 

most appropriate treatment for lung cancer patients. Thus, we have 

reported that SWI/SNF-deficient cells presented an increased 

resistance to treatments based on the inhibition of EGFR, regardless of 

the mutational background of KRAS and TP53 genes (Figure 4.10).  

The transcriptomic analysis performed in SWI/SNF-deficient 

models revealed a recurrent alteration in the epithelial to mesenchymal 

transition (EMT). We hypothesize that this molecular process might 

explain the enhanced resistance to EGFR inhibition, as the promotion of 

a less differentiated state would allow cell survival without requiring the 

strong proliferative signals provided by the receptor of EGF.   

The role of the EMT in the acquirement of resistance to 

epidermal growth factor tyrosine kinase inhibitors (EGFR-TKIs) in non-

small cell lung cancer has been extensively characterized (Li et al., 2017; 

Weng et al., 2019; Zhu et al., 2019). In addition to this, alterations of 

SWI/SNF complex have also been linked with EMT in other studies. 

Thus, it has been suggested that ARID1A alterations are associated with 

an EMT expression signature (Wilson et al., 2019). Other researches 

have proved that ARID1A loss results in the upregulation of 

mesenchymal markers (fibronectin, vimentin, N-cadherin), while 

downregulating the expression of the epithelial marker E-cadherin, 

accompanied by changes in cell morphology and loss of cell polarity in 

different cellular contexts (renal, pancreatic, and breast cancer) 

(Somsuan et al., 2019; Tomihara et al., 2021; T. Wang et al., 2020; W. 

Wang et al., 2019).    
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Supporting the idea of a less robust epithelial identity of 

SWI/SNF-deficient cells, we have observed that ARID2-deficient cells 

treated with EGFR inhibitor dacomitinib upregulated faster many genes 

involved in mesenchymal development and cell migration compared to 

control cells, while decreasing the expression of molecules related to 

cellular adhesion (Figure 4.11). This finding is indicating a potential 

response triggered by the treatment with the EGFR inhibitor that is 

happening faster in the context of ARID2 deficiency. In addition to this, 

untreated ARID2-deficient cells presented an upregulation of some 

indicators of the epithelial to mesenchymal transition (FBLN5, CRLF1, 

COL4A1, CDH2, MMP2, VEGFC, and SLIT2) compared to control cells, 

suggesting that the starting point of these cells might be a more 

mesenchymal phenotype. Accordingly, we propose that SWI/SNF-

deficient cells are more prone to the activation of the epithelial to 

mesenchymal transition in response to the treatment, enabling them to 

tolerate higher concentrations of EGFR inhibitors.   

Our findings could provide new insights to decipher the 

molecular mechanisms involved in resistance to treatments, which is 

especially relevant in this context, as EGFR inhibitors are one of the 

preferred therapeutic options for NSCLCs harboring EGFR-activating 

mutations (Thomas et al., 2015). In addition to this, the majority of 

patients that initially respond to EGFR-TKIs treatment inevitably develop 

resistance after less than a year (Weng et al., 2019).   

Another therapeutic approach that we have addressed in this 

work is the sensitivity of SWI/SNF-deficient cells to treatments that 

cause DNA damage, due to positive enrichment in the DNA repair 

pathway revealed by our transcriptomic analysis. In particular, we have 

proved that ARID2-deficient cells present a higher sensitivity to the 

chemotherapeutic compounds cisplatin and etoposide (Figure 4.18). 

In line with this, we observed an active role of ARID2 in the 

detection and repair of in vitro-produced DNA damage in lung cancer 

cell lines with different mutational backgrounds. In particular, we 

demonstrated that ARID2-deficient cells present an important delay in 

the resolution of DNA damage foci, independently of TP53 or KRAS 

activities (Figures 4.14-4.16).  
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In accordance with our results, other members of SWI/SNF 

complexes have been associated with different steps of DNA damage 

repair mechanisms (Lee et al., 2010; Niimi et al., 2012; Ray et al., 2009; 

Shen et al., 2015). Thus, as a result of SWI/SNF alteration, knock-down 

cells would present an impaired response to DNA damage, increasing 

their genomic instability and consequently, their sensitivity to 

treatments based on the generation of DNA damage. We, therefore, 

propose that the higher sensitivity of ARID2-deficient cells to 

chemotherapeutic agents and PARP inhibitors is the result of its 

involvement in DNA repair. In line with this, during the time of the 

elaboration of this doctoral thesis, it has been published that SWI/SNF-

mutated lung adenocarcinomas present a higher tumor mutation 

burden compared to wild-type tumors (Peinado et al., 2022).  

Considering that platinum-based chemotherapy is still widely 

used in the treatment of lung cancer patients with highly variable 

success  (Chen et al., 2014), our results suggest that ARID2 expression 

might be explored as a stratification marker for the efficacy of 

chemotherapy. However, the toxicity of this drug limits its use, 

highlighting the need for other compounds with less side effects.    

In relation to this, we showed that ARID2 deficiency shows 

synthetic lethality with PARP inhibition using veliparib, an inhibitor that 

has shown favorable results in the treatment of breast cancer (Rugo et 

al., 2016) and is becoming included in several clinical trials, such as 

breast, ovarian, and, most importantly, lung cancer. Therefore, our 

findings seem to indicate that the stratification of lung cancer patients 

according to ARID2 expression could improve as well the efficiency of 

PARP inhibitors in NSCLC.   

Our experimental observations collectively indicated that 

SWI/SNF-mutant lung cancer patients are more likely to benefit from 

treatments based on the promotion of genomic instability.  
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Functional analysis performed on SWI/SNF-deficient cellular 

models also revealed alterations of genes involved in immune response 

(Table 4.1), which might imply different sensitivities to immunotherapy 

approaches. In particular, we have reported an upregulation of genes 

expressed in response to interferon in A549 shARID1A, A549 shARID1B, 

and Caco-2 shARID1A cells. This seems to be a promising preliminary 

result because there is a vast body of literature supporting a positive 

correlation between the expression of IFN-stimulated genes and a 

favorable disease outcome in several tumor types (Zitvogel et al., 2015).   

In line with this, a recent study has shown that ARID2-deficient 

melanoma cells are particularly sensitive to immunotherapy through 

alterations in mTORC1 and IFNγ pathways (Pan et al., 2018). 

Additionally, the higher tumor mutation burden reported in 

SWI/SNF-mutated tumors could result in a higher generation of 

neoantigens, and therefore tumor cells could be better targets for 

immunotherapy (Turajlic et al., 2017).  All these findings support the 

potential use of SWI/SNF mutational status as a new stratification 

marker for personalized treatment in lung cancer patients.  

Other therapeutic opportunities of SWI/SNF-mutant tumors that 

have not been fully covered in this doctoral thesis are the synthetic 

lethality approach among different subunits (Farnaby et al., 2019; 

Papillon et al., 2018), the use of EZH2 inhibitors (Januario et al., 2017), 

and bromodomain inhibitors (Gerstenberger et al., 2016; Schiaffino-

Ortega et al., 2014; Theodoulou et al., 2016).  
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3. Molecular mechanisms involved in SWI/SNF-mediated 

gene expression regulation 

We have demonstrated that SWI/SNF alteration is accompanied 

by specific chromatin structural changes at the complete genome, 

without a clear pattern of gain or loss of accessibility, which is highly 

variable depending on both the cellular context and the eliminated 

subunit (Figure 4.19). In addition to this, we did not observe a clear 

association between the proportion of transcriptional alterations (up- 

and downregulated genes) and the proportion of regions with altered 

chromatin accessibility, which is probably indicating that not all these 

genomic changes are affecting regions directly implicated in gene 

expression.  

In most cases cBAF alteration affected the accessibility of more 

genomic regions (including enhancers) than PBAF complexes, 

supporting its broader role in gene expression regulation.  In all cellular 

contexts, we reported a higher overlap between those regions with a 

significant loss of accessibility. What is more, these regions presented 

binding sites of AP-1 transcription factors, indicating that they were 

probably affecting enhancers.  

In line with this, we proved that SWI/SNF is required to keep an 

open chromatin conformation around enhancers, in agreement with 

previous evidence  (Alver et al., 2017; Kelso et al., 2017; Nakayama et 

al., 2017). Enhancer activity seems to have a more prominent role in 

maintaining the cell identity than promoter accessibility (Thurman et al., 

2012), which could explain why the effect of SWI/SNF deficiency was 

mainly affecting enhancers.   

Considering the global effect of SWI/SNF in ensuring enhancer 

accessibility, we hypothesized that gene expression alterations might 

correlate with changes in the accessibility of the enhancers linked to 

those genes according to the GeneHancer project. However, we were 

not able to see a clear correlation between the alterations of both 

variables in any of the lung or colorectal cancer models generated 

(Figure 4.23 and Figure 4.24). This result indicated two aspects. First, 

that gene-enhancer relationships are difficult to establish and can be 

highly dependent on the cellular model, and, second, that gene 

expression regulation exerted by SWI/SNF complex is more intricate 
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and does not only rely on the accessibility of enhancers. Accordingly, 

we decided to study additional mechanisms mediating gene expression 

regulation, such as the epigenetic landscape of enhancers.  

To our knowledge, there is no evidence of identified enhancers 

in the lung cancer cell line NCI-H460. Considering the tissue-specificity 

of these regulatory regions, we characterized the epigenetic landscape 

of our SWI/SNF-deficient cell lines integrating the genome-wide 

occupancy of several histone modifications (H3K27ac, H3K4me3, 

H3K4me1, and H3K27me3) with the ChromHMM software. As a result, 

we identified the genomic coordinates of the four types of described 

enhancers by the Kellis lab (Ernst and Kellis, 2017), characterized by 

different patterns of histone modifications, and hence potentially 

distinct biological functions.  

SWI/SNF alteration affected the activity of enhancers, indicated 

by the deposition of histone modifications H3K27ac and H3K4me1 in 

their adjacent nucleosomes. The majority of the altered enhancers by 

changes in accessibility, acetylation, or mono-methylation tended to be 

subunit-specific, indicating that each subunit is required to ensure the 

activity of different regulatory regions.  

It is important to highlight that, due to our experimental 

approach, we are not able to detect rapid changes in chromatin 

accessibility or epigenetic features, as several days of induction of the 

shRNA are required to achieve an effective knock-down of the target 

gene. This technical issue greatly limits our ability to detect direct 

SWI/SNF targets.  

We hypothesize that SWI/SNF-mediated gene expression 

regulation might be affected by the interplay with specific transcription 

factors, which could explain the high variability of the transcriptional 

program and the chromatin structure of SWI/SNF-deficient cell lines.  In 

line with this, the promoters of dysregulated genes in certain contexts 

presented binding sites of the Hox genes (Figure 4.28). We have 

additionally proved that in some models dysregulated genes were 

significantly associated with development compared to the whole set of 

expressed genes (Figure 4.29). Altogether, our findings seem to 

indicate that SWI/SNF complexes are required to ensure the 

homeostasis of developmental networks.  
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Consistently, its alteration would affect the balanced expression 

of genes responsible for keeping the cell linage identity and the 

differentiation state. As we have not observed a consistent alteration in 

developmental networks in all the cellular models, SWI/SNF deficiency 

might be necessary but not sufficient to disrupt the tight regulation of 

this transcriptional program.  

We next integrated the information extracted from different omic 

approaches to identify potential targets of SWI/SNF complex in the 

context of lung cancer.  

Thus, in our lung cancer cellular models ARID2 is required to 

keep an open chromatin structure at MTSS1 and SDK1 enhancers, 

evidenced by a loss of accessibility correlated with decreased 

expression of their target genes (Figure 4.30). MTSS1 is a well-

described migration and invasion inhibitor, which has been associated 

with worse prognosis in several tumor types, and SDK1 plays important 

roles in cell to cell adhesion (Giacobbe et al., 2016; Kayser et al., 2015; 

Taylor et al., 2018). The deficiency of both genes provides a plausible 

explanation for the higher migration and invasion capabilities of ARID2-

deficient cells, together with the increased oncogenic potential in 

animal models (Figure 4.8). 

Similarly, in SWI/SNF-deficient NCI-H460 cells we described a 

downregulation of some ligands of tyrosine kinase receptors (NRG1 and 

EPGN) that correlated with a decrease in the acetylation of a potential 

enhancer belonging to the same TAD (Figure 4.32 and Figure 4.33).  

Thus, we propose that SWI/SNF complex is able to mediate the 

expression of specific genes by maintaining an accessible 

conformation or an active state of their corresponding enhancers. Our 

results should be carefully interpreted as they suggest potential targets 

of SWI/SNF complexes. Nevertheless, further research is required to 

effectively confirm if SWI/SNF complexes are in charge of the regulation 

of these genes by directly binding to their regulatory regions. Other 

methodological approaches to map the three-dimensional structure of 

chromatin (e.g. live-cell imaging, chromosome conformation capture, or 

genome architecture mapping) would be of great interest to identify 

enhancer-promoter contacts (Kempfer and Pombo, 2020). 
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In addition to these examples of SWI/SNF-mediated gene 

expression regulation, some of our findings collectively provided some 

evidence about the molecular mechanisms explaining the higher 

resistance to EGFR inhibition reported in SWI/SNF-deficient cells.  

In this way, we found a consistent decrease in the expression of 

EPGN, which was accompanied by the downregulation of other ligands 

of tyrosine kinase receptors in specific cell lines, such as AREG, EREG, 

NRG1, or BTC (Figure 4.33). In addition to this, in SMARCA4-deficient 

cells, we reported a specific downregulation of the transcription factors 

KLF6 and SOX6 (Figure 4.35), both of which impair the epithelial to 

mesenchymal transition (Jiang et al., 2018; Wang et al., 2021). These 

findings were accompanied by a decrease in the deposition of H3K27ac 

of potential enhancers belonging to the same TAD.  

It has been previously demonstrated that SWI/SNF alteration 

results in the dysregulation of enhancers important for cell 

differentiation (Jones et al., 2020; Nakayama et al., 2017; Schick et al., 

2019; Wang et al., 2017; X. Wang et al., 2009). In line with this, we 

observed an upregulation of specific mesenchymal markers (different 

in each SWI/SNF-deficient cell line) that collectively turned the epithelial 

to mesenchymal transition into one of the main recurrently altered 

signaling pathways. Taken as a whole, our experimental observations 

suggest that, in the context of SWI/SNF deficiency, cells are able to 

transient more easily to a less differentiated state that is less dependent 

on the epidermal signaling pathways, such as those initiated by EGFR. 

Consequently, cells might decrease the expression of specific ligands 

of these receptors, as they do not longer rely on these molecular 

pathways. We, therefore, propose that SWI/SNF-deficient cells undergo 

faster the epithelial to mesenchymal transition and increase their 

resistance to those treatments based on the inhibition of EGFR (Figure 

5.1).  
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Figure 5.1. Summary of the pro-tumoral mechanisms mediated by SWI/SNF 

alterations. A) Alteration of DNA repair mechanisms increases cell sensitivity 

to chemotherapeutic compounds and PARP inhibitors. B) Epigenetic 

reprogramming of cells favors the epithelial to mesenchymal transition. From 

a mechanistic point of view, SWI/SNF alteration affects its genome-wide 

location, the epigenetic pattern and the chromatin accessibility of cells, 

resulting in an imbalanced gene expression, specially affecting lineage 

determinant genes. As a consequence, SWI/SNF-deficient cells undergo easier 

and faster the epithelial to mesenchymal transition and become resistant to 

the inhibition of EGFR. Abbreviations: S: sensitivity; R, resistance. 
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Complementary to our findings, during the time of the 

elaboration of this doctoral thesis, the Weissman lab demonstrated that 

SMARC4 re-expression in an ovarian cellular model induced an epithelial 

signature and the promoters of the highly upregulated genes contained 

binding sites of transcription factor members of the AP-1 family 

(Orlando et al., 2020).  Thus, the alteration of SWI/SNF complexes might 

affect the expression of genes important for epithelial cell identity, 

resulting in a less differentiated state.  

Regarding the role of SWI/SNF complexes in ensuring the 

accessibility and the activity of enhancers, and the presence of AP-1 

binding motifs on the affected regions, it seems that both elements 

cooperate with other mediators inside the cell to regulate gene 

expression. In agreement with this idea, SWI/SNF complexes interact 

with the AP-1 family of transcription factors (some members present a 

variable pattern of expression in response to extracellular stimuli) and 

cell type-specific transcription factors to select cell type-specific 

enhancers during the process of differentiation (Vierbuchen et al., 

2017). Accordingly, all this complexity could explain the low overlap 

between the dysregulated genes in the different cellular models 

generated.  
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“Science knows no country, because knowledge belongs to 

humanity, and is the torch which illuminates the world.”  

– Louis Pasteur  
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1. SWI/SNF alteration results in an intense tissue-specific 

transcriptional reprogramming of cells characterized by 

thousands of changes in gene expression, without a clear 

pattern of up- or downregulation.  

