
 
 

 
 

UNIVERSIDAD DE CANTABRIA/ 

EUSKAL HERRIKO UNIBERTSITATEA 

MÁSTER EN 

BIOLOGÍA MOLECULAR Y BIOMEDICINA 
 
 

 
TRABAJO FIN DE MÁSTER 

IMPACTO DE LA DEFICIENCIA DE SWI/SNF EN LA  

SEÑALIZACIÓN POR TGF-β EN CÁNCER DE PULMÓN 
 
 

 

 
MASTER`S THESIS 

IMPACT OF SWI/SNF DEFICIENCY IN TGF-β  

SIGNALING IN LUNG CANCER 
 

 

Realizada por: Ignacio González Mimbiela 

Dirigida por: Ignacio Varela Egocheaga 

Instituto de Biomedicina y Biotecnología de Cantabria.  

  

 
SANTANDER 2025 

 
 
 



Index 
 
 

1 
 

INDEX 
1. ABSTRACT .......................................................................................................................................... 2 

2. INTRODUCTION .................................................................................................................................. 3 

2.1. Lung cancer ................................................................................................................................. 3 

2.1.1. Genetic alterations in lung cancer ............................................................................................. 3 

2.1.2. Lung cancer treatment .............................................................................................................. 4 

2.2. SWI/SNF Chromatin Remodeling Complexes .............................................................................. 5 

2.2.1. SWI/SNF subfamilies .................................................................................................................. 5 

2.2.2. SWI/SNF mutations in human cancer ........................................................................................ 6 

2.2.3. SWI/SNF disruption in lung cancer ............................................................................................ 8 

2.2.4. Molecular mechanisms altered in SWI/SNF-deficient human cancers ...................................... 8 

2.3. Epithelial-mesenchymal transition (EMT) ................................................................................... 9 

2.3. 1. TGF-β intracellular pathway .................................................................................................... 10 

3. HYPOTHESIS AND OBJECTIVES ......................................................................................................... 12 

4. MATERIALS AND METHODS ............................................................................................................. 13 

4.1. Cell biology methods ................................................................................................................ 13 

4.1.1. Cell lines and culture conditions .............................................................................................. 13 

4.1.2. Mycoplasma PCR ..................................................................................................................... 13 

4.1.3. Transfection of cell cultures..................................................................................................... 14 

4.2. Molecular biology methods ...................................................................................................... 15 

4.2.1. RNA extraction ......................................................................................................................... 15 

4.2.3. Western Blot ............................................................................................................................ 16 

4.2.4. RNA-Seq Library Preparation ................................................................................................... 17 

4.3. Statistical analysis ..................................................................................................................... 19 

5. RESULTS ........................................................................................................................................... 20 

5.1. ARID2 silencing using short interfering RNAs (siRNAs) .............................................................. 20 

5.2. Effects of ARID2 depletion in TGF-β-Smad signaling .................................................................. 21 

5.2.1. Expression of TGF-β type 2 receptor (TGFBRII) in ARID2-deficient cells.................................. 21 

5.2.2. Effects of ARID2 depletion in TGF-β-Smad downstream effectors. ......................................... 22 

5.3. Characterization of ARID2 silencing effects at a transcriptional level. ....................................... 23 

5.3.1. Differentially expressed genes in ARID2-deficient cells ........................................................... 23 

5.3.2. Effects of ARID2 loss in TGF-β target gene expression. ........................................................... 25 

6. DISCUSSION ..................................................................................................................................... 27 

7. CONCLUSIONS .................................................................................................................................. 29 

8. REFERENCES ..................................................................................................................................... 30 

 

 



Abstract 
 
 

2 
 

1. ABSTRACT 

SWI/SNF is a family of chromatin remodeling complexes that uses the energy provided 

by ATP hydrolysis to modify the level of chromatin compaction regulating processes such 

as gene expression or DNA damage repair. Large cancer sequencing studies have 

provided evidence of SWI/SNF disruption in 20% of cancer patients, which suggest a 

tumoral suppressor role of these complexes. However, the molecular mechanisms 

underlying its role in tumorigenesis remain largely unknown. Lung cancer remains the 

main cause of cancer-related deaths worldwide with a mean survival rate below 20% 

despite the new development of targeted or immunotherapies. Consequently, any new 

knowledge about the molecular mechanisms involved in lung cancer and its potential 

implication in therapy is a topic of great interest.  

Morphological changes observed in SWI/SNF-deficient cells made us hypothesize that 

TGF-β pathway might be affected in these cells due to its function in epithelial-

mesenchymal transition (EMT).  

Here, we analyze the molecular effect of the depletion of a SWI/SNF subunit (ARID2) in 

several lung cancer cell lines with different mutational backgrounds.  Our results suggest 

that we efficiently produced ARID2 depletion in our cell models using siRNAs. This 

depletion is accompanied with an alteration of TFG-β pathway evidenced by 

downregulation of its receptor (TGFBRII). Moreover, this downregulation is not the result 

of an overactivation of TGF-β signaling, nor by the upregulation of the negative regulator 

SMAD7; which suggest that SWI/SNF might directly regulate TFGBRII expression. 