 

2. SWI/SNF complexes mediate the expression of different gene 

networks, depending on their composition and the cellular 

context.  

 

3. cBAF complexes are required for the regulation of deeper gene 

networks than PBAF complexes.  

 

4. SWI/SNF deficiency is accompanied by the potential activation 

of an epithelial to mesenchymal transition program in almost all 

analysed cellular models. 

 

5. EGFR and SWI/SNF mutations are mutually exclusive in LUAD, 

which suggests the existence of either synthetic lethality 

relationships or redundant tumor progression-promoting 

activities. 

 

6. SWI/SNF alteration results in an increased resistance to EGFR 

inhibitors, irrespective of the mutational status of KRAS or TP53. 

 

7. ARID2-deficient lung cancer cell lines present a delay in the 

resolution of DNA damage foci upon treatment with etoposide, 

which is independent of the presence of KRAS or TP53 

mutations. 

 

8. In the context of lung cancer, ARID2 deficiency gives rise to an 

enhanced sensitivity to chemotherapeutic agents and PARP 

inhibitors. 

 

9. SWI/SNF alteration is accompanied by specific chromatin 

structural changes at the complete genome, with a general loss 

of accessibility affecting enhancers. 
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10. Changes in chromatin accessibility show high variability 

depending on the subcomplex composition and the cellular 

context. 

 

11. In general terms, gene expression changes resulted from 

SWI/SNF alteration do not correlate with changes in chromatin 

accessibility at their associated enhancers according to the 

GeneHancer project. This suggests additional mechanisms 

mediating gene expression regulation. 

 

12. SWI/SNF alteration results in deep changes in the deposition of 

H3K27ac and H3K4me1 at enhancers. 

 

13. We have generated a list of potential direct targets of SWI/SNF 

on which the activity of the complex is required to ensure a 

proper chromatin conformation and an active histone epigenetic 

profile at enhancers and promoters in charge of the regulation 

of specific genes (MTSS1, SDK1, SCGB3A2, EPGN, NRG1, KLF6, 

and SOX6).  
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Abstract

The survival rate in lung cancer remains stubbornly low and there is an urgent need for the 

identification of new therapeutic targets. In the last decade, several members of the SWI/SNF 

chromatin remodeling complexes have been described altered in different tumor types. 

Nevertheless, the precise mechanisms of their impact on cancer progression, as well as the 

application of this knowledge to cancer patient management are largely unknown.

In this study, we performed targeted sequencing of a cohort of lung cancer patients on genes 

involved in chromatin structure. Additionally, we studied at the protein level the expression of 

these genes in cancer samples and performed functional experiments to identify the molecular 

mechanisms linking alterations of chromatin remodeling genes and tumor development.

Remarkably, we found that 20% of lung cancer patients show ARID2 protein loss, partially 

explained by the presence of ARID2 mutations. Additionally, we showed that ARID2-deficiency 

provokes profound chromatin structural changes altering cell transcriptional programmes which 
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bolsters the proliferative and metastatic potential of the cells both in vitro and in vivo. Moreover, 

we demonstrated that ARID2 deficiency impairs DNA repair, enhancing the sensitivity of the cells 

to DNA damaging agents.

Our findings support that ARID2 is a bona-fide tumor suppressor gene in lung cancer that may be 

exploited therapeutically.

Keywords
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Introduction

Lung cancer is the major cause of cancer-related deaths worldwide with an average 5-year 

survival rate below 20% irrespective of the subtype1. Consequently, any new knowledge 

about the molecular mechanisms that drive this disease could have a great impact on the 

treatment of patients. Recently, large genomic projects have facilitated the identification of 

major players in this tumor type. Thus, small cell lung cancer (SCLC) which constitutes 

around 15% of all cases, is mainly driven by mutations in TP53 and RB1, but the role of 

other genes like PTEN, SLIT2 or CREBBP has been also described2. Among non-small cell 

lung cancer (NSCLC), more than half of the cases are adenocarcinomas, where TP53, 

KRAS, EGFR, ALK, ROS1 and BRAF are the main recurrently altered genes 3, while 

squamous cell carcinomas (SCC) are genetically more heterogeneous and poor in actionable 

mutations so far.

Lately, several members of the SWI/SNF family of chromatin remodeling complexes have 

been identified recurrently altered in different tumor types adding to the accumulated 

compelling evidence on the role of chromatin structure in cancer development. It is 

estimated that approximately 20% of all tumors contain alterations in these complexes, a 

frequency that is only exceeded by mutations in TP53 4. In the case of non-small cell lung 

cancer, the expression of any of the two mutually exclusive catalytic ATPase subunits 

(SMARCA2 or SMARCA4) is lost in 30% of the cases where it is associated with worse 

prognosis5. Additionally, ARID1A, which encodes for one of the auxiliary subunits of the 

complex, frequently appears mutated in lung adenocarcinoma6.

Materials and Methods

Detailed protocols can be found in Supplementary Methods.

Next-generation sequencing

Cancer patient primary tumor samples and, when available, matched corresponding normal 

samples, were obtained from different tumor biobanks after the corresponding approval of 

the hospital ethics committees and patient informed consent. A detailed list of the origin and 

characteristics of each sample can be found in Supplementary Table 1. DNA was extracted 

using the Agencourt DNAdvance Beckman Coulter kit (Beckman Coulter, USA), 

fragmented and submitted to end-repair and adenylation, adaptor ligation and PCR indexing 
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amplification. Target capture was performed using a Sure Select® user-defined probe kit 

(Agilent Technologies, USA).

For ATAC-Seq libraries, cell nuclei were extracted using cold lysis buffer and submitted to 

tagmentation (Nextera DNA Library Preparation Kit, Illumina, USA). After purification, 

adapter sequences were used to complete Illumina sequencing adapters by PCR with 

Phusion High Fidelity DNA polymerase (Thermo Fisher Scientific, UK).

Total RNA was purified using Extract Me Total RNA Kit (Blirt, USA). Reverse transcription 

was performed using the Takara PrimeScript cDNA Synthesis kit (Takara Bio Europe, 

France). Poly-A mRNA was enriched, fragmented, and submitted to cDNA generation using 

PrimeScript Enzyme for first strand and RNAse HI, DNA polymerase I and T4 DNA 

Polymerase (Thermo Fisher Scientific, UK) for the second strand. Afterwards, genomic 

libraries were generated as above. Individual mRNA expression was measured by qRT-PCR 

using Luminaris Color HiGreen qPCR Master Mix (Thermo Fisher Scientific, UK). β-actin 

was used as housekeeping gene and the ΔΔCt method was used for quantification and 

comparison.

Sequencing Data Analysis

DNA sequence data was mapped to the human genome (hg19) using BWA 0.7.37. 

Additionally, Samtools 0.1.188, Picard 1.61 (http://broadinstitute.github.io/picard/) and 

GATK 2.2.89 were used for format transformation, cleaning, sorting and indexing of the bam 

files, marking PCR duplicates and performing indel local realignment. RAMSES10 and 

PINDEL 0.2.4d11 were used for substitutions and small insertion and deletion identification 

respectively. All ARID2 mutations were validated by PCR amplification coupled with 

ultrasequencing at 10,000x coverage. Additionally, a similar orthogonal validation of more 

than 180 mutations randomly picked showed a near 80% of specificity in the mutation 

calling. OncodriveFML software was run to detect genes with evidence of positive selective 

pressure12.

ATAC-Seq reads were aligned against the human genome (hg19) using BWA 0.7.37. 

Accessible regions were identified using MACS 2.1.213. A combined list of all the regions 

identified in all the samples by MACS, as well as the list of enhancers annotated in the 

GeneHancer project14, were used to identify significant changes in region accessibility in 

ARID2-deficient cells versus control using DESeq215. Region annotation was performed 

using ChIPSeeker software16. BEDTools17 was used to estimate the overlapping of the 

identified regions with ENCODE publicly available histone marks ChIP-Seq A549 data and 

the results were plotted using deeptools v3.3.118. Motif enrichment analysis was performed 

using HOMER19. Finally, alignments were visualized using IGV genome browser20.

RNA-Seq data was aligned using Tophat21 to the human genome (hg19). Differentially 

expressed genes (DEG) were identified using HTSeq + DESeq222,23. Gene-set Enrichment 

analysis on Gene Ontology terms was performed using GSEA software24. For the analysis 

of the TCGA database lung adenocarcinoma patients, raw counts for each patient (n=524) 

were downloaded and normalized using DESeq2 software. Low-ARID2 expressing lung 

adenocarcinoma patients (n = 64) were defined as those with a normalized expression less 
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than the mean minus two standard deviations calculated from the whole cohort. Similarly, 

high ARID2-expressing lung adenocarcinoma patients (n=78) were defined as those with a 

normalized expression higher than the mean plus two standard deviations. DEG between two 

groups were identified using DESeq2.

Cell Culture and in vitro assays

A549, NCI-H1568 and NCI-H460 lung cancer cell lines were obtained from The Francis 

Crick Institute common and ATCC repositories, authenticated by STR profiling, and tested 

for mycoplasma. Tetracycline-inducible pTRIPZ constructs V2THS_74399 (v2), 

V3THS_347660 (v3) (ARID2), V2THS-283735 (ARID1A) and V2THS-11753 (ARID1B) 

were used for stable cell line generation (Dharmacon/GE Healthcare, USA). The empty 

vector (RHS4750) was used as control. Virus production was performed by transfecting 

HEK293T/17clone cells with the pTRIPZ and packaging constructs. Infected cells were 

selected with 1 μg/ml puromycin and isolated by FACS using a FACS-Aria II cell sorter 

(Becton Dickinson, USA) based on TurboRFP expression after the induction with 1 µg/ml of 

Doxycycline

Extrapolated growth curves were constructed over a period of fourteen days by serial 

passaging and cell counting with a hemocytometer or by PrestoBlue® assay (Thermo Fisher 

Scientific, UK). Cell proliferation was also analyzed using the CellTrace™ CFSE Cell 

Proliferation Kit (Invitrogen, USA) in cells synchronized by gradual serum deprivation 

following published protocols25. Cells were harvested at 48 hours and subjected to division 

peak resolution by flow cytometry. The cell proliferation index was analyzed using 

MODFIT software (Verity, USA). Proliferation index was the sum of the cells in all 

generations divided by the calculated number of original parent cells.

In vitro cell migration assays were performed by using 8-μm pore size transwell chambers 

(Corning™ Transwell™ Multiple Well Plate) in 24-well plates using 10% FBS in the lower 

chamber as chemo-attractant. For invasion assays, cells were plated on growth factor-

reduced Matrigel (BD Biosciences) pre-coated 8 μm pore transwell chambers. Filters or 

invasive cells were quantified by fixing chambers in 4% paraformaldehyde for 10 min and 

staining with crystal violet.

Growth inhibition assays were performed to determine the half maximal inhibitory 

concentration (IC50) values for different antitumoral drugs. Viability after 48 h was 

determined by PrestoBlue® reagent (Thermo Fisher Scientific, UK)). IC50 value for each 

drug were determined with Prism software (GraphPad, USA).

In vivo tumorigenesis assays

Animal studies were conducted in compliance with guidelines for the care and use of 

laboratory animals and were approved by the Ethics and Animal Care Committee of 

Universidad de Cantabria. For proliferation assays, five million cells in 500 µl of PBS were 

subcutaneously injected into the flanks of 6-8-week-old female nude mice (Athymic Nude-

Foxn1nu, Envigo, UK). 24 days after the injection, mice were euthanizing and tumor tissues 

were harvested for analyses. For metastasis assays, 2.5 million of cells in 500 µl of PBS with 

0,1% BSA, were tail injected into 6-8-week-old female nude mice. Hairpin expression in the 
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cells was induced with 1 µg/ml of Doxycycline 7 days before injection. After two months, 

mice were euthanizing and tumor tissues were harvested for analyses. In both cases, to keep 

the hairpin expression, the animals were treated from the day of injection with 2 mg/mL of 

Doxycycline in the drinking water supplemented with 1% sucrose refreshed every 2-3 days.

Western blot analysis

Total protein lysates were prepared in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM 

NaCl, 1 % NP-40, 1 mM Sodium Orthovanadate, 1 mM NaF), separated by SDS-PAGE in 

8% polyacrylamide gels and transferred to nitrocellulose membranes. Subsequently, 

membranes were washed with TBST (50 mM TRIS + 150 mM Sodium chloride + 0,1% 

Tween 20, pH 7,4) and blocked using 5% non-fat milk solution in TBS for 1 h at room 

temperature. Membranes were then incubated with primary antibodies anti-ARID2 (E-3, 

Santa Cruz) and anti-Actin (I-19, Santa Cruz), diluted 1:200 and 1: 1,000 in TBST with 5% 

(w/v) BSA at 4°C overnight, respectively. Donkey anti-mouse or donkey anti-goat secondary 

antibodies (LI-COR Biotechnology, USA) conjugated to IRDye 800CW (926-32212) or 

IRDye 680RD (926-68074) respectively were used as secondary antibodies.

Immunohistochemistry analysis

For ARID2 detection on paraffin sections, antigen retrieval was performed for 32 minutes at 

97 ºC in citrate buffer pH 6, incubated with 1:300-1:500 anti-ARID2 antibody (abcam 

ab113283) and developed with HRP-polymer secondary antibodies (Optiview, Roche). 

ARID2 expression was evaluated by two pathologists on coded tissue sections, without 

information about the ARID2 mutation status. Only surgical pathology cases with enough 

material, both tumor and non-neoplastic surrounding tissue, were considered for ARID2 

immunohistochemistry. A consensus score was reached viewing the slides by two 

pathologists at a multiheaded scope.

Immunofluorescence was performed in cells fixed with 4% paraformaldehyde in PBS for 15 

min at room temperature. The cells were permeabilized with 0.5% Triton X-100 in PBS and 

blocked with 3% BSA in PBT (PBS containing 0.05% Triton X-100). Finally there were 

subjected to immunofluorescence staining with ARID2 antibody (E-3, sc-166117 Santa 

Cruz, USA or A302-230A, Bethyl Laboratories, USA), anti-phospho-Histone H2A. X 

Ser139 (γH2AX, clone JBW301, Merck Millipore, USA) or anti-53BP1 antibody (H-300, 

sc-22760, Santa Cruz, USA). Cover slides were incubated with Alexa labeled secondary 

antibodies and mounted in VECTASHIELD Antifade Mounting Medium with DAPI (Vector 

Labs, USA). Colocalization of ARID2 with 53BP1 or γH2AX was performed measuring the 

variation in intensity across the lines drawn using the linescan tool from MetaMorph® 

(Molecular Devices, USA).. For DNA repair assays, cells were treated with 10 µM 

Etoposide for 1 h. Subsequently, γH2AX foci were quantified using ImageJ software at 

different recovery times after removing the drug from the media.

Statistical analysis

In all cases, at least three independent experiments were performed in order to assess the 

statistical significance of all differences. In figure legends, the specific statistical test 

performed in each case is indicated. In general, for quantitative variables, a one-tailed t-test 
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with equal variance was used to identify significant differences between groups. For 

qualitative variables, a Fisher exact test was used in order to identify significant differences 

between groups of patients. The different software used for the identification of mutations, 

gene expression differences, enrichment transcription factor binding sites and gene ontology 

terms have their own statistical models explained in detailed in the references. When 

multiple tests were performed the significance is shown corrected for multiple testing.

Results

Loss of ARID2 protein expression in 20% of lung cancer patients is partially explained by 
the presence of ARID2 mutations

In order to understand better the role of chromatin remodeling complexes in lung cancer 

development, we performed a genetic screening on the coding sequences of known cancer 

genes as well as members of the main chromatin remodeling complexes (Suppl. Table 2). 

We applied targeted next-generation sequencing technologies in a collection of 81 lung 

cancer cases (40 lung adenocarcinomas, 12 squamous cell carcinomas and 29 small cell 

carcinomas) (Suppl. Table 1). Interestingly, we found mutations in ARID2 in 5 of the 

patients, 3 classified as lung adenocarcinoma and 2 as small cell carcinoma (Figure 1a and 

Suppl. Table 3). Additionally, to identify lung cancer driver genes, we run OncodriveFML27 

with our data. This software identifies genes with a number and distribution of predicted 

deleterious mutations higher than expected by chance, evidencing positive selection. ARID2 
ranked second in the list of genes showing significant positive selection after multi-test 

correction, just below TP53 (Figure 1b and Suppl. Table 4). To validate these results, we 

sequenced ARID2 coding sequences in a second cohort of 144 lung adenocarcinoma cases 

and found mutations in 12 patients. If we consider all analyzed lung cancer patients, 

irrespective of the subtype, ARID2 mutations occur at a frequency of 7.5 % (17/225) (Suppl. 