Finally, we have characterized, at the transcriptional level, the response of SWI/SNF 

deficient cells to TFG-β induction. 
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2. INTRODUCTION 

2.1. Lung cancer 

Lung cancer is the most frequently diagnosed cancer worldwide, as well as the leading 

cause of cancer-related deaths, with a 5-year survival rate of only 19%1. 

According to their molecular and histological features, lung cancer tumors can be 

classified into several subtypes. Currently, the classification includes two broad types: 

Non-small cell lung carcinoma (NSCLC), which represents the majority, accounting for 

about 80-85% of the cases, and small cell lung carcinoma (SCLC). Moreover, NSCLC is 

further subclassified in lung adenocarcinoma (LUAD, 40% of the cases), squamous cell 

carcinoma (SCC, 15-20% of the cases) and large-cell carcinoma (LCC, 10-15% of the 

cases)1. 

LUAD is a malignant epithelial tumor with glandular differentiation usually formed in the 

periphery of the lung. It can present several different histological patterns, alone or 

intermixed in the same tumor, and it is characterized by mucin production. SCC is a 

malignant epithelial tumor often arising at a central location in a main or lobar bronchus. 

It typically shows keratinization, although not always. LCC is a rare lung tumor type 

characterized by a lack of differentiation features, generally diagnosed after ruling out 

the other subtypes2. 

On the other hand, SCLC is the most clearly associated with smoking habits. It is a 

neuroendocrine carcinoma characterized by a high proliferative rate and early 

development of metastasis. It has a poor prognosis, with a 5-year survival rate around 

6%3. 

2.1.1. Genetic alterations in lung cancer   

Lung cancer is characterized by a high rate of somatic mutations and genomic 

rearrangements, with a great amount of passenger alterations. This makes it difficult to 

identify the critical driver events. 

TP53 (46%), KRAS (33%) and EGFR (14%) are the most frequently mutated genes in 

LUAD, followed by BRAF (10%), PIK3CA (7%), MET (7%), SET2 (9%), ARID1A (7%), 

among others. Interestingly, KRAS and EGFR mutations are mutually exclusive. LUAD 

is characterized by alterations in signaling pathway mediated by tyrosine-kinase 

receptors (RTKs), such as MAP/ERK (76%) or PI3K-mTOR (25%). Additionally, 

dysregulation in cell cycle control (64%), oxidative stress (22%) and chromatin 

remodeling pathways are also common (49%)4. 
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SCC displays a high rate of copy number alterations, amplifications and deletions. TP53 

is the most frequently mutated gene (81%). Other common alterations include CDKN2A, 

PTEN, PI3KCA, KEAP1, NOTCH or RB15. 

Regarding SCLC, inactivating TP53 and RB1 mutations are found in 90% and 65% of all 

cases, respectively6. Mutations in other tumor suppressor genes like PTEN, NOTCH and 

CRBBP have been also described, as well as amplification of MYC and FGFR1. These 

tumors are characterized by large chromosomal rearrangements and a high mutation 

burden, as well as a remarkable intratumoral heterogeneity, which promotes rapid tumor 

progression and acquisition of resistance to therapies3. 

2.1.2. Lung cancer treatment 

Lung cancer treatment depends on the subtype and stage of the tumor, as well as the 

presence of absence of specific genetic alterations. Three main approaches are typically 

used: surgical resection, unspecific treatments such as chemotherapy and radiotherapy, 

and targeted therapies, like immunotherapy or oncogene pathway inhibitory drugs.  

For early-stage localized NSCLC tumors, surgical resection is the optimal procedure, 

often combined with chemotherapy to increase the efficiency. If surgery is not possible 

or it is contraindicated, the preferred treatment is stereotactic radiotherapy, alone or 

combined with cisplatin-based chemotherapy7.  

In more advanced-stage NSCLC tumors, the approach depends on the histology and 

genetic features. Squamous tumors, which lack actionable alterations, are usually 

treated with platinum-based chemotherapeutic agents (cisplatin, carboplatin), alone or in 

combination with radiotherapy or immune checkpoint inhibitors (ICIs), such as anti-PD-

L1 antibodies (nurvalumab, atezolizumab).  On the other hand, non-squamous tumors 

display driver mutations in oncogenes and benefit from specifically targeted drugs, which 

produce fewer secondary effects. In particular, tyrosine kinase inhibitors (TKIs) against 

EGFR (erlotinib, afatinib, or osimertinib), BRAF (dabrafenib), or ALK (alectinib) are used 

regularly7.  

Regardless of the multiple therapeutic alternatives and the development of new targeted 

drugs, the acquisition of resistance mechanisms remains an issue. Therefore, new 

understanding of the molecular aspects involved in lung cancer behavior could be of 

great use.   
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2.2. SWI/SNF CHROMATIN REMODELING COMPLEXES 

SWI/SNF complexes are regulators of nucleosome positioning, using the energy 

obtained from ATP hydrolysis to transiently break nucleosome-DNA contacts and 

mobilize nucleosomes along the DNA by inducing them to slide, as well as directly 

catalyze their ejection, addition or exchange (Figure 1)8. Thus, they modify chromatin 

structure and consequently modulate the accessibility of specific genomic regions to the 

transcriptional machinery and other DNA-binding proteins, playing key roles in gene 

expression regulation, cell differentiation, DNA damage repair and genomic stability9,10.  

SWI/SNF was originally described in Saccharomyces cerevisiae through two 

independent screenings intended to identify alterations in genes causing defects in the 

mating-type switching (SWI) and sucrose-fermentation (SNF) pathways11,12. Later on, it 

was shown that many of these genes worked together forming a complex involved in the 

regulation of transcription, which was named SWI/SNF. 

2.2.1. SWI/SNF subfamilies 

SWI/SNF family of chromatin remodelers, also known as BRGM1/BRM associated factor 

(BAF) complexes, are large macromolecular assemblies (1-1.5 MDa) composed by 8-12 

subunits and conserved across species8. To date, three distinct SWI/SNF subfamilies 

have been identified in mammals, known as canonical BAF (cBAF), polybromo-

associated BAF (PBAF) and non-canonical BAF (ncBAF)13. All complexes share the so-

called core subunits, which include SMARCC1/2, SMARCD1, ACTB, ACTL6A/B, 

BCL7A/B/C, highly conserved across species, as well as one of two mutually exclusive 

ATPases: SMARCA4 or SMARCA2. Additionally, each complex contains several other 

accessory subunits that provide them with a distinct identity and contribute to their 

assembly, targeting and regulation of lineage-specific gene networks14,15. Thus, 

SMARCC2, SMARCD2/3, SMARCE1, and SMARCB1 subunits are common to cBAF 

and PBAF. However, cBAF contains ARID1A or ARID1B, as well as DPF1, DPF2 or 

DPF3, whereas PBAF incorporates ARID2, PRBM1, PHF10 and BRD7A. On the other 

hand, ncBAF does not include neither SMARCB1 nor ARID subunits, and has GLTSCR1 

or GLTSCR1L and BRD9 instead (Figure 1)9. 

Altogether, 29 genes encode SWI/SNF complex subunits in humans, some of which 

display lineage-restricted expression. Moreover, many of these genes can undergo 

alternative splicing, resulting in different isoforms. Hence, it is estimated that up to 1000 

different SWI/SNF could exist in mammals, controlling gene expression in specific 

cellular contexts9,14. 
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Not only do each subfamily display different composition, but also different location 

profiles across the genome. For instance, it has been described that cBAF complexes 

are predominantly located at enhancers, whereas PBAF act mainly in promoters, and 

ncBAF can be found in both16.   Recruitment of SWI/SNF complexes to specific genomic 

sites is driven by the presence of DNA-binding domains and reader domains that enable 

the recognition of posttranslational modifications (PTMs) on histone tails, including 

bromodomains, chromodomains and PHD domains17. Additionally, other domains 

facilitating protein interactions, as well as ATPase activity, are found in accessory and 

catalytic subunits.  

 

2.2.2. SWI/SNF mutations in human cancer 

There is a vast evidence of alterations of chromatin regulators and chromatin structure 

in cancer development. The main hypothesis is that these alterations affect the ability of 

cancer cells to acquire phenotypic plasticity through transcriptional reprogramming, 

Figure 1│Functions, composition and structure of SWI/SNF complex subfamilies. 

Obtained from Malone and Roberts, 20249. 
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which is one of the hallmarks of cancer. Among the different families of chromatin 

remodelers, SWI/SNF are the most frequently mutated in cancer14. 

SWI/SNF was first described to be involved in oncogenesis after the discovery that 

almost all cases of rhabdoid tumor, a rare pediatric tumor developed in brain soft tissue 

with a notably bad prognosis, present a biallelic inactivation of SMARCB118. Recently, 

cancer genome sequencing studies have highlighted the presence of SWI/SNF 

mutations in a broad group of tumor types8,9,14,19.  

SWI/SNF mutations are ubiquitous across different cancer types, indeed, more than 20% 

of all tumors exhibit mutations in one or more SWI/SNF subunits, which places SWI/SNF 

as the second most common alteration in cancer just behind TP53. Out of the 29 genes 

that encode SWI/SNF subunits, at least 9 are recurrently mutated in malignancy9. 

Interestingly, subunit aberrations are not randomly distributed across cancer types, but 

rather display patterns of association with specific tumors (Figure 2)14. 

Catalytic and accessory subunits are the most frequently affected, whereas core 

subunits exhibit a lower mutation rate. Most of these are nonsense, deletion and 

frameshift mutations, which suggest a tumor-suppressor role of SWI/SNF complexes10,14. 

Interestingly, most of the recurrently mutated genes encoding SWI/SNF subunits are not 

present in all three subfamilies, and these alterations do not fully inactivate SWI/SNF 

function, as it has been observed that residual complexes are essential for the survival 

of SWI/SNF-deficient cancer cell lines9.  