Table 3). In the case of lung adenocarcinomas (40 and 144 patients from first and second 

cohorts respectively), we found ARID2 non-synonymous mutations in 7% of the samples 

(13/184), which is near twice the frequency reported in COSMIC database for this tumor 

type (3.7 %, 83/2241)28 and ranks ARID2 among the ten genes most commonly mutated in 

lung cancer. In concordance with a potential role of ARID2 as tumor suppressor, many of 

the identified mutations, clustered at the beginning of the protein sequence, are predicted to 

generate a premature truncation of the protein (Figure 1c and Suppl. Table 3). Subsequently, 

to check if the loss of ARID2 function is a common feature in lung cancer, we performed 

immunohistochemistry analyses in 139 of the studied samples finding loss or low/

heterogeneous ARID2 production in approximately 20% of the cases (28/139) (Figure 1d 

and Suppl. Figure 1). Additionally, loss of ARID2 expression was significantly more 

frequent in ARID2-mutated patients (6/10 Fisher exact test p=0.0098). Interestingly, this was 

also true for some samples with missense mutations, which suggests that these mutations 

might interfere with the correct folding or processing of the protein. Indeed, many of the 

mutations found are predicted to produce deleterious effects in the protein according to 

SHIFT or Polyphen algorithms (Suppl. Table 3). We observed a complete loss of ARID2 

signal in many lung cancer samples suggesting a selective pressure to inactivate both ARID2 
alleles. In addition, some non-mutated samples showed also loss of ARID2 production, 

suggesting the existence of non-genetic mechanisms that interfere with ARID2 expression. 
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Since the presence of normal tissue contamination in the tumor samples as well as the 

sequencing strategy followed for normal tissue, prevented an estimation of the cellularity or 

the zygosity of the mutations, we could not determine whether full loss of ARID2 protein is 

due to genetic loss or silencing of the wild-type allele.

ARID2-deficiency increases proliferative and metastatic potential in vitro and in vivo 

In order to check if alterations in ARID2 could promote lung cancer development, we 

knocked down the protein in different ARID2-proficient NSCLC cell lines. As it can be 

observed in Figure 2 a-b, ARID2 mRNA and protein production was efficiently reduced by 

two different shRNAs. This reduction was accompanied by an increase in the proliferation of 

A549 cells, as well as their invasion and migration capacities compared to those cells 

transduced with the empty vector. Similar results were obtained in NCI-H460 cell line 

(Figure 2 c-e and Suppl. Figure 2). Moreover, when these cells were injected into 

immunocompromised mice, they showed a greater capacity to produce tumors in vivo 
(Figure 2 f and Suppl. Figure 3).

RNA-Seq experiments in A549 transduced cell lines showed that loss of ARID2 was 

accompanied by significant changes in the expression of 1155 genes (366 upregulated and 

789 downregulated), that supported the observed phenotypes in the cells (Figure 2g and 

Suppl. Table 5). Thus, we observed a downregulation of genes involved in cellular adhesion 

and cell differentiation such as NPNT, CDH6, FAT3, FN1, SOX2 or SDC2 as well as an 

upregulation of genes associated with a higher cell-cycle progression such as CDC45, 

MCM2 or HIST1H1E, which could be associated with the increased proliferation, migration 

and invasion capacities of ARID2-deficient cells. Additionally, we observed downregulation 

of other tumor suppression genes like RPS6K2, TNFSF10, ISM1 or LDLRAD4 together 

with upregulation of protumoral and anti-apoptotic genes like HOXB1, BCL2A1 or 

RCVRN. Most of these alterations were not observed when we knocked down ARID1A or 

ARID1B subunits in the same cells (Suppl. Figure 4a) which indicates a specific gene set 

regulation by ARID2-containing SWI-SNF complexes. Transcriptional changes in selected 

genes were further validated by qRT-PCR in independently generated ARID2 knock-down 

cell lines (Suppl. Figure 4b).

Altogether, these results prove that ARID2 plays a tumor suppressor function in lung cancer.

ARID2-deficiency is accompanied by widespread chromatin changes, specially affecting 
enhancers

We hypothesized that gene expression changes observed in ARID2-deficient cells might by 

the result of changes in SWI/SNF chromatin remodeling activity. To investigate this, we 

performed ATAC-Seq experiments in ARID2 knocked-down A549 cells. ARID2 loss was 

accompanied by a general loss of chromatin accessibility with 990 regions that showed a 

significant loss of chromatin accessibility versus 687 regions that showed increased 

accessibility (Suppl. Table 6). Interestingly, those regions that lost accessibility in the 

absence of ARID2 were located distal to gene transcription start sites (Figure 3a) and 

showed enrichment of enhancer specific H3K4me1 and H3k27ac histone marks according to 

ENCODE project data. An opposite behavior is observed on those regions that gained 
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accessibility after ARID2 loss (Suppl. Figure 5). Additionally, AP-1 family transcription 

factor binding motif, described as abundantly present in enhancers29, is highly enriched on 

those regions that showed less accessibility on ARID2-deficient cells (Figure 3b). In order to 

explore a special impact of ARID2 loss on enhancers, we analyzed the accessibility of those 

regions annotated as enhancers in the GeneHancer project14. As it can be seen in Figure 3c, 

the loss of accessibility is significantly more profound in enhancers than in the rest of the 

genome, as 87 % (1744 of 2001) of the enhancers that showed significant accessibility 

changes, lose accessibility in ARID2-deficient cells. Additionally, many of the target genes 

of these enhancers showed significant downregulation in the RNA-Seq data (Figure 3d). All 

this support that ARID2 is essential to keep an open chromatin conformation around 

enhancers which significantly impacts on the transcriptional regulation of specific gene 

networks (Suppl. Table 6).

ARID2 is essential to maintain the expression of the metastasis inhibitor MTSS1 and the 
adhesion molecule SDK1

In order to identify ARID2 target genes of broad relevance to lung cancer patients, we 

compared our RNA-Seq results with differential expression analysis performed on human 

lung adenocarcinoma patients from TCGA database. Eighteen genes were found upregulated 

in both ARID2-deficient cells, and in low-ARID2 expressing lung adenocarcinoma patients 

(Suppl. Table 7). Among them, we found AREG, ERG or NGF growth factors that might 

explain the higher proliferation capabilities of ARID2-deficient cells (Figure 3e and Suppl. 

Table 7). In addition, we found 133 genes downregulated in both datasets indicating a main 

gene expression activating role of ARID2 in this cellular context.

Interestingly, among those genes whose expression rely on ARID2, we found MTSS1, a well 

described metastasis inhibitor29,29,30., as well as SDK1, involved in cell-cell adhesion. The 

observed significant reduction of MTSS1 and SDK1 expression likely explain the higher 

invasion capabilities of ARID2-deficient cells. Additionally, we found a significant 

reduction of chromatin accessibility on two enhancers regulating these genes in GeneHancer 

database after ARID2 loss14. This observation is concordant with the hypothesis that 

MTSS1 and SDK1 expressions are positively regulated by ARID2 by keeping an open 

chromatin structure at their enhancers (Figure 3f).

ARID2 loss impairs DNA damage repair

The RNA-Seq analysis also revealed deleterious consequences suffered by ARID2-deficient 

cells that could be exploited therapeutically. Gene-set enrichment analyses (GSEA) on the 

transcriptional alterations observed in ARID2-deficient cells also showed a significant 

upregulation of genes involved in DNA damage detection and repair, suggesting a defective 

DNA damage response (Figure 4a). Supporting a role of ARID2 in DNA repair, analysis of 

its localization in untransduced A549 cells showed a co-localization with γH2AX and 

53BP1 at the DNA repair foci (Figure 4b and Suppl. Figure 6). In addition to that, ARID2-

deficient cells showed a delay in the resolution of DNA damage foci compared to wildtype 

cells in A549 and NCI-H460 NSCLC cell lines upon treatment with etoposide. Interestingly, 

this delay was not dependent on TP53 function as we could see a similar delay in ARID2-

deficient NCI-H1568 cell line which is TP53 deficient (Figure 4c-d). These observations 
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indicate that ARID2 deficiency inhibits efficient DNA repair and suggest that its loss may 

sensitize cells to DNA damaging agents.

ARID2-deficiency increases cell sensitivity to chemotherapy and veliparib

As platinum-based chemotherapy is widely used for the treatment of lung cancer patients3, 

we first examined ARID2-deficient cell lines sensitivity to cisplatin, as well as etoposide. As 

it can be seen in Figure 4e andSuppl. Figure 7, in concordance with defective DNA repair in 

the absence of ARID2, ARID2-deficient A549 and NCI-H460 cells exhibited a higher 

sensitivity to both compounds compared to control cells.

Additionally, in the last decade, many researchers have described a higher sensitivity of 

PARP inhibitors in tumors harboring defects in DNA repair mechanisms due to synthetic 

lethality32. Consequently, we checked if this might apply as well to ARID2-deficient cells. 

As it can be seen in Figure 4e, ARID2 loss led to a higher sensibility to veliparib, a well 

described PARP inhibitor that is under research in several clinical trials in breast, ovarian 

and, most importantly, lung cancer. This observation suggests ARID2 deficiency as a useful 

marker for the stratification of lung cancer patients that may benefit for PARP inhibitor 

treatment.

Discussion

Although some evidence of the presence of ARID2 alterations in lung cancer have been 

reported previously33, the relevance of these alterations for oncogenesis has not been clearly 

proved. Our results showed an ARID2 mutation recurrency higher than the one reported in 

COSMIC database. Additionally, the distribution and predicted impact of the mutations 

found and our in-vitro and in-vivo experiments provided compelling evidence of the role of 

ARID2 as bona-fide tumor suppressor in lung cancer. Supporting this, ARID2 has been 

already proposed as cancer driver gene in melanoma and hepatocellular carcinoma34,35. We 

don’t have enough data to definitely prove that complete ARID2 activity loss is necessary 

for tumor progression but several evidences support this idea. First, in many cases we 

observed a complete loss of ARID2 expression in the human adenocarcinoma samples 

which suggests a selective pressure to inactivate both ARID2 alleles. Additionally, we 

observed that V2THS_74399 shRNA construct was less efficient in abrogating ARID2 

expression than V3THS_347660 and cells transduced with the former typically showed less 

pronounced changes than cells transduced with the latter.

The precise molecular mechanisms by which alterations in chromatin remodeling complexes 

promote cancer development are not sufficiently understood. Interactions with well-

described cancer genes like TP53, RB or MYC have been described36–38. In addition to this, 

they play essential roles in the activation of differentiation and the suppression of 

proliferative programs of many cellular lineages39. In this study we described a list of near 

200 genes that are specifically deregulated after ARID2 loss in both our cellular model and 

in lung adenocarcinoma patients from the TCGA database. Some of these genes, like 

AREG, EREG or NGF growth factors might account for the higher proliferation capabilities 

of ARID2-deficient cells. In terms of the molecular mechanisms behind this regulation, we 

show that ARID2-deficiency is associated with widespread chromatin structural changes. 

Moreno et al. Page 9

Oncogene. Author manuscript; available in PMC 2021 April 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Our results prove that ARID2 is essential to keep an open chromatin structure in enhancer 

regions in agreement with an important role of different SWI/SNF members in regulating 

enhancer activity40,41. Two of these ARID2-dependent enhancers regulate MTSS1 and 

SKD1 expression that, consequently, showed a significant downregulation in ARID2-

deficient cells. This suggests that ARID2 might regulate directly the expression of MTSS1 
and SDK1, although further work is necessary to finally confirm this. MTSS1 is a well 

described migration and invasion inhibitor, associated with worse prognosis in several tumor 

types30,31,42, and SDK1 plays important roles in cell-cell adhesion. Their deficiency might 

well explain the higher migration and invasion capabilities of ARID2-deficient cells.

In addition, we observed an active role of ARID2 in the detection and repair of DNA 

damage in vitro in lung cancer cell lines, as ARID2-deficient cells present important delays 

in the resolution of DNA damage foci that were not dependent on TP53 activity. In 

accordance with this view, other members of the SWI/SNF complex have been shown to be 

involved in different steps of DNA damage repair43–45.

Finally, any advance in the possibility of exploiting therapeutically any vulnerability 

associated to deficiency in SWI/SNF complex genes is of great interest, as approximately 

20% of all human cancers are reported to have alterations in this complex. In this study 

ARID2-deficient cells showed a higher sensitivity to different DNA-damaging therapies, 

likely as a result of the ARID2 involvement in DNA repair. Considering that platinum-based 

chemotherapy is still widely used in lung cancer patients with high variable success3, our 

results suggest that ARID2 expression might be explored as a stratification marker for these 

therapies. Moreover, we show that ARID2 deficiency shows synthetic lethality with PARP 

inhibition using veliparib, an inhibitor that has shown good results in the treatment of breast 

cancer46 and is included in several clinical trials on breast, ovarian and, most importantly, 

lung cancer. Our results suggest that the stratification of lung cancer patients according to 

ARID2 expression might improve the efficiency of PARP inhibitors in non-small cell lung 

cancer. Additionally, a very recent study has shown that ARID2-deficient melanoma cells 

are particularly sensitive to immunotherapy through alterations in mTORC1 and IFNγ 
pathways47. Interestingly, we observed that some downstream response genes in these 

pathways such as GBP2, GBP3 and SCD5 are significantly downregulated in ARID2-

deficient cells (Suppl. Table 5). All these results support the potential use of ARID2 
expression as a new stratification marker for personalized treatment in lung cancer patients.

In summary, here we present compelling evidence for the role of ARID2 as tumor 

suppressor in lung cancer. Although ARID2 has been proposed as a driver gene in other 

tumor types35,48, little has been reported about the molecular mechanisms underlying this 

involvement. In this work, we propose that its role in lung cancer is exerted by fostering a 

specific pro-oncogenic transcriptomic program as a result of changes in chromatin structure 

around enhancers. Importantly, our results indicate that ARID2-deficiency could be 

exploited for lung cancer patient treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Frequent ARID2 mutations associated with protein loss.
(a) Box representation of the mutated patients for the most significantly mutated genes 

according to OncodriveFML in the lung cancer cohort generated with Maftools 49. Each box 

in the central matrix represents an independent patient. Colored boxes represent mutated 

patients for the corresponding gene in a color code indicating the type of mutation. (b) 

Representation of the significance analysis of the functional impact of the mutations found 

in each gene performed by OncodriveFML. Genes in read showed a q-value < 0.1 after 

multi-test correction. (c) Visual representation of the location of all identified ARID2 
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mutations in our discovery and validation lung cancer cohort in relation to the functional 

protein domains. (d) Representative images of ARID2 immunohistochemistry experiments 

in two ARID2-mutated (right) and two ARID2-wildtype (left) lung adenocarcinomas.
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Figure 2. ARID2 deficiency is associated with an increase in oncogenesis in vitro and in vivo.
(a) Bar representation of ARID2 expression level fold changes measured by qRT-PCR in 

A549 cells transduced with shARID2 v2 and v3 as well as the empty vector which is used as 

control. Data is shown as mean ± SEM of three independent experiments, relative to control 

cells A549 Empty vector (black bars), (two-tailed t-test *p < 0.05, ** p < 0.01 and *** p 

<0.001). (b) Representative image of a western blot analysis measuring ARID2 protein 

levels in A549 parental cells as well as those cell lines transduced with ARID2 shRNAs and 

the empty vector. In all the cases, the results are shown with and without induction of the 
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shRNA expression by doxycycline (Dox) treatment. (c) Representative experiment of the 

number of cell divisions suffered by the cells in 48h estimated by CFSE labelling in A549 

cells by flow cytometry. Bar quantification on the number of cells that have suffered each 

number of cell divisions is represented on the right. (d) Bar representation of quantified cells 

in destination chamber on migration and invasion assays of A549 cells transduced with two 

different ARID2 shRNAs (blue and red bars). Data is shown as mean ± SEM of three 

independent experiments, relative to control cells A549 Empty vector (black bars), (two-

tailed t-test *p < 0.05, ** p < 0.01 and *** p <0.001). (e) Representative images of lung 

metastasis generated in intravenously injected mice with A549 cells transduced either with 

shEmpty, or shARID2 v3 vectors (n=7 per group). Individual metastasis are delineated in the 

image and counted (upper right corner numbers). On the left, a quantification of the number 

and size of the tumors generated in the two groups is shown. (Fisher exact test *p < 0.05, ** 

p < 0.01 and *** p <0.001). (f) Heatmap representation of a selection of differently 

expressed genes in ARID2-deficient A549 cells (n=4) and grouped according to their 

biological function. Expression differences go from red (upregulation) to blue 

(downregulation) according to the log2 of the fold change.
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Figure 3. Profound chromatin structural changes on enhancers affect gene expression after 
ARID2 loss.
(a) Analysis of the genomic regions that significantly lost chromatin accessibility after 