 

 

 

 

 

 

 

 

Figure 2│Frequency of SWI/SNF subunit mutations in different cancer types. 
Obtained from Mittal and Roberts, 202014. 
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2.2.3. SWI/SNF disruption in lung cancer 

The role of SWI/SNF subunits mutations in lung cancer development has been 

extensively described over the last decades. For instance, it was found that 30% of 

NSCLC cell lines exhibit reduced expression of the catalytic subunits SMARCA2 and 

SMARCA4, which is associated with a lower survival-rate in comparison with those with 

normal expression levels20. Moreover, further studies have confirmed the correlation 

between the deficiency of SMARCA2 and SMARCA4 with poor prognosis21,22. Similarly, 

another study analyzing 106 cases of NSCLC revealed a decrease in ARID1A 

expression in about 35% of the cases and found a strong correlation between its 

downregulation and malignancy indicators, including a poor differentiation state and 

higher TNM scores23. In the same line of findings, previous results of Varela’s lab 

reported the reduction of ARID2 protein levels in 20% of the cases of a 139 lung cancer 

patients cohort, and, additionally, proved that ARID2 deficiency results in changes in 

chromatin structure, leading to a transcriptional reprograming that induces proliferation 

and metastasis in both in vivo and in vitro lung cancer models24. 

Among the different types of lung cancer, SWI/SNF mutations occur more commonly in 

NSCLC, specifically in LUAD. In particular, about 20% of LUAD cases harbor a mutation 

in at least one gene coding for SWI/SNF subunits, being SMARCA4 (8%), ARID1A (6%), 

ARID2 (6%), and SMARCA2 (3%) the most significantly mutated25.   

2.2.4. Molecular mechanisms altered in SWI/SNF-deficient human cancers 

Regardless of the huge amount off evidence supporting a link between SWI/SNF 

alterations and cancer, the molecular events underlying its contribution to malignancy 

are not fully understood. Currently, the main hypothesis is that SWI/SNF deficiency 

promotes tumorigenesis either by impairing of DNA repair pathways and compromising 

genomic stability, or via the activation of canonical cancer-promoting pathways. 

SWI/SNF participation in DNA damage repair has been extensively described, which 

suggest that SWI/SNF disruption could induce tumorigenesis due to a promotion of 

genomic instability26. For instance, it has been reported that ARID1A, SMARCA4 and 

SMARCA2 are recruited to double strand breaks (DSBs), where SMARCA2/4 modulate 

the machinery access and assembly27, and ARID1A helps in DSB end resection28. 

SWI/SNF also participate in other DNA damage repair pathways, such as nucleotide 

excision repair (NER), where SMARCB1 interacts with XPC to recruit ATM29.  

Additionally, SWI/SNF complexes also participate maintaining genomic stability during 

mitosis. In this context, ARID1A is essential to guarantee genomic integrity in the G2-M 
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checkpoint28, while SMARCA4 is involved in the decatenation of sister chromatids during 

the last steps of mitosis30. Thus, the loss of any of these subunits could result in cells 

progressing through the cell cycle even with DNA damage, or dividing with uneven 

distribution of genetic material to the daughter cells. Similar consequences were 

observed in a renal cancer model, in which the absence of PRBM1 caused an 

impairment in p53-mediated DNA damage response and cell cycle repression31.  

On the other hand, SWI/SNF has been shown to interact with cancer-associated genes, 

including TP53, MYC or RB125, which suggest that defects in these complexes could 

promote tumorigenesis through the activation of canonical cancer pathways. 

Furthermore, it has been observed that mutations in SWI/SNF elements and canonical 

cancer promoting genes are not often found in the same tumors, for example, SWI/SNF 

disruption and TP53 or PTEN mutations seem to be mutually exclusive in several cancer 

types19. Similarly, SMARCA4 downregulation does not occur simultaneously with EGFR 

mutations or MYC amplifications in lung cancer32, and its loss is synthetic lethal with 

CDK4/6 inhibition33. These mutual exclusivity patterns seem to indicate a redundancy in 

the consequences of the mutations, suggesting that SWI/SNF impairment is enough to 

promote tumorigenesis.  

Indirect associations between cancer pathways and SWI/SNF disruption have also been 

discussed. For instance, previous results from Varela’s lab showed that ARID2 is 

necessary for the expression of metastasis inhibitor MTT1 and adhesion molecule SDK1 

by maintaining an open chromatin structure around their enhancers24.  

2.3. EPITHELIAL-MESENCHYMAL TRANSITION (EMT) 

Epithelial-mesenchymal transition (EMT) is a process by which epithelial cells lose their 

characteristic phenotype and acquire mesenchymal features and behavior. During EMT, 

epithelial cells lose their specialized cell-contacts and apical-basal polarity, reshape their 

cytoskeleton and undergo transcriptional reprogramming34. Altogether, these changes 

result in increased cell motility, enabling their migration and integration in surrounding 

tissue or, in some cases, distant locations. EMT is essential during development, and 

contributes to other physiological processes such as wound healing or fibrosis, and is 

complemented by another process known as mesenchymal-epithelial transition (MET) 

during tumor metastasis35. 