ARID2 loss in A549 cells. In the upper pannel the regions are grouped according to their 

distance to nearest gene transcription start site (TSS). Below, the intensity of H3K4me1, 

H3K4me3 and H3k27ac histone marks in each identified region is represented by heatmaps 

(left). Additionally, the percentage of identified regions that overlap with regions with 

histone modification marks are represented in a bar graph (right). (b) Enrichment of 

sequence motifs identified by HOMER in those regions that lost chromatin accessibility 
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after ARID2-loss in A549 cells. (c) Bar representation of the number of genome-wide 

(global) regions or enhancer regions which lost (FCneg green bars) or gained (FCpos yellow 

bars) after ARID2 loss in A549 cells. (Fisher exact test *** p <0.001) (d) Dot plot 

representing the correlation between the accessibility changes in enhancer regions and 

expression changes on the target genes for each enhancer. Blue dots represent enhancers that 

showed significant accessibility changes in ARID2-deficient A549 cells. (e) Boxplot graph 

of gene expression differences identified in both our ARID2-deficient A549 cells and in 

lowly ARID2 expressing lung adenocarcinoma patients (ARID2_low) versus highly ARID2 
expressing patients (ARID2_high) from TCGA database, (DEseq2 statistical test *p < 0.05, 

** p < 0.01 and *** p <0.001). (f) Visualization, in two described MTSS1 and SDK1 
enhancers, of read alignments for the different replicates of our ATAC-Seq experiments in 

ARID2-deficient A549 cells. Additionally, read alignments of ChIP-Seq experiments 

performed against different histone marks during ENCODE project are also represented.
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Figure 4. ARID2 deficiency affects DNA repair and affects sensitivity to anti-tumor therapies
(a) Results of the Gene-Set Enrichment Analysis (GSEA) from RNA-Seq experiments in 

ARID2-deficient A549 cells showing enrichment of genes involved in different DNA repair 

ontologies. On the right, a heatmap representation of the expression of different genes 

belonging to these ontologies in the different replicates is included. (b) Representative 

images of immunofluorescence experiments demonstrating colocalization of 53BP1 (green) 

and ARID2 (red) in A549 cells in DNA damage foci. Colocalization was confirmed on the 

right through the parallel quantification of red and green signals on a manually selected path 
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through the image using the LineScan tools from Methamorph software (c) Representative 

images of DNA-repair foci visualized by H2AX immunofluorescence (green) in transduced 

nuclei stained with DAPI (blue) at different recovery times after the treatment with 

etoposide in NCI-H460 cell lines. (d) Bar representation of the foci quantification in each 

transduced cell line. (d) Bar quantification of the number of foci per cell at different 

recovery times after DNA damage induced by etoposide, in different ARID2-deficient cell 

lines, the results are represented as mean +/- SEM of at least three independent experiments, 

(two-tailed t-test *p < 0.05, ** p < 0.01 and *** p <0.001). (e) Representative experiments 

measuring cell survival to increasing concentrations of cisplatin, etoposide and veliparib on 

A549 cells transduced with shEmpty (black), or shARID2v3 (red) vectors. Bar graphs 

represent the calculated IC50 value for each experiment. In all cases, the results are 

represented as mean +/- SEM of at least three independent experiments, (two-tailed t-test *p 

< 0.05, ** p < 0.01 and *** p <0.001).
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ABSTRACT

Correct B cell identity at each stage of cellular differ-
entiation during B lymphocyte development is crit-
ically dependent on a tightly controlled epigenomic
landscape. We previously identified HDAC7 as an es-
sential regulator of early B cell development and its
absence leads to a drastic block at the pro-B to pre-B
cell transition. More recently, we demonstrated that
HDAC7 loss in pro-B-ALL in infants associates with
a worse prognosis. Here we delineate the molecu-
lar mechanisms by which HDAC7 modulates early
B cell development. We find that HDAC7 deficiency
drives global chromatin de-condensation, histone
marks deposition and deregulates other epigenetic
regulators and mobile elements. Specifically, the ab-
sence of HDAC7 induces TET2 expression, which
promotes DNA 5-hydroxymethylation and chromatin
de-condensation. HDAC7 deficiency also results in
the aberrant expression of microRNAs and LINE-1
transposable elements. These findings shed light on
the mechanisms by which HDAC7 loss or misregula-
tion may lead to B cell–based hematological malig-
nancies.

INTRODUCTION

A longstanding fundamental question in the field of cell
development has been: how do cells decide at a molecular
level to acquire a specific cell fate during tissue and organ
generation? The mammalian hematopoietic system is con-
sidered a paradigm model for answering this question. For
instance, B cell lymphopoiesis is a complex developmental
process that comprises several cellular transitions, including
cell commitment and early and late cellular differentiation.
Proper transcriptional control at each cellular transition is
essential for the correct generation of B lymphocytes. Of
note, aberrant establishment of specific transcriptional pro-
grams may lead to the development of B cell malignancies.

Lineage-specific networks of transcription factors (TFs)
have a central role in positively regulating the transition and
maintenance of the distinct B cell developmental stages. In
the bone marrow, lymphoid-primed multipotent progeni-
tors (LMPPs) have the capacity and plasticity to become
either common lymphoid progenitors (CLPs) or common
myeloid progenitors (CMPs) (1). At that stage, the TFs
IKAROS, MEF2C, and PU.1 are crucial for the early cel-
lular choice towards the lymphoid lineage (2,3). Later on,
commitment to the B cell lineage from CLPs to B cell pro-
genitors (pro-B) and B cell precursors (pre-B) depends on
the hierarchical and coordinated actions of the TFs PAX5,
E2A, EBF and MEF2C (4–6). Classically thought as gen-
uine activators for specific gene expression, B cell TFs are
now believed to be involved in the repression of inappro-
priate lineage or of functionally undesirable gene transcrip-
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tion, thereby ensuring that the proper B cell identity and
differentiation aremaintained. In addition to positively pro-
moting B lymphocyte gene-specific programs, the PAX5,
E2A, EBF1 and MEF2C TFs induce the repression of in-
appropriate genes of alternative lineages, thereby ensur-
ing maintenance of proper B cell identity and differentia-
tion (3,7–11). These findings support the concept of tran-
scriptional repression as an essential mechanism for proper
B lymphocyte generation. However, the identity of mas-
ter transcriptional repressors essential for establishing and
maintaining the genetic identity of B lymphocytes has re-
mained elusive for many years.

Besides specific TF networks, B cell differentiation also
requires that epigenetic regulators and architectural pro-
teins establish the correct permissive/non-permissive chro-
matin structure (euchromatin/heterochromatin) (12). There
is a close relationship between transcriptional regulators
and dynamic changes in the DNA epigenetic landscape
during B cell development, with DNA methylation lev-
els and the chromatin conformation state dynamically
changing at every differentiation cell stage, giving them
a specific epigenetic signature (13–17). Also, TFs such
as PAX5 interact with architectural proteins that me-
diate long-range chromatin interactions (18). In mam-
mals, DNA demethylation depends on the action of the
Ten-Eleven Translocation (TET) enzyme family of TET1,
TET2 and TET3, which convert 5-methylcytosine (5-mC)
to 5-hydroxymethylcytosine (5-hmC), leading to DNA
demethylation and consequent gene expression (19). No-
tably, TET2 has been shown to play crucial roles during
hematopoiesis (20–22). Although broadly expressed within
the hematopoietic system, myeloid cells express higher lev-
els of TET2 compared with lymphoid cell populations (23–
25). To date, the molecular mechanisms controlling differ-
ent TET2 physiological levels within the hematopoietic sys-
tems are largely unknown.

We have previously reported that HDAC7 is a master
transcriptional repressor in early B cell development, con-
trolling the expression of lineage-inappropriate genes and
thus the identity of pro-B cells. A lack of HDAC7 in pro-
B cells leads to a block in B cell differentiation, aber-
rant activation of alternative lineage genes, a reduction
of proliferation, and an increase in apoptosis (26). More
recently, we have identified HDAC7 as a prognostic fac-
tor and biomarker of survival in infants with pro-B acute
lymphoblastic leukemia (pro-B-ALL) and MLL-AF4 re-
arrangement, who display a general loss in HDAC7 ex-
pression; notably, the lowest levels of HDAC7 are associ-
ated with the poorest outcome for the infants (27). We hy-
pothesized that these findings could be indicative of a yet-
unknownHDAC7-mediatedmolecularmechanisms that al-
lows proper acquisition of cell identity during early B cell
development in the bone marrow.

Using a combination of transcriptomic and epigenetic
genome-wide analysis, we now shed light into the molecu-
lar mechanisms that are governed by HDAC7 during early
B cell development. We identified HDAC7 as a regula-
tor of proper chromatin compaction in different stages of
B cell development (pro-B and pre-B cells). Importantly,
we demonstrated that HDAC7 represses TET2 expression

in pro-B and pre-B cells, and that its deficiency leads to
TET2 up-regulation and subsequent alteration in global
and specific 5-hmC patterns. In fact, HDAC7-deficient pro-
B cells showed enhanced 5-hmC global levels, resulting
not only in the activation of inappropriate lineage genes,
but also in the aberrant expression of non-coding elements
(such as active transposon LINE-1 elements and miR-
NAs). Thus, our findings unveil novel molecular mecha-
nisms that govern the maintenance of correct B cell devel-
opment and identity, working through the HDAC7–TET2
axis.

MATERIALS AND METHODS

Study Design

The study aimed to define unprecedented molecular mech-
anisms by which class IIa HDAC7 preserves B cell iden-
tity in mice. Experiments included 4–6 weeks-old wild-type
and knockout mouse strains (C57BL/6). Mice selected in
each experiment were littermates. Primary pro-B and pre-
B lymphocytes were isolated by using cell sorting. Tet2 was
identified as a direct target of HDAC7 with chromatin im-
munoprecipitation and expression analysis experiments. 5-
hydroxymethylation levels in pro-B cells were quantified by
ELISA and hydroxymethyl-DIP experiments. 5-hmeDIP-
seq, ATAC-seq, H3K27ac and H3K27me3 ChIP-seq were
performed to determine global and specific changes. All re-
sults were validated by qPCR assays and were successfully
reproduced. No sample size calculations were performed,
since thesewere selected on the basis of previous studies per-
formed in our lab. The numbers of experimental replicates
are included in the figure legends.

Mice

Hdac7fl/− on C57BL/6 mice have been previously described
(28) and were kindly provided byDr Eric Olson (UT South-
western Medical Center, Dallas, TX, USA). Mb1-Creki/+

onC57BL/6 (B6.C(Cg)-Cd79atm1(cre)Reth/EhobJ)mice were
kindly provided by Dr Michael Reth (Max Planck Institute
of Immunology and Epigenetics, Freiburg, Germany). Ex-
periments were performed with 4–6 week-old mice. Litter-
mate controls were used for Hdac7fl/− mb1-cre mice. An-
imal housing and handling and all procedures involving
mice, were approved by the Bellvitge Biomedical Research
Institute (IDIBELL) ethics committee and the Animal Ex-
perimentation Ethics Committee (CEEA) of the Compara-
tive Medicine and Bioimage Centre of Catalonia (CMCiB),
at Germans Trias i Pujol Research Institute (IGTP), in ac-
cordance with Spanish national guidelines and regulations.

Cells

HAFTL pre-B cell line transduced with a MSCV-GFP-
C/EBP� retroviral vector (to generate C10 cells) and with
a MSCV-hCD4-C/EBP�ER retroviral vector (to generate
C11 cells), were described previously described (29). C10-
MSCV and C10-HDAC7 cells were generated as previously
described (30).
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shRNA-Tet2 infection of primary B cells and transduced pre-
B cell line (C11)

Retroviral vector for PGK-shRNATet2-GFP retroviral vec-
tor has been described in (31). CD19+ B cells from
Hdac7+/− and Hdac7fl/− mice or C11 cells were infected
with the shRNA Tet2 targeting vector(shTet2) or with
an empty retroviral vector (shCtrl). Cells were infected
twice, in a time gap of 24 h, and then, 48 h after sec-
ond infection, GFP+ cells were sorted using a FAC-
SAria™ Fusion cell sorter (BD Biosciences). After isola-
tion, CD19+ B cells were cultured on RPMI media sup-
plemented with 2% FBS, 0,03% Primatone RL (Sigma),
1 mM penicillin/streptomycin, 50 �M �-mercaptoethanol
and 1% IL-7 (Peprotech), whereas C11 cells were cultured
in RPMI media supplemented with 10% FBS and 1mM
penicillin/streptomycin.Tet2 knockdownwas confirmed by
qRT-PCR using SYBR green quantification.

�-Estradiol treatment of cell lines

C10-MSCV, C10-HDAC7, C11-shCtrl and C11-shTet2
cells were cultured and treated as previously described (30).

Flow cytometry analysis and cell-sorting

Cells were extracted from bone marrow (femur and tibia
of both hind legs) of Hdac7+/− and Hdac7fl/− mice. Red
blood cells were lysed with ACK lysis buffer. Cell counts
were determined using a manual cell counter and Türk’s
staining to facilitate the counting of white cells nuclei. Iso-
lated cells were incubated with anti-CD16/CD32 (2.4G2,
Fc Block) (BD Bioscience) for 10 min on ice to reduce non-
specific staining. The following antibodies were used for
analysis (fromBDBiosciences): anti-B220 (RA3-6B2), anti-
CD43 (S7), anti-IgM (R6-60.2), anti-CD19 (1D3) and anti-
Cd11b (M1/70). For Cd11b, Streptavidin-V50 (560797, BD
Biosciences) was used as a secondary antibody. Cells were
stained with primary antibodies for 30 min on ice in the
dark. Cells were analyzed on a BDFACS Canto II (BD Bio-
sciences) or sorted on BD FACSAria™ Fusion cell sorter
(BD Biosciences). Data were analyzed using FlowJo soft-
ware (Tree Star, Inc.). See Supplementary Figure S1A for
sorting gating strategy (pro-B cells: IgM−, CD19+, B220+,
CD43+; pre-B cells: IgM−, CD19+, B220+, CD43−).

Magnetic cell separation (MACS)

Cells were extracted from bone marrow (femur and tibia
of both hind legs) of Hdac7+/− and Hdac7fl/− mice. Red
blood cells were lysed with ACK lysis buffer. Cell counts
were determined using a manual cell counter and Türk’s
staining to facilitate the counting of white cells nuclei. Iso-
lated cells were incubated with anti-CD16/CD32 (2.4G2,
Fc Block) (BD Bioscience) for 10 min on ice to reduce non-
specific staining. The following antibodies were used for
separation (from Miltenyi Biotec): anti-CD19-Microbeads
(mouse), anti-Cd11b biotin (M1/70, BD Biosciences), and
Streptavidin-Microbeads. Samples were incubated for 20
min at 4◦C in the dark. CD11b needed double incubation,
first with anti-Cd11b and second with Streptavidin-beads.

Samples were put into Ls columns (Miltenyi Biotec) to per-
formmagnetic cell separation. After three washes, cell from
positive fractions (CD19+ and Cd11b+) were kept for fur-
ther experimentation.

RNA-sequencing and analysis

Total RNA was extracted from HDAC7-deficient and con-
trol pro-B and pre-B cells in the Genomics facility of Insti-
tute for Research in Biomedicine (IRB) in Barcelona. Sam-
ples were quantified and subjected to quality control using
a Bioanalyzer apparatus (IRB, Barcelona). Samples were
processed at BGI Genomics Service, (China). Briefly, low
input library was performed in all samples. Later, they were
sequenced in paired-end mode with a read length of 100 bp.
Thirty-fivemillion paired-end reads were generated for each
sample. Quality control of the samples was performed with
the FastQC tool (available at https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Paired-end reads from
RNA-Seq were aligned to the murine reference genome
(GRCm38) using Hisat2 (version 2.0.5). Quality of the
alignments was assessed using FastQC (v0.11.2). A count
table file indicating the number of reads per gene in each
sample was generated using HTSeq (version 0.6.0) (32).
Genes with no or very low expression were filtered out
and differentially expressed genes were identified using DE-
Seq (33), requiring a minimum adjusted P-value of 0.05
and a |log2FC| value >1. Functional analysis was per-
formed using gene set enrichment analysis (GSEA) (34)
using a pre-ranked list of human orthologs genes and
the gene set database c5.all.v7.2.symbols.gmt (Gene Ontol-
ogy). GSEA analyses were performed from the Hdac7+/−

pro-B versus Hdac7+/− pre-B cells, Hdac7+/− pro-B ver-
sus Hdac7fl/− pro-B cells and Hdac7+/− pro-B versus
Hdac7fl/− pre-B cells comparisons. Genes were ranked us-
ing this formula: −log10(FDR) × sign[log(FC)]. As gene-
sets collection, hallmarks (H) from the Molecular Signa-
tures Database (MSigDB) were selected, adding the spec-
ified custom genesets. Data from RNA-seq is available un-
der accession code GSE171855.