Several studies have reported correlations between the loss of SWI/SNF subunits and 

EMT across different types of cancer, including ARID2 in liver cancer36 or ARID1A in 

breast, pancreatic, renal and ovarian cancer37. In the context of lung cancer, loss of the 
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catalytic subunits SMARCA4 or SMARCA2 has been found to induce EMT, marked by 

morphological changes, as well as a downregulation in the expression of epithelial genes 

and an increase in mesenchymal markers38. Moreover, previous unpublished findings 

from Varela’s lab showed that SWI/SNF deficiency in lung cancer cell lines is associated 

to a change in cell morphology, together with a switch in the transcriptional landscape 

towards the activation of mesenchymal gene expression.  

These effects are likely due to an alteration in TGF-β signaling pathway, which has been 

identified as a key regulator of EMT34,35.  

2.3.1. TGF-β intracellular pathway  

Members of the Transforming Growth Factor β (TGF-β) family are ubiquitous secreted 

proteins that activate intracellular pathways involved in the regulation of cell growth and 

differentiation. The human genome has 33 genes encoding TGF-β family members. 

TGF-β peptides are produced in an immature form, with a long pro-polypeptide and a 

signal polypeptide required for secretion. Following enzymatic cleavage of these, the 

mature polypeptide is released and acts as a homo- or heterodimer activating membrane 

receptors. TGF-β1 homodimer is considered the TGF-β signaling mechanism 

prototype39. 

The main or canonical TGF-β signaling pathway relies on a family of intracellular proteins 

called Smads. Eight different Smads, divided in three different classes, have been 

stablished: Receptor activated Smads (R-smads), which include Smad2, Smad3, Smad5 

and Smad8; Inhibitory Smads (I-Smads), such as Smad6 and Smad7, and a common 

Smad4. TGF-β signals through a heteromeric complex of two type I and two type II 

transmembrane serine-threonine kinase receptors. Upon TGF-β binding, type II 

receptors bind to and phosphorylate the type I receptors in a conserved Gly/Ser-rich 

sequence, resulting in the activation of their kinase activity. Type I receptors 

phosphorylate Smad2 and Smad3, which form a trimeric complex with Smad4 and 

translocate to the nucleus, where they associate with DNA binding transcription factors 

in order to modulate target gene expression39. Among the genes regulated we find I-

Smads. In particular, Smad2/Smad3 induce the expression of Smad7, which inhibits 

TGF-β signaling by preventing receptor-mediated activation of R-Smads, as well as 

mobilizing Smurf E3 ubiquitin-ligases to receptors in order to target them for proteasomal 

degradation, thus stablishing a negative feedback loop40. 
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On the other hand, TGF-β can also activate Smad-independent intracellular pathways, 

including MAP Kinase (MAPK), Rho-like GTPase signaling pathways, and 

phosphatidylinositol-3-kinase (PI3K)/AKT pathways39. 

TGF-β signaling is involved in the regulation of numerous cellular functions and 

pathways, including cell growth and differentiation, modulation of immune responses or 

apoptosis, among others. Throughout cancer development, TGF-β has been shown to 

play two antagonistic roles: In normal and early-stage tumor cells, it acts as a tumor 

suppressor. However, as the tumor progresses, cells acquire the ability to escape the 

suppressive effects of TGF-β and shift their response towards the activation of a 

proliferative and invasive program41. In this context, TGF-β has been characterized as a 

key regulator of EMT35. 
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3. HYPOTHESIS AND OBJECTIVES 

We hypothesize that SWI/SNF might play an important role in maintaining cellular 

differentiation/identity, likely by regulating TFG-β signaling. The main objective of this 

project is to characterize molecular and transcriptional alterations as the result of 

transient inhibition of a SWI/SNF subunit, ARID2, in cellular models of human lung 

cancer.  

The objectives of this work are the following:  

1. To generate ARID2 knock-down lung cancer cellular models  

2. To explore the consequences of ARID2 loss on TGF-β signaling pathway and its 

correlation with the presence of common oncogenic mutations.  

3. To identify genes whose expression depends on ARID2-containing SWI/SNF 

complexes, especially those involved in TGF-β signaling. 
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4. MATERIALS AND METHODS 

4.1. Cell biology methods 

4.1.1. Cell lines and culture conditions 

Human cancer cell lines A549 (ATCC® CRM-CCL-185™), NCI-H460 (ATCC® HTB-

177™), and NCI-H1437 (ATCC® CRL-5872™) were used in this work. NCI-H460 and 

NCI-H1437 cell lines were grown in RPMI 1640, and A540 in DMEM. In both cases, 

culture media were supplemented with 10% fetal bovine serum (FBS), 2 µg/mL of 

ciprofloxacin (CPX), and 10 µg/mL of gentamycin. All cell lines were maintained at 37ºC 

and 5% CO2 conditions.  

Cells were subcultured in order to keep them below 80% confluence. To this end, growth 

media was aspirated, cells were washed with PBS 1X and then detached with 0.25% 

Trypsin-EDTA at 37ºC. Finally, medium was added to neutralize the activity of trypsin 

and cells were collected.  

In order to have a broad representation of the different mutational backgrounds present 

in patients, a diverse set of human lung cancer cell lines were used. NCI-H460 and A549 

harbor inactivating mutations in KRAS: Q61H and G12S, respectively, whereas NCI-

H12437 has an inactivating mutation in TP53. A549 and NCI-H460 cell lines derive from 

primary tumors of lung adenocarcinoma and large cell lung carcinoma, respectively, 

whereas NCI-H1437 was obtained from a pleural effusion metastasis of a patient with 

NSCLC.  

Table 1│Summary of the cell lines used. 

Cell line Tumor type Growth medium Mutations 

A549 Lung adenocarcinoma DMEM +10% FBS KRAS pG12S 

NCI-H460 Large cell lung carcinoma RPMI 1640 + 10% FBS KRAS pQ61H 

NCI-H1437 NSCLC RPMI 1640 + 10% FBS TP53 pR267P 

 

4.1.2. Mycoplasma PCR 

In order to test mycoplasma contamination, 500 µL-1mL of cell culture supernatant from 

cells with a minimum of 48 hours was collected and centrifugated to discard detritus. 

Then, PCR mix was prepared to a final volume of 20 µL with 12.5 µL of NZYTaq Master 

Mix 2X, 0.4 µL of each forward and reverse primers (table 2), 10.7 µL of nuclease-free 

H2O and 1 µL of DNA (PCR protocol is detailed in table 3). PCR products were resolved 

in a 1% agarose gel and revealed with Sybr-safe and revealed using Gel Doc™ XR+ 
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System (Bio-Rad, # 1708195EDU). Myco-positive samples displayed a band around 480 

bp.  

Cells that tested positive were treated with 6 µg/mL of CPX and 10 µg/mL for 7 days, 

after which supernatant was harvested and tested again.  

Table 2│ Primers used in mycoplasma PCR. 

Primer Sequence 

Forward 5’- GGCGAATGGGTGAGTAACACG -3’ 

Reverse 5’- CGGATAACGCTTGCGACCTATG -3' 

 

Table 3│Mycoplasma PCR protocol. 

Step Temperature Time  

Cycles DNA denaturation 95ºC 3 min 

DNA denaturation 95ºC 30 sec  

x30 Primers annealing 55ºC 30 sec 

Extension 72ºC 30 sec 

Final extension 72ºC 5 min  

 

4.1.3. Transfection of cell cultures 

Twenty-four hours after plating, cells were transfected with a short interfering RNA 

(siRNA) targeting ARID2 to achieve gene silencing. In order to enhance the silencing 

efficiency, two siRNAs targeting different sites of ARID2 were used. A non-targeted 

siRNA was used as a control.  

For each well of a six-well dish, two solutions were prepared with a total volume of 150 

µL of MEM growth medium, one of them with 9 µg of Lipofectamine™ 2000 (Invitrogen, 

#11668027) and the other one with 100 pmol of the siRNA molecule. After 5 minutes at 

RT, both solutions were mixed together. After 20 minutes at RT, cells’ growth medium 

was replaced and the final mix was added in a drop-wise manner in each well.  

Twenty-four hours after the transfection, medium was changed. Silencing efficiency was 

monitored via analyzing ARID2 mRNA and protein levels by RT-qPCR and Western Blot.  
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4.2. Molecular biology methods 

4.2.1. RNA extraction 

RNA was purified with NZY Total RNA Isolation kit (NZYtech, #MB13402), following the 

protocol stablished by the kit. Cells were harvested as previously explained and placed 

in eppendorf tubes. Subsequently, eppendorf tubes were centrifugated at 1,200 rpms for 

4 minutes and 4ºC and supernatant was discarded, pellets were washed with PBS 1X 

and centrifugated again. PBS 1X was discarded and pellets were stored at -80ºC until 

RNA extraction.    

β-Mercaptoethanol was added to each pellet and 20G syringes were used for cell lysis. 

Then, samples were transferred to spin columns and centrifugated at 11,000g for 1 

minute. To reduce the presence of DNA and increase the yield, a digestion with DNAse 

I was performed. Before the elution, several washes with different buffers were done. 

Finally, columns were placed in sterile eppendorfs and 30-50 µL of RNAse-free water 

were added. Columns were centrifugated and the follow-through containing the RNA was 

collected and stored at -80ºC. RNA concentration was quantified using a Nanodrop 

spectrophotometer (Thermo Fischer Scientific, ND-2000).  

4.2.2. Reverse Transcription quantitative PCR (RT-qPCR) 

Reverse transcription reaction was performed using PrimeScript™ RT reagent Kit 

(Takara, #RR037A), following the manufacturer’s instructions. A reaction mix was 

prepared to a final volume of 10 µL with 2 µL of 5X PrimeScript Buffer, 0.5 µL of 

PrimeScript RT Enzyme Mix I, 0.5 µL of 50 μM Oligo dT Primer (25 pmol), 2 µL of 100 

μM Random 6 mers (200 pmol) and total RNA in RNase-free H2O. The reaction mix was 

incubated for 15 minutes at 37ºC, after which the reverse transcriptase was inactivated 

by heating the samples were heated at 85ºC for 5 seconds. 