RT-qPCR analysis

RNA from sorted pro-B and pre-B cells was extracted
with an RNeasy Mini kit (Qiagen) and subsequently con-
verted into cDNA using the High Capacity cDNA Re-
verse TranscriptionKit (ABApplied Biosystems) according
to the manufacturer’s instructions. Real-time-quantitative
PCR (RT-qPCR) was performed in triplicate using SYBR
Green I Master (Roche). PCR reactions were run and ana-
lyzed using the LightCycler 480 Detection System (Roche).
RT-qPCRprimer pairs are shown in supplemental informa-
tion Supplementary Table S1.

Micrococcal nuclease assay

Two million of B cells from Hdac7+/− and Hdac7fl/− mice
were resuspended in 500 �l of lysis buffer (10 mM Tris,
10 mM NaCl, 3 mM MgCl2, 1% Triton, pH 7.5) and incu-
bated on ice for 10 min. Nuclei were collected by centrifu-
gation at 300 g for 5 min at 4◦C. The nuclear pellet was then

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/n

a
r/g

k
a
c
6
1
9
/6

6
5
1
8
7
3
 b

y
 U

n
iv

e
rs

id
a
d
 d

e
 C

a
n
ta

b
ria

 u
s
e
r o

n
 0

8
 A

u
g
u
s
t 2

0
2
2

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/


4 Nucleic Acids Research, 2022

resuspended in 400 �l of nuclear lysis buffer (20 mM Tris,
20 mM KCl, 70 mM NaCl, 3 mM CaCl2 and protease in-
hibitors, pH 7.5). Aliquots of 100 �l were incubated with
9 units of micrococcal nuclease (MNAse, ThermoFisher)
and digested at room temperature for 0, 1, 2 and 5 min,
respectively. Then 3�l of 0.5M EDTA was added to stop
digestion, and DNA was purified by using the QIAquick
PCR purification kit (Qiagen). About 500 ng were used for
gel electrophoresis and 12 ng of DNA were used for qPCR
analysis using SybrGreen (Roche). Primers obtained from
(35) were designed to target the �-globin gene to obtain
PCR amplicons longer than the length of a single nucleo-
some. Mononucleosomes generated during MNAse diges-
tion cannot be amplified by qPCR. Then, reduced ampli-
fication involves more open/accessible chromatin state, at
least at this locus.

Western Blot

White cells from bone marrow of control and Hdac7fl/−

mice were extracted as in sorting procedure. Next, cells were
stained with anti-CD19-microBeads (Miltenyi Biotec) ac-
cording to manufacturer’s instructions. CD19+ B cells were
isolated by magnetic separation with LS column adapters
(Miltenyi Biotec). Purified cells were lysed with RIPA
buffer. Lysates were resolved on 8–15% SDS-PAGE (Mini-
Protean electrophoresis chamber, Bio-Rad) and trans-
ferred on nitrocellulose membranes (Amersham Biosciec-
nes). Membranes were blocked in 5% milk in TBS with
0.1% Tween (TBS-T) and incubated overnight at 4◦C,
with primary antibodies (anti-Tet2 ab94580, abcam 1:1000;
anti-HDAC7 sc-11421, Santa Cruz Biotechnology 1:1000;
anti-H3K9me3 ab8898 (Abcam) 1:1000; anti-PUMA12450
(Cell Signaling) 1:500, anti-IRF4 sc-48338 (Santa Cruz
Biotechnology) 1:500; anti-c-MYB sc-74512 (Santa Cruz
Biotechnology) 1:500; anti-H3 ab1791 (Abcam) 1:1000;
anti-Lamin B1 ab16048 (Abcam) 1:1000, and anti-Actin
AC-15 (Sigma-Aldrich) 1:40000). Secondary antibody in-
cubations (HRP-anti mouse, P0260, or anti rabbit, P0448,
Dako 1:3000), were carried out for 1h at room temperature.
Protein signal was detected using ECLwestern detection kit
(Amersham Biosciences).

Chromatin immunoprecipitation assays (ChIP)

For chromatin immunoprecipitation (ChIP) assays, puri-
fied pro-B cells from the bone marrow of Hdac7+/− and
Hdac7fl/− mice were crosslinked for 15 min in 1% formalde-
hyde, followed by inactivation in 125 mM glycine for 5
min and by two washes in cold PBS. Afterward, sam-
ples were incubated in cell lysis buffer from LowCell#
ChIP kit (Diagenode) for 30 min at 8◦C and sonicated
with M220-Focused Ultra Sonicator (Covaris) according
to manufacturer’s instructions. Next steps of ChIP exper-
iments were performed using resources from the Low-
Cell# ChIP kit (Diagenode) according to the manufac-
turer’s instructions. The following antibodies were used
for immunoprecipitation: anti-HDAC7 (Abcam, HDAC7-
97, 2.5 �g), anti-H3K9/K14ac (Millipore, 06-599 2.5 �g),
anti-H3K27me3 (Millipore, 07-449, 2.5�g), anti-H3K27Ac
(Abcam, ab4729, 2.5 �g) and anti-H3k9me3 (Abcam,

ab8898, 2.5 �g). Real-time quantitative PCR (RT-qPCR)
was performed in triplicate and the results analyzed. Data
are presented as the ratio between the HDAC7-bound frac-
tion and histone modification antibody relative to the input
control. ChIP-qPCR primer pairs are shown in supplemen-
tal information Supplementary Table S1.

ChIP-seq experiments and analysis

H3K9/K14ac ChIP-seq data were extracted from ChIP-
seq experiments, as described elsewhere (26), whose data
are available under the accession code: SRA submission
SUB1614653. For new ChIP-seq experiments, purified pro-
B and pre-B cells from the bone marrow of Hdac7+/− and
Hdac7fl/− mice were crosslinked for 15 min in 1% formalde-
hyde, followed by inactivation in 125 mM glycine for 5
min and by two washes in cold PBS. Afterward, samples
were lysed and sonicated with M220-Focused Ultra Soni-
cator (Covaris) to obtain fragments of 250–500 bp. Sam-
ples were processed according to Blueprint Histone ChIP-
Seq protocol (https://www.blueprint-epigenome.eu/). The
following antibodies were used for immunoprecipitation:
2.5 �g of anti-H3K27me3 (07449) and 2.5 �g of anti-
H3K27ac (ab4729). As experimental control we used input
sonicated chromatin (not immunoprecipitated) in all exper-
imental conditions. For the analysis, reads were checked for
quality using FastQC (0.11.5) and then trimmed using trim
galore (v.0.6.6) to remove the sequencing adapters. Reads
were aligned to the mouse reference genome GRCm38 us-
ing Bowtie v2.3.2 with ‘–very-sensitive’ parameters (36).
Aligned reads were then filtered based on ENCODE stan-
dards and removed those mapping to the blacklist and
duplicates using samtools (v.1.9) and sambamba (v.0.7.0).
Peaks were called using MACS2 v2.2.7.1 (37) with default
parameters, providing an input sample to avoid false pos-
itives. Background correction was applied by first defining
a set of non-redundant enriched regions for all samples by
taking the union of all peaks fromboth replicates of all sam-
ples. Bigwig files were generated using bamCoverage v3.2.1
from deeptools (38). Genomic peak annotation was per-
formedwithHOMER software (v4.11). Intensity plots were
performed using computeMatrix in a window of±1 kb cen-
ter in the TSS fromdeeptools (38). Data fromH3K27ac and
H3K27me3 ChIP experiments are available under accession
code: GSE204673.

ATAC-seq experiment and analysis

50 000 purified pro-B and pre-B cells from the bone marrow
of Hdac7+/− and Hdac7fl/− mice were isolated and freshly
lysed using cold lysis buffer (10 mM Tris−HCl, pH 7.4, 10
mM NaCl, 3 mMMgCl2 and 0.1% IGEPAL CA-630). Im-
mediately after lysis, nuclei were spun at 500 g for 10 min
using a refrigerated centrifuge, and pellet was resuspended
in the transposase reaction mix (12.5 �l 2 × TD buffer, 2
�l transposase (Illumina) and 5.5 �l nuclease-free water).
The transposition reaction was carried out for 1 h at 37◦C,
followed by addition of clean up buffer (900 mM NaCl,
300 mM EDTA, 2 �l 5%SDS, 20 ng Proteinase K) and
incubation for 30 min at 40◦C. Tagmented DNA was iso-
lated using 2× SPRI beads from Beckman–Coulter. Fol-
lowing purification, we amplified library fragments using
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1× NEBnext PCR master mix and 1.25 �M of Nextera
PCR primers as described elsewhere (39). Sequence reads
quality was assessed with MultiQC v1.12 (40), and adapter
content (if any) was trimmed usingTrimmomatic v0.39 (41).
Paired-end reads were aligned to GRCm38 using Bowtie2
v2.2.3 with a maximum insert size of 2000 (-X 2000) (36).
These parameters ensured that fragments up to 2 kbwere al-
lowed to align and that only unique aligning reads were col-
lected (-m1). For all data files, duplicates and mtDNA were
removed using picard (http://picard.sourceforge.net) and
sambamba (v.0.7.0), respectively. For peak-calling,MACS2
v2.2.7.1 (37) tool was used with default parameters. Back-
ground correction was applied by first defining a set of non-
redundant enriched regions for all samples by taking the
union of all peak summits from both replicates of all sam-
ples. We then quantified the signal at all summits in each
sample by counting the number of fragments (using the
R bioconductor package csaw, v. 1.0.7) (42). The resulting
counts matrix file was analyzed for differential peaks with
DESeq2 (43). Genomic peak annotation was performed
with HOMER software (v4.11). Intensity plots were per-
formed using computeMatrix in a window of ±1 kb center
in the TSS from deepTools (38). Data from ATAC-seq are
available under accession code GSE204672.

Quantification of global 5-hydroxymethylation levels

To quantify 5-hmC, a Quest 5hmCDNAELISA kit (Zymo
Research) was used according to the manufacturer’s proto-
col. First, genomic DNA from sorted cells was extracted
using Quick-DNA Miniprep Plus kit (D4068, Zymo Re-
seach). Next, the bottom of the provided well was coated
with anti-5-hmC polyclonal antibody (pAb) for 1 h at 37◦C
in the dark. Wells were then blocked and 100 ng of dena-
tured genomic DNA was added for 30 min at 37◦C in the
dark. After corresponding washes, anti-DNA HRP anti-
body was applied to wells for 30 min at 37◦C in the dark.
After corresponding washes, HRP developer (3,3’,5,5’-
tetramethylbenzidine (TMB) (Sigma-Aldrich)) was added
to detect the DNA bound to the anti-5-hmC pAb for 20–
30 min at room temperature in the dark. Afterward, the
color reaction was stopped by the addition of sulfuric acid
and the resulting color was analyzed at 450 nm by using a
Glomax microplate reader (Promega). The percentage of 5-
hmC DNA was estimated from linear regression.

hMeDIP-qPCR experiments

Genomic DNA was purified by using the same kit as in
ELISA assay. 1 �g of genomic DNA from wild-type and
HDAC7-deficient sorted pro-B cells was sonicated with
M220-Focused Ultra Sonicator (Covaris) to obtain frag-
ments of 300–400 bp. Fragmented DNA were incubated
with 2 �g anti-5hmC (Active Motif, 39769) and 20 �l of
Dynabeads G (Life Technologies) for 16 h at 4◦C, and 10%
of DNA was kept to be used as input. After incubation,
Dynabeads were washed 3 times with IP buffer (10 mM
Na-Phosphate pH 7, 0.14 M NaCl, 0.05% Triton X-100)
and then were resuspended in Proteinase K digestion buffer
(50 mM Tris pH8, 10 mM EDTA, 0.5% SDS) for 30 min
at 55◦C. DNA from immunocomplexes was purified with

the QIAquick MinElute kit (Qiagen). Real-time quantita-
tive PCR was performed and the results analyzed. Data are
presented as the ratio of the enrichment of 5-hmC relative
to the input control.

hMeDIP sequencing experiments and analysis

Purified genomic DNA (1 �g) from wild-type and
HDAC7-deficient pro-B cells was sonicated to obtain
fragments of 300–400 bp. Adaptor ligations were per-
formed and libraries constructed by qGenomics Laborato-
ries (Barcelona, Spain). 2 �g of anti-5hmC (Active Motif,
39769) were incubated with 20 �l of Dynabeads G (Life
Technologies) for 2 h at 4◦C. Fragmented DNA was incu-
bated with Dynabeads and antibody for 16 h at 4◦C, and
10% of DNA was kept to be used as input. DNA was pu-
rified as described in hMeDIP qPCR assay. Amplified li-
braries were constructed and sequenced at qGenomics Lab-
oratories (Barcelona, Spain). Fastq data were obtained with
Trim Galore-0.4.2 and Cutadapt-1.6. Reads were mapped
with bwa-0.7.12. Sorting Sam to Bam was carried out with
Picard-2.8.0 SortSam and duplicates were removed with
Picard-2.8.0 MarkDuplicates. Bigwig files were made with
deeptools and normalized based on RPKM. Peak calling
was performed using MACS2 bdgpeakcall option (-c 250
-l 10 -g 10). To avoid false positives, peaks that intersect
with peaks in the corresponding input samples were re-
moved. DESEQ analysis (DESeq2 v1.20.0) was then used
to define peaks and perform quantitative analyses. The
Diffbind-2.6.6 R package was used for differential binding
analysis. Differential enrichment was defined by a thresh-
old value of P = 0.005 and a >1-fold difference in KO
relative to WT samples. Motif enrichment was analyzed
and peak depth quantified with HOMER software (v4.10).
Data from hMeDIP-seq is available under accession code
GSE135263.

Co-immunoprecipitation (Co-IP)

Co-IP assays were performed using CD19+ cells from con-
trol and HDAC7 deficient mice. Cell extracts were prepared
in lysis buffer [50 mM Tris–HCl, pH 7.5, 1 mM EDTA,
150 mM NaCl, 1% Triton-X-100, protease inhibitor cock-
tail (complete™, Merck)] with corresponding units of Ben-
zonase (Sigma) and incubated at 4◦C for 6 h. 50 �l of su-
pernatant was saved as input and diluted with 2× Laemmli
sample buffer (4% SDS, 20% glycerol, 120 mM Tris–HCl,
pH 6.8). Supernatant was first incubated with PurePro-
teome™ Protein A/Gagarose suspension (MerckMillipore)
for 1 h to remove background signal. Samples were then
incubated overnight at 4◦C with corresponding antibod-
ies against TET2 (ab124297, Abcam) and rabbit (12-371,
Merck Millipore) IgGs (negative control) and A agarose
beads. After that, beads were washed three times with lysis
buffer. For sample elution, 100 �l of 1× Laemmli sample
buffer was added to the beads. Samples and inputs were de-
natured at 95◦C in the presence of 1% �-mercaptoethanol.

Expression profiling of microRNAs

We used miRCURY LNA™ Universal RT microRNA PCR
System (Exiqon) to determine miRNA expression profiles.
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The miRNA annotation of mirBase version 20.0 was used.
Single-stranded cDNA was synthesized by reverse tran-
scription of 8 �l of RNA, using the universal cDNA Syn-
thesis Kit II (Exiqon). Diluted cDNA was mixed with Ex-
iLENT SYBR® Green master mix (Exiqon), and quanti-
tative PCR was performed using the Roche LightCycler®

480 RealTime PCR system (Roche). Primers design for val-
idations of miRNA’s differential expression was performed
with miRprimer software (https://sourceforge.net/projects/
mirprimer/).

Immgen data analysis

Immgen is a public resource that is the result of a collab-
orative group of immunology and computational biology
laboratories that share knowledge and expertise to perform
a broad and deep dissection of the genome’s activity and
its regulation in the immune system. This public resource is
broadly used by many immunology laboratories to interro-
gate biological questions of a gene of interest or more broad
mechanistic insights within the hematopoietic system.

Gene Skyline tool: expression data frommicroarrays col-
lected from several participating laboratories is normalized
with Robust Multiarray Average (RMA) algorithm (44,45).
RMA is a three-step algorithm, which removes background
noise (normally distributed), performs quantile normaliza-
tion and log2 transformation. Raw reads from microarray
are normalized by median of ratios with DeSeq2 package
from Bioconductor. Spike-in data is also used to evaluate
the RMA method in order to address questions about the
correctness of microarray data. Immgen developers ensure
that the comparison of expression levels of one gene among
different cell types is sensitive and quantitative.