Quantitation of mRNA levels was performed in StepOnePlus™ Real-Time PCR system 

(Applied Biosystems) using PowerUp SYBR Green Master Mix 2X (Applied Biosystems, 

#A25777). Twenty µL of reaction mix were prepared by adding 10 µL of PowerUp SYBR 

Green Master Mix 2x, 1.8 µL of 10 µM forward and reverse primers (800 nM), 5.4 µL 

nuclease-free H2O, and 1 µL of cDNA. PCR program is detailed in table 5. 

Expression of the housekeeping gene β-Actin was used as an internal control. 

Normalization of gene expression was performed as detailed:  

ΔCt = Ct (gene of interest) – Ct (housekeeping gene) 

ΔΔCt = ΔCt(siARID2) – ΔCt(siControl) 
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Relative expression: 2- ΔΔCt 

Table 4│Nucleotide sequence of primers used in RT-qPCR.  

Gene Primer Sequence 

ARID2 Forward 5’- CAGCCCATAACTTTGACGCA -3’ 

Reverse 5’- TGGTGCAATTCCATCTTCCT -3’ 

TGFBR2 Forward 5’- CTGCAGCATCACCTCCATCTGT -3’ 

Reverse 5’- CTTGGGGTCATGGCAAACTGTC -3’ 

SMAD7 Forward 5’- CCCTCCTTACTCCAGATACGCG -3’ 

Reverse 5’-CCCAGGGGCCAGATAATTCGT -3’ 

ACTB Forward 5’-CCCAGCACAATGAAGATCAA-3’ 

Reverse 5’-CGATCCACACGGAGTACTTG-3’ 

 

                           Table 5│RT-qPCR program 

Temp Time Cycles Melting curve 
50ºC 2 min Hold X40 

95ºC 15 sec 
60ºC 1 min 
95ºC 15 sec 

95ºC 2 min Hold 

95ºC 15 sec X40 

60ºC 1 min 

 

4.2.3. Western Blot  

Protein extraction from cell cultures 

Cells were washed with PBS1x and then lysed by adding 200 uL of a mix containing 

RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 % NP-40, 1 mM Sodium 

Orthovanadate, 1 mM NaF) and a phosphatase inhibitors cocktail. Cell lysis was 

performed by mechanical disruption of the samples using a cell scraper. Total lysates 

were collected in eppendorf tubes and sonicated for one cycle of 30 seconds at 50% 

amplitude. Following sonication, samples were centrifuged at 12,000 rpm for 15 minutes 

and 4ºC to remove debris. Finally, supernatants were collected and stored at -80ºC. 

Protein concentration was quantified using Qubit™ Protein Assay Kit.  

Western Blot analysis 

50 ug of total protein lysates were diluted in 5X Laemli buffer (250 mM Tris pH 6.8, 20% 

-mercaptoethanol, 10% SDS, 0.25% bromophenol blue, and 50% glycerol), heated for 

5 minutes at 95ºC and resolved by SDS-PAGE in 8% polyacrylamide gels at 130V and 

180V (for stacking and running gels, respectively). Once the electrophoresis finished, 

proteins were transferred to nitrocellulose membranes using a wet transfer blot at 400 
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mA for 1 hour and 30 minutes using the transfer buffer (1X Tris-Glycine, 20% methanol 

and 0,1% SDS). 

Membranes were blocked for 1 hour at room temperature (RT) in either a 4% BSA, or a 

10% solution in TTBS (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween 20), for 

phosphorylated and regular proteins, respectively. Then, membranes were blotted 

overnight with the primary antibodies (diluted in TTBS and 1% BSA) at 4ºC. 

Next day, membranes were washed three times in TTBS and incubated for 1 hour at RT 

with the secondary antibody, conjugated with Horseradish Peroxidase (HRP) (antibodies 

are given in table 6). Finally, membranes were washed three times in TTBS and blots 

were developed using Enhanced Chemiluminescence (ECL) (Solution 1: 10% Tris HCL 

1M pH 8.5, 1% luminol, 0.45% coumaric acid; Solution 2: 10% Tris HCL 1M pH 8.5, 0.6% 

H2O2) and Amersham ImageQuant 800 (Cytiva). 

Table 6│Antibodies used in Western Blot analysis. 