Modules and regulators tool: this tool uses an algorithm
called Ontogenet in order to outline the regulatory net-
works that drive the hematopoietic cell differentiation (see
detailed explanation in (46). Briefly, it classifies and clus-
ters genes in groups called ‘modules’ based on expression
levels of genes among all cell types from all lineages and de-
velopmental stages from the hematopoietic system given by
several microarray analyses. Each module is called ‘coarse
module’, which can be further divided into ‘fine modules’.
The algorithm assumes that genes included in one module
are regulated in the same way. For these modules, Immgen
create automatically an expression matrix represented as a
heatmap, showing potential regulators of the module and
their expression pattern among blood cell types. Immgen
also provides a table of expression level and regulatory ac-
tivity (weight), classifying each regulator into positive and
negative.

My GeneSet tool: this browser allows you to examine the
pattern of expression of a selected set of genes over some
or all of the ImmGen expression data (obtained from either
RNA-seq or microarray experiments).

Statistical analysis

Data were analyzed by Student’s two-tailed unpaired t-
test and Mann–Whitney test using GraphPad Prism (v7).
P-values lower than 0.05 were considered statistically sig-
nificant. Statistical methods for analysis of genome wide

datasets involving hMeDIP-seq, RNA-seq, ChIP-seq and
ATAC-seq are explained in detail under the respective sec-
tion.

RESULTS

HDAC7 regulates chromatin condensation and 5-hmC levels
in pro-B cells

We previously identified HDAC7 as a critical transcrip-
tional repressor of lineage-inappropriate genes that ensures
correct early B cell development. However, its exact molec-
ular mechanisms remained to be addressed (26,30). To un-
veil the mechanisms and functions that HDAC7 exerts dur-
ing early B lymphocyte development along the different cell
stages of differentiation, we performed RNA-sequencing
(RNA-seq) experiments on pro-B and pre-B cells from
HDAC7 conditional knockout mice (Hdac7fl/–; hereafter,
HDAC7-deficient) and their control littermates (Hdac7+/–;
hereafter, wild-type) (Figure 1A; see also gating strategy,
Supplementary Figure S1A). First, we performed an unsu-
pervised cluster analysis of the samples based on their gene
expression profiles. Notably, pro-B and pre-B wild-type cell
populations were grouped into two different clusters, con-
firming that early B cell differentiation steps were affected
by gene transcription changes, a hallmark of early B lym-
phocyte development. In contrast, HDAC7-deficient pro-B
and pre-B cells were more similar and grouped closer, indi-
cating that the B cell developmental block observed upon
HDAC7 deficiency is a consequence of altered gene tran-
scription programs (Figure 1B). Based on RNA-seq anal-
yses, a comparison of the differentially expressed genes be-
tween the cell populations showed that 1992 and 2140 genes
were up-regulated and down-regulated, respectively, during
the cellular transition from pro-B to pre-B wild-type cells
(Supplementary Figure S1B). The lack of HDAC7 from
the pro-B or pre-B cells resulted in a downregulation of
272 and 1576 genes, respectively, as compared to the wild-
type pro-B cells (Supplementary Figure S1B). Among the
downregulated genes, we observed a dramatic disruption
in heavy chain immunoglobulin (Igh) production (Supple-
mentary Figure S1C), which is a critical process in early
B cell development; this demonstrated that HDAC7 defi-
ciency would drastically affect the immune response (Sup-
plementary Figure S1D).

HDAC7 is a transcriptional repressor. Accordingly, 393
and 1609 genes in pro-B and pre-B cells, respectively, were
upregulated in the HDAC7-deficient cells as compared to
pro-B wild-type cells (Figure 1C). Gene Ontology (GO)
analysis of up-regulated genes at both cell stages showed
that they were related, on one hand, to cell prolifera-
tion, survival and immune processes (Supplementary Fig-
ure S1E) and, on the other hand, to enhanced protein bind-
ing (Supplementary Figure S1F). To specifically analyze the
gene expression changes exclusively depending on HDAC7,
and omit differences due to different cell stages, we over-
lapped upregulated genes from pro-B and pre-B cells. GO
analysis revealed that overlapped upregulated genes upon
HDAC7 deficiency were associated with an altered immune
response (Figure 1D, upper panel), with a clear tendency
for increased protein binding and transcription factor (TF)
activity, which may correlate with a more open chromatin
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Figure 1. HDAC7 deficiency results in global chromatin de-condensation and increase 5-hmC levels. (A) Experimental design for RNA-seq experiments,
showing the type of cells used. B cell progenitors (pro-B); B cell precursors (pre-B). (B) Cluster dendogram obtained fromRNA-seq gene expression profiles
for each replicate and cell type. (C) VennDiagram comparing up-regulated genes inHdac7fl/– pro-B cells respect to control pro-B cells (left) and inHdac7fl/–

pre-B cells respect to control pro-B cells (right). (D) Gene ontology (GO) enrichment analysis of up-regulated genes in HDAC7 deficient pro-B and pre-B
cells respect to control pro-B cells. BP refers to Biological Processes andMF corresponds toMolecular Functions. (E) GSEA analysis comparing wild-type
pre-B and HDAC7-deficient pro-B and pre-B cells respect to wild-type pro-B cells in expression profiles related to condensed chromosome signatures. (F)
Chromatin accessibility assay in control and HDAC7-deficient B cells. Isolated nuclei from these cells were digested with 5 units of micrococcal nuclease
(MNase) for 0, 1, 2 or 5 min. Different nucleosomal fractions (mono, di and polynucleosomes) were separated by gel electrophoresis (upper panel).
Band density quantification from chromatin accessibility assay using ImageJ software. Results are expressed as the mean ± SEM of three independent
experiments. **P < 0.01 by unpaired t-test (left lower panel). qPCR showing protection of MNase-digested DNA after 5 min incubation in control or
HDAC7-deficient B cells (right lower panel). Data represent mean± SEMof three independent experiments per condition after normalization toActb gene
expression. *P < 0.05 by unpaired T-test. (G) ATAC-seq coverage depth (per base pair per peak per 10 million mapped reads) of peaks located in the TSS
(−1 kb to +1 kb) in wild-type and HDAC7-deficient pro-B (upper panel) and pre-B cells (lower panel). (H) Genomic distribution of chromatin accessible
peaks in Hdac7+/– and Hdac7fl/– pro-B and pre-B cells determined by ATAC-seq experiments. (I) Venn Diagram comparing differentially enriched peaks
in ATAC-seq inHdac7fl/- pro-B cells and up-regulated genes in RNA-seq inHdac7fl/- pro-B cells (upper panel) and pre-B cells (lower panel) compared to
control cells. (J) H3K9me3 global levels decrease upon HDAC7 deficiency, analyzed by Western blot representative assay (upper panel). Total H3 levels
were used as a control. Band quantification of theWestern blot experiment was performed using ImageJ program. Results are expressed as themean± SEM
of three independent experiments. ***P < 0.001 by unpaired t-test (lower panel). (K) ELISA assay showing global levels of DNA 5-hmC in pro-B cells
from wild-type and HDAC7-deficient mice. Each dot represents one animal (n = 4, test); the line represents the mean. Data is represented as mean± SEM
of four independent experiments. *P < 0.05, Mann–Whitney test.
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state (Figure 1D, lower panel). Gene set enrichment anal-
ysis (GSEA) showed that the gene signatures in HDAC7-
deficient pro-B or pre-B cells were associated to a deficiency
in chromosome condensation, suggesting a potential loss of
the heterochromatin state in the absence of HDAC7 (Figure
1E). This de-condensationwas independent of the cell stage,
as there was no difference in these gene signatures between
control pro-B and pre-B cells, when separately analyzed
for each genotype (Figure 1E). These results indicate that
HDAC7 deficiency may result in chromatin decompaction.
Accordingly, HDAC7-deficient B cells presented increased
chromatin accessibility, as genomic DNA from these cells
was more sensitive to micrococcal nuclease (MNase) diges-
tion than that from control B cells (Figure 1F, upper and
lower left panels). These results were reinforced by qPCR
showing protection of MNase-digested DNA at �-globin
site (Figure 1F, lower right panel). To definitively prove the
potential role of HDAC7 in maintaining proper chromatin
status in pro-B and pre-B cells, we performed transposase-
accessible chromatin assay coupled with next generation se-
quencing (ATAC-seq). We found that the global chromatin
accessibility intensity was higher in both HDAC7-deficient
pro-B and pre-B cells compared to control cells (Figure 1G).
Consistentwith its role as a transcriptional repressor, we ob-
served ∼13 000 more accessible peaks in HDAC7-deficient
pro-B cells. Next, we determined ATAC-seq differential re-
gions between HDAC7-deficient and wild-type pro-B (Fig-
ure 1H, upper panel) and pre-B cells (Figure 1H, lower
panel).We found that the genomic distribution of the acces-
sible sites differed significantly in the absence of HDAC7.
In particular, we observed a reduction of peaks located at
promoters and, more notably in pro-B cells, a dramatic in-
crease of accessible peaks at distal intergenic regions (Figure
1H). To interrogate a potential functional link between the
altered chromatin landscape and transcriptional program-
ming in the absence of HDAC7, we integrated the data ob-
tained in ATAC-seq and RNA-seq experiments. We com-
pared the open chromatin regions in HDAC7-deficient pro-
B and pre-B cells versus upregulated genes in the absence
of HDAC7 (Figure 1I, upper panel). Half of the differen-
tially upregulated genes (209 genes) in pro-B cells also pre-
sented a more open chromatin state in HDAC7-deficient
cells, whereas 203 genes among the pre-B cells upregulated
genes set showed a more accessible chromatin (Figure 1I,
lower panel). Additionally, and given that chromatin con-
densation is associated to heterochromatin state, we next
isolated CD19+ B cells from HDAC7-deficient or wild-type
mice and assessed the levels ofH3K9me3, a well-known epi-
genetic mark involved in the establishment of heterochro-
matin, genome stability, and cell identity maintenance (47).
We found thatHDAC7-deficient B cells showed a significant
and dramatic decrease in H3K9me3 as compared to their
wild-type counterparts (Figure 1J). Increases in 5-hmChave
been associated with chromatin decompaction and, conse-
quently, with alterations in hematopoietic cell differentia-
tion and the maintenance of cell identity (48). Importantly,
5-hmC and H3K9me3 have an opposite genomic localiza-
tion pattern, with TET proteins recruited mostly to euchro-
matin regions (49,50). We next carried out ELISA assays
to determine the global 5-hmC levels; which revealed that
HDAC7 loss in pro-B cells led to a significant increase in

the global levels of 5-hmC (Figure 1K). Thus, altogether
our data indicated that HDAC7 controls chromatin com-
paction and DNA 5-hmC levels at early stages of B cell de-
velopment.

HDAC7 regulates TET2 expression in pro-B and pre-B cells

Our results suggested that an essential function of HDAC7
during early B cell development could be the regulation
of TET proteins expression, which are responsible for in-
corporating 5-hmC into DNA. Among the different fam-
ily members, TET2 appears to play crucial roles during
hematopoiesis and is highly expressed in myeloid cells (20–
22). Therefore, we hypothesized that HDAC7 may be re-
sponsible for tightly regulating and fine-tuning the physi-
ological levels of TET2 in pro-B and pre-B cells, thereby
ensuring proper cell differentiation and identity. We di-
rectly addressed our hypothesis firstly by analyzing whether
TET2 is expressed at different levels in the lymphoid and
myeloid compartments within the hematopoietic system.
For this purpose, we examined transcriptomic data from
the Immunological Genome Project Database (Immgen)
(http://www.immgen.org/). Indeed, TET2 was expressed at
much higher levels in myeloid cells than in lymphoid popu-
lations (Figure 2A). Next, taking advantage of the ‘modules
and regulators’ interactive tool in the Immgen database, we
searched for putative positive and negative TET2 regula-
tors. This tool uses all expression data of hematopoietic
cell populations deposited by several groups and enables
the search for putative positive and negative regulators of
the gene of interest. Strikingly, HDAC7 appeared to be the
only negative regulator or transcriptional repressor control-
ling TET2 expressionwithin the hematopoietic system (Fig-
ure 2B). Further analysis of data from Immgen database
to compare the expression pattern between HDAC7 and
TET enzymes coding genes in lymphoid and myeloid pop-
ulations revealed an inverse correlation with gene expres-
sion between HDAC7 and TET2 (Figure 2C), indicating a
fully opposite expression pattern of both genes throughout
hematopoiesis. In contrast, TET1 had an expression pat-
tern similar to that of HDAC7, while TET3 displayed uni-
form expression levels throughout all tested cell populations
(Supplementary Figure S2A and B). These data suggested
that HDAC7 was responsible for controlling TET2 levels
in lymphoid cells. We next examined data from RNA-seq
in Figure 1B–E, as well as from our published microar-
ray (26). We found that Tet2 was upregulated in HDAC7-
deficient pro-B and pre-B cells with respect to control pro-
B cells (Figure 2D and E) reaching similar levels to that of
macrophages (Supplementary Figure S2C), whereas the ex-
pression of the essential B cell genesE2a andPax5 remained
unaltered (Supplementary Figure S2D and E). RT-qPCR
assays revealed that the absence of HDAC7 from pro-B and
pre-B cells did not alter the expression levels of the other
class IIa HDACs family members (HDAC4, 5 and 9) in-
dicating the specific requirement of HDAC7 during early
B cell development (Supplementary Figure S2F). Accord-
ing to mRNA levels, analysis of our ATAC-seq revealed a
more open chromatin at Tet2 gene loci in HDAC7-deficient
pro-B cells and pre-B cells (Figure 2F). Western blot exper-
iments confirmed that the absence of HDAC7 from B cells
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Figure 2. (A) HDAC7 controls DNA 5-hmC through Tet2 regulation in pro-B and pre-B cells. Gene skyline showing the Tet2 gene expression profile along
different murine hematopoietic cell lineages (obtained from ‘gene skyline’ tool of Immgen database). (B) Heatmap showing the expression of potential
Tet2 gene regulators in hematopoietic cell subsets (left panel). Tables showing mean weight (enzymatic activity) of potential negative regulators of Tet2
gene in hematopoietic cells. Tet2 gene is included in two modules or cluster of genes: coarse module includes 315 genes and three negative regulators and
fine module contains 35 genes and one negative regulator (right panel). Data were extracted from Immgen public database usingModules and Regulators
tool. (C) Heatmap showing the inverse expression ofHdac7 and Tet2 in the indicated cell subsets. Data was extracted from Immgen public database using
My Gene Set tool. (D) Genome browser snapshot of the Tet2 gene showing signal for RNA-seq in wild-type and HDAC7-deficient pro-B and pre-B cells.
Orange shadow indicates Tet2 promoter. (E) Analysis by RT-qPCR of the Tet2 mRNA levels in wild-type and HDAC7-deficient pro-B and pre-B cells.
(F) Genome browser snapshot of the Tet2 gene showing signal for ATAC-seq in Hdac7+/− pro-B cells, Hdac7fl/− pro-B and pre-B cells. Orange shadows
indicate Tet2 promoter and additional exonic regions. (G) TET2 upregulation in Hdac7fl/– CD19+ B cells compared to Hdac7+/– B cells analyzed by
Western Blot assay (left panel). Quantification of two Western Blot experiments was performed by using ImageJ program (right panel). (H) RT-qPCR
experiments for gene expression changes for Tet2 and Pax5 in the absence or presence of HDAC7 during the conversion of pre-B cells into macrophage-
like cells. 24 and 48 h time points indicate time since transdifferentiation induction with �-estradiol. Data from E and H is represented as mean ± SEM of
four independent experiments. *P < 0.05, ****P < 0.0001, unpaired t-test. Data from G is represented as mean ± SEM of two independent experiments.
* P < 0.05, unpaired t-test.
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correspondedwith significantly increasedTET2 protein lev-
els (Figure 2G). Therefore, different physiological levels of
TET2 protein may have an effect and specific function in
hematopoietic cell populations. Next, using a transdifferen-
tiation system developed by Graf laboratory (24), we found
that HDAC7 exogenous expression blocked the upregula-
tion ofTet2 during pre-B cells conversion intomacrophages
(Figure 2H). Forced expression of HDAC7 did not interfere
with the downregulation ofPax5 during cellular conversion
(Figure 2H), confirming that its expression is totally inde-
pendent of that of HDAC7. Together, these findings indi-
cated that HDAC7 may govern early B cell development in
the bone marrow through the control of the physiological
levels of TET2.

Tet2 is a direct HDAC7 target gene in pro-B cells

We next performed chromatin immunoprecipitation (ChIP)
assays to test whether Tet2 is a direct HDAC7 target gene
in B cells; we found that HDAC7 was recruited to the pro-
moter of the Tet2 gene, which contains MEF2 binding sites
in pro-B cells (Figure 3A, upper panel). This was consistent
with the previously demonstrated requirement of HDAC7
to interact with MEF2C to repress its target genes in pro-
B cells (26), and with Tet2 being a MEF2C direct target in
pro-B cells (6). We also demonstrated HDAC7 recruitment
at a previously described Tet2 enhancer (24) (Figure 3A,
lower panel). We previously reported by ChIP-seq experi-
ments that HDAC7 loss in pro-B cells causes an increase of
H3K9/K14ac at the promoter and enhancers of its target
genes (26). ChIP-seq data examination and ChIP-qPCR re-
vealed an increase of H3K9/K14ac at both promoter and
enhancer regions of Tet2 in the absence of HDAC7 from
pro-B cells (Figure 3B and C). As expected, the absence of
HDAC7 from pro-B cells had no effect onH3K9/K14ac en-
richment at Pax5 gene (Supplementary Figure S3A). Next,
integration of ATAC-seq and H3K9/K14ac ChIP-seq data
from HDAC7-deficient pro-B cells revealed an overlapping
of 4487 enriched regions, remarkably including Tet2 (Sup-
plementary Figure S3B). To further gain insight into the
mechanisms altered by HDAC7 deficiency, we performed
ChIP-seq of H3K27ac and H3K27me3 histone marks in
wild-type and HDAC7-deficient pro-B cells. The analysis
revealed an increased global intensity of the activating hi-
stone mark H3K27ac in the HDAC7-deficient pro-B cells
(Supplementary Figure S3C), as well as at both specific pro-
moter and enhancer regions of Tet2 gene (Figure 3D, E).
In addition, the absence of HDAC7 from pro-B cells re-
sulted in a decrease of global H3K27ac mark in promoter
regions and an increase in distal intergenic regions (Sup-
plementary Figure S3D). Increased number of H3K27ac
peaks in distal regions upon HDAC7 deficiency agrees with
previous results of more open chromatin regions under the
same conditions, reinforcing the repressive role of HDAC7.
The integration of ATAC-seq and H3K27ac-seq data re-
vealed 3113 common peaks (representing ∼40% of the en-
riched regions in both assays) in the absence of HDAC7,
in which Tet2 was also included (Supplementary Figure
S3E). In parallel, H3K27me3 ChIP-seq data unveiled simi-
lar coverage intensity between wild-type and HDAC7 defi-
cient pro-B cells (Supplementary Figure S3F). The genomic

distribution of H3K27me3 remained also unaltered in the
absence of HDAC7 (Supplementary Figure S3G). In the
case of H3K27me3 enrichment in HDAC7-deficient pro-
B cells, we performed the integrative analysis comparing
with ATAC-seq data from wild-type cells and observed an
overlap of ∼25% of enriched peaks (Supplementary Fig-
ure S3H). ChIP-qPCR demonstrated a significant decrease
of H3K27me3 at Tet2 gene loci in HDAC7-deficient pro-
B cells (Figure 3F, G). Finally, we aimed to determine if
the global decrease in H3K9me3 in the absence of HDAC7
shown in Figure 1J could be observed at the Tet2 gene
loci. Indeed, ChIP-qPCR showed that HDAC7 deficiency
in pro-B cells led to lower enrichment levels of the repres-
sive histone mark H3K9me3, at both the promoter and en-
hancer of Tet2 gene (Supplementary Figure S3I). Collec-
tively, our findings demonstrated that HDAC7 controls the
proper deposition of epigenetic marks and that Tet2 is a di-
rect HDAC7-target gene in pro-B cells.

HDAC7 deficiency alters 5-hmC at specific loci

We next performed a 5-hmC DNA immunoprecipita-
tion (hMeDIP) followed by next-generation sequencing
(hMeDIP-seq) in pro-B cells purified from Hdac7fl/– mice
and their Hdac7+/– control littermates. While the total fre-
quencies of 5-hmC peaks were similar, the global 5-hmC
coverage was higher in HDAC7-deficient pro-B cells than in
wild-type pro-B cells, in concordance with the results from
Figure 1K (Figure 4Aand SupplementaryFigure S4A). The
genomic distribution of the peaks did not differ significantly
between the two genotypes, with most peaks located in in-
tergenic and intronic regions as well as within LINE-1 ele-
ments (Figure 4B). Further, we found differential peaks in
5-hmC enrichment: HDAC7-deficient pro-B cells had an in-
crease of∼13 000, and a decrease in∼15 800, 5-hmC peaks,
as compared to wild-type B cells. Next, we performed an in-
tegrative analysis of the ATAC-seq and hMeDIP-seq data
obtained. In particular, we overlapped the genes present-
ing a more open chromatin with the genes associated with
higher 5-hmC enrichment in the HDAC7-deficient pro-B
cells.We found that around 40% of genes with amore acces-
sible chromatin harbored increased 5-hmC, indicating that
HDAC7 may regulate a proper DNA compaction to avoid
aberrant deposition of this epigenetic mark (Figure 4C).
Focusing on alterations in potential lineage-inappropriate
genes, we observed an increase in the enrichment of 5-
hmC at the Jun gene in HDAC7-deficient pro-B cells as
compared to wild-type cells, indicating that Jun may be
aberrantly overexpressed in the absence of HDAC7 (Fig-
ure 4D). Indeed, RNA-seq data showed a higher expres-
sion of Jun in HDAC7-deficient pro-B and pre-B cells as
compared to wild-type pro-B cells (Figure 4D). This cor-
related with a more open chromatin of the Jun gene in the
absence of HDAC7 in both cell types (Figure 4D). Similar
results were observed for theFosb gene (SupplementaryFig-
ure S4B). The results from hMeDIP-seq andRNA-seq were
confirmed by hMeDIP-qPCR and RT-qPCR experiments
(Figure 4E, F, and Supplementary Figure S4C). Upregu-
lation of additional lineage inappropriate genes, Cd69 and
Itgb2, in HDAC7-deficient pro-B and pre-B cells is shown
in Supplementary Figure S4D. Importantly, we found in-
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Figure 3. Tet2 is a direct HDAC7 target gene in pro-B and pre-B cells. (A) Chromatin immunoprecipitation (ChIP) experiments showing the recruitment of
HDAC7 to the Tet2 promoter or the Tet2 enhancer, quantified as % of input. (B) Genome browser snapshot of H3K9/K14ac ChIP-seq (left panel) showing
differential enrichment levels at the promoter region of Tet2 gene for HDAC7-deficient pro-B and control cells. ChIP-qPCR assay validating ChIP-seq
data after immunoprecipitation with anti-H3K9/14ac antibody is shown in right panel, quantified as % of input. (C) As in (B), but for a Tet2 pre-existing
enhancer region. (D, E) As in (B, C), but for H3K27ac ChIP-seq enrichment and after immunoprecipitation with H3K27ac antibody. (F, G) As in (B, C),
but for H3K27me3 ChIP-seq enrichment and after immunoprecipitation with H3K27me3 antibody. All data are represented as mean ± SEM of n = 3.
*P < 0.05, **P < 0.01, unpaired t-test.

creased TET2 recruitment to the Jun gene loci identified in
the hMeDIP-seq analysis, as well as to further myeloid gene
promoters (Fosl2, Ahnak and Itgb2), in HDAC7-deficient
pro-B cells (Figure 4G and Supplementary Figure S4E).

To definitively prove the functionality of HDAC7–TET2
axis, we performed rescue analysis (gain and loss of func-
tion) using three different experimental approaches. A
graphical scheme depicting the three experimental ap-
proaches is shown in Supplementary Figure S4F. First, we
transduced purified B cells from bone marrow of wild-type
and HDAC7-deficient mice with a retroviral vector for spe-
cific shRNA against Tet2 (shTet2) and compared them to
counterpart cells transduced with control retroviral vector
(shCtrl). We found that knocking down Tet2 prevented the
upregulation of Jun and Fosl2 in HDAC7 deficient B cells
(Figure 4H). Therefore, as a second approach, we took ad-
vantage of the HAFTLmurine pre-B cell line engineered to
transdifferentiate into functional macrophages by addition
of �-estradiol (C11 cells) and previously reported in (29).

Similarly to the case of C10 cells, HDAC7 and TET2 be-
come downregulated and upregulated during cellular con-
version, respectively. C11 were transduced with shCtrl or
shTet2 retroviral vectors and sortedGFP-positive cells were
later induced to macrophage transdifferentiation by the ad-
dition of �-estradiol, in order to achieve double HDAC7
and TET2 deficiency (Figure 4I). RT-qPCR assays showed
that Jun and Fosl2 were upregulated after cellular con-
version, concomitant to HDAC7 downregulation. Impor-
tantly, Tet2 knockdown resulted in a significant block of
both inappropriate genes induction (Figure 4I). And third,
we determined the expression of Jun and Fosl2 in C10 sam-
ples from Figure 2H similarly to the case of C11 cells, Jun
and Fosl2 were upregulated during the conversion of pre-
B cells into macrophages. Importantly, HDAC7 exogenous
expression blocked their increased expression (Figure 4J).
These data demonstrate that the HDAC7–TET2 axis is in-
volved in the proper control of the expression of lineage in-
appropriate genes in B cells.
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Figure 4. HDAC7 deficiency results in increased recruitment of TET2 and altered 5-hmC enrichment at B cell lineage inappropriate genes. (A) 5-hmC
coverage depth (per base pair per peak per 10 million mapped reads) of 5-hmC peaks (−2 kb to +2 kb) in control and HDAC7-deficient pro-B cells.
(B) Genomic distribution of 5-hmC enrichment in Hdac7+/– and Hdac7fl/– pro-B cells. (C) Venn Diagram comparing enriched peaks associated genes in
ATAC-seq from Hdac7fl/− pro-B cells and 5hmC enriched genes in hMeDIP-seq in Hdac7fl/− pro-B cells compared to control cells. (D) Genome browser
snapshot of the Jun gene showing signal for 5-hmC from hMeDIP-seq, ATAC-seq and RNA-seq data in wild-type or HDAC7-deficient pro-B and pre-B
cells. The peak locations are indicated in the orange-shaded rectangles. Orange shadows indicate Jun gene regions with differential peaks. (E) 5hmC-qPCR
experiments showing the enrichment of 5-hmC in wild-type or HDAC7-deficient pro-B cells in the Fosl2 and Jun genes. (F) Analysis by RT-qPCR of Jun
mRNA levels in control or HDAC7-deficient pro-B cells and pre-B cells. (G) Analysis of TET2 recruitment at the Jun gene by ChIP-qPCR in control and
HDAC7-deficient pro-B cells. (H) Ex vivo shCtrl and shTet2 retroviral infection in B cells from HDAC7-deficient mice. As control, wild-type B cells were
transducedwith shCtrl vector. Cells were infectedwith shTet2 and expression levels of target genes were analyzed byRT-qPCR72h after retroviral infection.
(I) In vitro shTet2 infection of C11 pre-B cells. Cells were infected with shCtrl or shTet2 and then treated with �-estradiol to induce trans-differentiation
to macrophages. Expression levels of target genes were analyzed after 72 h of transdifferentiation (J) C10 pre-B cells expressing empty plasmid (MSCV)
and HDAC7-expressing plasmid (7WT) were treated with �-estradiol to induce transdifferentiation to macrophages. Expression levels of target genes were
analyzed after 48 h of transdifferentiation. (K) Themost relevant TF bindingmotifs in wild-type orHDAC7-deficient pro-B cells, based on their enrichment
in 5-hmC using the HOMER database of known motifs. (L) Co-immunoprecipitation assays performed inHdac7+/– andHdac7fl/– CD19+ B cells. Protein
extracts were immunoprecipitated using an anti-TET2 antibody, using IgG as a negative control and total protein extract as input. Data in (E, F) are
represented as mean ± SEM of n = 4. Data in (G–J) are represented as mean ± SEM of n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 unpaired t test.
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Finally, we performed a motif enrichment analysis to de-
termine whether HDAC7 deficiency produces an alteration
in chromatin positioning that could lead to changes in TF
occupancy. Although we found no differences associated
with HDAC7, we did note enrichment of relevant TFs in
the hematopoietic system, such as PU.1 (Figure 4K), which
has been previously reported to interact with TET2 (51,52).
The occupancy of PU.1 under both conditions is consis-
tent with its relevance in both lymphoid and myeloid lin-
eages. Accordingly, we corroborated that TET2 interacts
with PU.1 in HDAC7-deficient B cells, as well as in wild-
type B cells. As expected, EZH2 (a known TET2 partner)
was also identified as an interactor (Figure 4L). Together,
our results demonstrate an essential role of HDAC7 in si-
lencing B cell-inappropriate genes by its regulation of TET2
expression and, consequently, of the DNA 5-hmC levels.

HDAC7 directs 5-hmC and expression of specific miRNA in
pro-B cells

Further examination of our hMeDIP-seq data revealed
that the coverage depth of 5-hmC peaks at miRNAs in
HDAC7-deficient pro-B cells was higher than in control
pro-B cells (Figure 5A). Additionally, integrative analy-
sis with our ATAC-seq obtained data demonstrated that
more than 50% of miRNA-related peaks that are enriched
in 5-hmC mark in the absence of HDAC7, are also lo-
cated in open chromatin regions (Figure 5B). In fact, we
found that several miRNAs involved in leukemia and lym-
phoma, as well as in myeloid differentiation, such as miR-
125b and miR34a, were more enriched in 5-hmC and lo-
cated in more open chromatin regions in pro-B cells from
Hdac7fl/– mice (53) (see an example of miR125b in Fig-
ure 5C). Using ChIP-qPCR, we found that TET2 recruit-
ment increased at both miR125b- and miR34a-associated
loci, which correlated to the enhanced 5-hmC enrichment
in HDAC7-deficient pro-B cells (Figure 5D). Additionally,
GSEA analysis of our RNA-seq data confirmed that gene
sets related to miR-34a and miR-125b functions were more
expressed upon HDAC7 deficiency (Figure 5E). To exam-
ine a potential connection between changes in 5-hmC and
chromatin condensation and HDAC7-mediated control of
miRNA expression, we performed amiRNAprofiling using
a qPCR-based panel containing over 375 miRNAs (miR-
CURY LNA™ microRNA Array [Exiqon]) in wild-type
or HDAC7-deficient pro-B cells (Figure 5F and Supple-
mentary Table S2). We found 25 miRNAs whose levels
of expression differed significantly between wild-type and
HDAC7-deficient pro-B cells, which correlated with dif-
ferential 5hmC enrichment and chromatin state. miRNAs
that were up-regulated and 5hmC-enriched under HDAC7-
deficient conditions included miR-125b-5p, miR-126, miR-
29b, miR-34a and miR-99a (Figure 5F and Supplemen-
tary Figure S5A). On the contrary, B-cell related miRNAs
that were down-regulated upon HDAC7 deficiency, such as
miR-150a and miR-181a, also presented decreased 5hmC
enrichment andmore closed chromatin state (Figure 5F and
Supplementary Figure S5B). The differential expression ob-
served in HDAC7-deficient pro-B cells of several miRNAs
involved in the hematopoietic system or related disorders
were validated by RT-qPCR (Figure 5G). Thus, aberrant

microRNAs (such as miR-125b and miR-34a) were upreg-
ulated, while B cell–specific miRNAs (such as miR-28a,
miR150, miR-142 and miR181a) were downregulated in
HDAC7-deficient pro-B cells. Finally, we tested whether
targets of these miRNAs are altered as a consequence of
HDAC7 deficiency. On one hand, we observed that protein
levels of MYB, target of miR-142 and miR-150, were in-
creased in Hdac7fl/− cells (Figure 5H). On the other hand,
we found decreased expression of PUMA and IRF4, both
targets of miR-125b, upon HDAC7 deficiency (Figure 5I).
Globally, our data indicate that, through the regulation of
Tet2, HDAC7 controls the expression levels of crucial miR-
NAs of the immune system.

HDAC7 regulates 5-hmC levels and expression of LINE-1 el-
ements

Our hMeDIP-seq approach also revealed that, according
to the average signal from all the peaks obtained, the sig-
nal intensity of 5-hmC peaks associated with LINE-1 ele-
ments in HDAC7-deficient pro-B cells was higher than in
their wild-type counterparts (Figure 6A). Gene ontology
analysis of genes located in regions associated to LINE-1
elements revealed that 5-hmC enriched genes in Hdac7fl/−

pro-B cells were more associated to gene activation and
cell proliferation, whereas down-regulated LINE-1-related
genes were involved in negative regulation of cell prolifer-
ation and cell differentiation (Figure 6B). In addition, we
found that specific LINE-1-related loci were more suscep-
tible to MNAse treatment in HDAC7-deficient B cells than
wild-type cells and, therefore, more predisposed for aber-
rant upregulation (Figure 6C). Accordingly, we found that
>50% of LINE-1 related peaks (associated 514 to genes)
with 5-hmC enrichment were located in more open chro-
matin regions (Figure 6D). Hence, HDAC7 depletion was
correlated with increased chromatin accessibility and en-
hanced or uncontrolled gene activation in LINE-1 associ-
ated loci (see examples in Figure 6E and Supplementary
Figure S6A). Aberrant expression of LINE-1 elements is as-
sociated with genome instability. Accordingly, GSEA anal-
ysis of our RNA-seq data showed that the gene signatures
in HDAC7-deficient pro-B or pre-B cells were associated
to impaired DNA repair mechanisms (Figure 6F), suggest-
ing a potential increase of genomic instability in the ab-
sence of HDAC7 that could correlate with LINE-1 aber-
rant expression. In fact, genes included inDNA repair gene-
set (form GSEA) that were down-regulated in HDAC7-
deficient pro-B cells were related to DNA damage response
and DNA repair abilities (Supplementary Figure S6B, C),
supporting the potential affection of DNA repair capacity
upon HDAC7 deficiency. Regions with differential 5-hmC
peaks were validated by hMeDIP-qPCR assays, confirm-
ing that the absence of HDAC7 from pro-B cells resulted
in higher levels of 5-hmC in LINE-1 elements (Figure 6G).
Moreover, we observed a significant increase in the expres-
sion of LINE-1 transcripts from the most active families in
HDAC7-deficient pro-B cells (Figure 6H), reinforcing the
correlation between 5-hmCenrichment and gene activation.
Previously published data revealed that TET1 andTET2 are
recruited to the 5′ UTR of young LINE-1 elements in em-
bryonic stem cells (54). We confirmed by ChIP-qPCR that
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Figure 5. HDAC7 directs B cell–specific miRNA hydroxymethylation and expression patterns. (A) 5-hmC coverage depth (per base pair per peak per
10 million mapped reads) of 5hmC peaks located in microRNAs (−2 kb to +2 kb) from control or HDAC7-deficient pro-B cells. (B) Venn diagram
comparing miRNA-related enriched peaks in ATAC-seq fromHdac7fl/− pro-B cells and miRNA-related peaks enriched in 5hmC-seq (or hMeDIP-seq) in
Hdac7fl/− pro-B cells compared to control cells. (C) Example of 5-hmC and open chromatin enriched peaks at miR-125b from hMeDIP-seq and ATAC-seq
experiments. (D) ChIP-qPCR analysis of TET2 recruitment to hydroxymethylated miRNAs in HDAC7-deficient pro-B cells. (E) GSEA analysis showing
gene sets related to miR-34a and miR-125b functions, comparing HDAC7-deficient pro-B cells to control pro-B cells. miR-125B and miR-34a datasets
were retrieved from www.gsea-msigdb.org. (F) Heat map of the differential expression of miRNAs for two HDAC7-deficient vs. wild-type replicates. Only
miRNAs with a FC > 2 or FC < 0.5 2 from the miRCURY LNA™ Universal RT panel were selected. See also Supplementary Table S2. (G) RT-qPCR
analysis of selected microRNAs from the miRCURY LNA™ Universal RT panel in HDAC7-deficient and control pro-B cells. The levels of U6 RNA were
used for normalization. (H) Protein levels of miR-150 and miR-142 target MYB were assessed by western blot assays in control and HDAC7-deficient
CD19+ cells. (I) Protein levels of miR-125b targets PUMA (left panel) and IRF4 (right panel) were assessed by western blot assays in control and HDAC7-
deficient CD19+ cells. Using �-actin or Lamin-B as housekeepings, relative quantification of protein levels in G andHwas performed with ImageJ software
and is indicated below each panel. Data in (G) is represented as mean ± SEM of n = 3. *P < 0.05, **P < 0.01, unpaired t test.
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Figure 6. HDAC7 regulates 5-hydroxymethylation levels of transposable LINE-1 elements. (A) 5-hmC coverage depth (per base pair per peak per 10
million mapped reads) of 5-hmC peaks located in LINE-1 elements (−2 kb to +2 kb) in wild-type or HDAC7-deficient pro-B cells. (B) Gene Ontology
(GO) enrichment analysis of genes associated to up-regulated (left panel) and down-regulated (right panel) regions in HDAC7-deficient pro-B cells respect
to control pro-B cells in hMeDIP-seq shown in (A). (C) RT-qPCR showing protection of MNase-digested DNA at the 5min time point in wild-type or
HDAC7-deficient B cells. (D) Venn diagram comparing enriched peaks associated genes in ATAC-seq from Hdac7fl/− pro-B cells and LINE-1 enriched
peaks associated genes in 5hmC-seq (or hMeDIP-seq) inHdac7fl/− pro-B cells compared to control cells. (E) Example of 5-hmC andATAC-seq enrichment
in young retrotransposon (L1) from peaks detected in hMeDIP-seq and ATAC-seq data. The peak location found common in the two omics analyses is
located in the orange-shaded rectangle. (F) GSEA analysis comparing wild-type pre-B or HDAC7-deficient pro-B and pre-B cells to wild-type pro-B cells
in expression profiles related to DNA repair signatures. DNA repair dataset was retrieved from www.gsea-msigdb.org. (G) hMeDIP-qPCR analysis of 5-
hmC enrichment at LINE-1 retrotransposable elements in wild-type or HDAC7-deficient pro-B cells. (H) RT-qPCR analysis of the expression of proteins
encoded by LINE-1 (ORFp1, ORFp2) and the most active L1 elements subfamilies (Gf, A) in wild-type or HDAC7-deficient pro-B cells. (I) ChIP-qPCR
analysis of TET2 recruitment at hydroxymethylated L1 elements. TET2 enrichment at the Spi1 promoter was used as a positive control. (J–L) As in Figure
4H-J, but analyzing the expression levels of L1 associated regions (L1 ORFp, L1 Gf and L1A). Data from (G–L) are represented as mean ± SEM of n =

3. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired t test.
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TET2 was recruited to LINE-1 elements with enhanced 5-
hmC in HDAC7-deficient pro-B cells; TET2 recruitment to
the Spi1 promoter was used as a positive control (Figure
6I). Finally, using samples from the gain and loss of func-
tion experimental approaches shown in Figure 4H–J, we
further demonstrated that HDAC7-mediated LINE-1 reg-
ulation depends on Tet2 expression (Figure 6J-L). Overall,
our data indicated that HDAC7 plays a role in preserving
the chromatin state and genome integrity in B cells by re-
stricting the expression levels of TET2, which consequently
leads to the maintenance of physiological levels of 5-hmC
at retrotransposon elements.

DISCUSSION

Here we reveal an unprecedented HDAC7-mediated molec-
ular mechanism that preserves the correct chromatin
conformation, histone marks deposition and DNA 5-
hydroxymethylation state. Notably, this state is essential for
B cell identity and, consequently, for a correct gene ex-
pression pattern during early B cell development. HDAC7
deficiency resulted in a global chromatin de-compaction
that significantly increased its accessibility. This correlated
with a global increased of H3K27ac in the absence of
HDAC7 from pro-B cells. Chromatin organization is dy-
namically reshaped during B cell development, obtaining
unique populations at each differentiation stage (55); how-
ever, this process is highly controlled, and alterations in
chromatin state (such as that observed here in HDAC7-
deficient cells) can alter the transcriptional regulation and
gene expression patterns, which can drive malignant trans-
formation (56). In line with the increased chromatin ac-
cessibility, HDAC7 deficiency also caused a significant de-
crease in H3K9me3, a hallmark of heterochromatin state,
which is involved in maintaining lineage stability and pre-
venting cell reprogramming (47,57,58). TET enzymes are
mainly recruited to open chromatin regions; therefore, eu-
chromatin (unlike heterochromatin) is enriched in 5-hmC
(49). HDAC7 deficiency results in a global decrease of het-
erochromatin regions and enhanced TET2 recruitment. It
has been reported that TET2 loss at stem cell stages pro-
duced an aberrant number of myelomonocytic cells and im-
pairment in the expression of macrophage markers such as
Mac-1 in myeloid cells (20,22). Within the B cell lineage,
TET2 conditional deficiency at pro-B cell stage does not
cause any phenotype during development and differentia-
tion. Only conditional deletion of both TET2 and TET3
lead to defective B cell development (52). Even though there
is no phenotype observed by TET2 deficiency in vivo, TET2
has been reported to play a critical role in mediating the hy-
droxymethylation of cytosine residues from myeloid genes
during pre-B cells conversion into macrophages (24,29).
Despite loss of TET2 and TET3 leads to aberrant lym-
phocyte development and related disorders (59,60), and
loss of TET2 enzymatic activity appears to mainly af-
fect myeolopoiesis (23,60), our results strongly suggest that
HDAC7 is a critical factor that preserves B cell identity
and correct DNA hydroxymethylation state via Tet2 gene
silencing.

Previous studies have established a close relationship
between transcription regulators and dynamic changes in

DNA methylation during B cell development and com-
mitment, specifically at the pro-B to pre-B cell transition
(14,59). Hematopoietic cells present low hydroxymethyla-
tion levels (∼0.2%) compared to other cell types, such as
Purkinje cells or embryonic stem cells (∼5%) (50,61). How-
ever, we observed a significant decrease of heterochromatin,
and an increase in 5-hmC, uponHDAC7 deficiency, leading
to several molecular and biological consequences. First, we
found a high percentage of 5-hmC peaks located in inter-
genic and distal promoter regions. These results may imply
that distal regulatory regions with enhancer features are de-
pendent on TET2-mediated DNA demethylation and may
correlate with the presence of additional mechanisms that
control DNAmethylation status at promoter-associated re-
gions (62,63). Jun and Fosl2 were found among the myeloid
and T cell genes with increased 5-hmC levels in HDAC7-
deficient B cells. Fosl2 is a TET2-activated gene during the
transdifferentiation of pre-B cells to macrophages (24), and
Jun undergoes enhancer demethylation prior to B cell be-
ing reprogrammed into induced pluripotent stem cells (iP-
SCs) (64). The finding that lineage-inappropriate genes are
already marked with 5-hmC in B cell progenitors supports
the notion that they may be epigenetically poised in early
stages of development.

HDAC7 deficiency also led to differential 5-hmC levels
in some regions containing miRNAs. miRNAs are epige-
netic players that have crucial roles in multiple developmen-
tal processes, and their de-regulation is involved in many
biological disorders. Recent studies have demonstrated that
miRNAs have a role in normal and malignant B cell de-
velopment, by modulating the expression of key regulatory
genes (65–67). For instance, miR-34a is strongly expressed
in myeloid cells, and its constitutive expression in B cells
blocks the pro-B to pre-B cell transition (26,68); notably,
this is the biological effect that we observed upon HDAC7
deficiency. miR-150, which is down-regulated in pro-B cells
from Hdac7-null mice, is related to B cell development
and performs tumor-suppressor functions in leukemic cells.
miR-142 and miR-181 are highly expressed in a cell-specific
manner (69), such as in hematopoietic cells. Specifically,
B cell function is impaired in miR-142 deficiency condi-
tions (67), and miR181a regulates positively the B lym-
phocyte differentiation (70). Previous studies indicated that
miR-126 is downregulated in lymphoid cells, (71,72), which
is consistent with our results. Moreover, miR-29b is acti-
vated byC/EBP� and repressesTet2 expression, which con-
cords with C/EBP� and Tet2 up-regulation when HDAC7
is deficient (73). miR-34a is strongly expressed in myeloid
cells, and its constitutive expression in B cells blocks the
pro-B to pre-B cell transition (68). Finally, some mem-
bers of the miR-99 family, such as miR-99b, are abun-
dant in macrophages, neutrophils, and monocytes. Here,
we observed that another member of the family related to
leukemic stem cells, miR-99a, was upregulated in HDAC7-
deficient pro-B cells. Thus, our results demonstrate that
HDAC7 can also exert its gene repressive function during
early B cell development by regulating gene expression, pre-
sumably by interacting with its classical partner MEF2C,
which may be recruited to miRNA regulatory regions, as it
does at other specific miRNA regions in the skeletal muscle
(74).
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Figure 7. Visual representation summarizing the role of HDAC7–TET2 axis in the regulation of proper gene silencing in early B cell development.

We have detected increased 5-hmC enrichment and a
more open chromatin state in some regions containing
LINE-1 transposable elements in HDAC7-deficient pro-
B cells. LINE-1 elements are the only active autonomous
retrotransposons in the mammalian genome and, conse-
quently, a potential disturber of chromatin stability (75).
In fact, LINE-1 transcripts from the A and Gf sub-
families, which present increased expression in HDAC7-
deficient pro-B cells, contain some members that still have
the full-length transcript, which maintains its retrotrans-
poson activity in the mouse genome (76). The fact that
increased 5-hmC is associated to TET2 recruitment sug-
gests that HDAC7 might be required to preserve chromatin
integrity by mediating the silenced status of LINE-1 ele-
ments. Of note, recent studies have shown that tight regula-
tion of TET2 activity is essential for correct maintenance of
genome stability: TET2 deficiency produces defects inDNA
damage response, and its overexpression produces chromo-
some instability and aneuploidy due to a collapse in BER
activity (77,78). Thus, results from this paper suggest that
TET2 aberrant expression by HDAC7-deficient B cells may
impair their capacity to repair DNA damage, which agree
with the observed higher cell death rates in these cells that
we reported in our previous published work (26).
Significant loss of H3K9me3 enrichment upon HDAC7

deficiency could also correlate with LINE-1 deregulated ex-
pression, since this heterochromatin mark is required to re-
press aberrant expression of retrotransposons in mammal

embryonic stem cells (79,80). However, given that DNA
methylation is the main source of LINE-1 repression in
more differentiated cells, we suggest that LINE-1 are si-
lenced due to DNA demethylation caused by TET2 upreg-
ulation; this would reinforce the effects of DNA methyla-
tion loss following TET2 up-regulation upon HDAC7 de-
ficiency. This result indicates that LINE-1 deregulation is
produced as a consequence of HDAC7 deficiency.

Our results represent a significant step forward in our
understanding of how B cells acquire their genetic iden-
tity, from three different perspectives. First, we identified
HDAC7 as a chromatin modulator that regulates the het-
erochromatin state and histone marks deposition in early B
cell development. Second, we demonstrated that HDAC7 is
the specific transcription repressor that controls TET2 ac-
tivity, which it achieves by fine-tuning its physiological ex-
pression levels in pro-B cells. This may represent the mech-
anistic explanation for the different TET2 expression lev-
els observed in myeloid and lymphoid cells. Third, our re-
sults reveal an unexpected role for HDAC7 in controlling
proper DNA 5-hydroxymethylation status and expression
of lineage- or functionally-inappropriate genes, microR-
NAs, and non-coding elements (such as LINE-1 elements)
in pro-B cells. We recently identified HDAC7 to be a novel
biomarker and prognostic factor in infants (<1-year-olds)
with pro-B acute lymphoblastic leukemia (pro-B-ALL) and
MLL-AF4 rearrangement (27). This subgroup of pediatric
patients presents an extremely adverse outcome, with sur-
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vival rate below 35%, and the loss of HDAC7 is associated
with a worse prognosis. Therefore, the elucidation of the ex-
act molecular mechanisms that HDAC7 exert during phys-
iological early B cell development will be crucial to under-
stand how their deregulation can result in B cell–associated
malignancies, with potential implications in the clinics.

Altogether, our findings lead us to a proposed model by
which HDAC7 functions during early B cell development
are not restricted to controlling expression by direct recruit-
ment to its target genes. Rather, HDAC7 governs the ex-
pression of another crucial epigenetic regulator, TET2. The
identified HDAC7–TET2 epigenetic axis is essential to pre-
serve proper 5-hmC and histone marks levels, chromatin
compaction, and expression of miRNAs and LINE-1 ele-
ments (Figure 7). We anticipate that our findings may open
new avenues to understanding the consequences of HDAC7
deregulation in altering the molecular mechanism found in
B cell–related malignancies, eventually leading to strategies
to develop therapies for these pathologies.
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Gómez-Vaquero,C. and Ballestar,E. (2013) PU.1 target genes
undergo Tet2-coupled demethylation and DNMT3b-mediated

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/n

a
r/g

k
a
c
6
1
9
/6

6
5
1
8
7
3
 b

y
 U

n
iv

e
rs

id
a
d
 d

e
 C

a
n
ta

b
ria

 u
s
e
r o

n
 0

8
 A

u
g
u
s
t 2

0
2
2



20 Nucleic Acids Research, 2022

methylation in monocyte-to-osteoclast differentiation. Genome Biol.,
14, R99.
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54. de la Rica,L., Deniz,Ö., Cheng,K.C.L., Todd,C.D., Cruz,C.,
Houseley,J. and Branco,M.R. (2016) TET-dependent regulation of
retrotransposable elements in mouse embryonic stem cells. Genome
Biol., 17, 234.

55. Schoonhoven,A.van, Huylebroeck,D., Hendriks,R.W. and
Stadhouders,R. (2020) 3D genome organization during lymphocyte
development and activation. Brief. Funct. Genomics, 19, 71–82.

56. Vilarrasa-Blasi,R., Soler-Vila,P., Verdaguer-Dot,N., Russiñol,N., Di
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