 Antibody Dilution Reference 

 

Primary 

antibodies 

Anti-ARID2 1:1,000 Santa Cruz Biotech: E-3. SC-166117 

Anti-pSMAD2/3 1:500 Cell Signaling #8828  

Anti-Actin 1:1,000 Santa Cruz Biotech: I-19. SC-1616 

 

Secondary 

antibodies 

Goat anti-mouse 1:10,000 Santa Cruz Biotech: SC-2005 

Goat anti-rabbit 1:10,000 Santa Cruz Biotech: SC-2004 

Rabbit anti-goat 1:10,000 Santa Cruz Biotech: SC-2768 

 

4.2.4. RNA-Seq Library Preparation 

For RNA-Seq library preparation, 3 µg of RNA of each sample were used. First, in order 

to increase the proportion of total mRNA present in each sample, an enrichment step 

was performed using NEBNext Poly(A) mRNA Magnetic Isolation Module (New England 

Biolabs, #E7490). Next, mRNA was randomly fragmented by heating the samples at 

94ºC for 15 minutes.  

cDNA was generated in two different steps. The first strand was generated using 

PrimeSript RT Reagent Kit (Takara, #RR037A) heating the samples at 37ºC for 15 

minutes, and then at 85ºC for 5 seconds to inactivate the reaction. Then, the remaining 

RNA were degraded by adding RNAse HI (Thermo Fisher Scientific, #EN0201) to the 

mixture and incubating at 15ºC for 2 hours. Then, the second strand was generated by 

adding T4 DNA polymerase (Thermo Fisher Scientific, #EP0062). Subsequently, 

samples were incubated at 15ºC for 5 minutes before adding 5µL of EDTA 0.5M pH 8.0. 
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Double-stranded cDNA fragments were purified with Agencourt AMPure XP (Beckman 

Coulter, #A63881). 

DNA fragments polished to obtain blunt ends and phosphorylated using an end-repair kit 

(Thermo Fisher Scientific, #K0771) containing T4 DNA polymerase for the 5’→3’ 

extension; klenow fragment with 5’-3’ nuclease activity for removing the 3’ overhangs; 

and T4 polynucleotide kinase (PNK) for phosphorylation of 5’ ends. Next, DNA fragments 

were adenylated on their 3’ ends with Klenow Fragment exo- (Thermo Fisher, EP0422). 

Then, DNA fragments ligation with paired-end adapters, which had been previously 

generated through hybridization of two complementary oligonucleotides (sequences are 

given in table 7), was performed using T4 DNA ligase (Thermo Fisher, #EL0014) 

overnight at 18ºC.   

Table 7│Sequence of P5 and P7 primers used to generate paired-end adapters. 

Adapter Sequence 

Adapt_TruSeq_P5a 5’-CTACACGACGCTCTTCCGATCT-3’ 

Adapt_TruSeq_P5b 5’-GATCGGAAGAGCGTCGTGTAG-3’ 

Adapt_TruSeq_P7a 5’-GATCGGAAGAGCACACGTCTG-3’ 

Adapt_TruSeq_P5b 5’-CAGACGTGTGCTCTTCCGCTCT-3’ 

 

Finally, DNA fragments were amplified by PCR with Phusion high fidelity DNA 

polymerase (Thermo Fisher Scientific, #F530L) to increase the yield and to add specific 

sequences to identify the reads from each sample. Different combinations of P5 and P7 

indexes were used in each sample.  

Table 8│Nucleotide sequence of P5 and P7 oligonucleotides used for RNA-seq library 
preparation. Specific 8 bp sequences used to identify each sample are highlighted in bold. 

Primer Sequence 

D525 AATGATACGGCGACCACCGAGATCTACACACCTCCAAACACTCTTTCCCTAC

ACGACGCTCTTCCGATC 

D701 CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D702 CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D703 CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D704 CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D706 CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D707 CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 
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D708 CAAGCAGAAGACGGCATACGAGATGCGCATTAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D709 CAAGCAGAAGACGGCATACGAGATCATAGCCGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D710 CAAGCAGAAGACGGCATACGAGATTTCGCGGAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D711 CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D712 CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

D713 CAAGCAGAAGACGGCATACGAGATTTGGAGGTGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

 

Finally, the resulting PCR products were purified with Agencourt AMPure XP (Beckman 

Coulter, #A63881) and eluted in 20 µL of TE buffer. Concentrations were quantified using 

Quibit dsDNA BR assay kit, and samples were analyzed using High Sensitivity D1000 

ScreenTape Assays (Agilent, #5067-5582/83) to assess the aspect of the libraries.  

4.2.5. RNA-Seq data analysis 

Raw sequencing data in fastq format was aligned against the human reference genome 

(GRCh38 version) using hisat242. SAM files where then converted to BAM, cleaned, 

sorted and indexed using SAMTOOLS43. Raw gene expression estimation from BAM 

files was estimated using HTSeq2 tool44 with Ensembl database transcripts (version 

110). DESEQ245 was used to identify gene expression differences and ggplot and 

pheatmap libraries were used to generate graphical representations. 

4.3. Statistical analysis 

Statistical differences between two groups of biological replications in RT-qPCR were 

estimated using t-test. DESeq2 packages uses its proper statistical analysis assuming 

a negative binomial distribution in the gene expression data.  
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5. RESULTS 

5.1. ARID2 silencing using short interfering RNAs (siRNAs) 

In order to explore the effects of ARID2 reduction, we used short interfering RNAs to 

knock down ARID2 expression in three distinct lung cancer cell lines with different 

mutational backgrounds: A549 and NCI-H460, harboring mutations in KRAS (Q61L and 

G12D, respectively), and NCI-H1437, harboring inactivating mutations in TP53. As it is 

shown in Figure 3, three days after siRNA transfection, RT-qPCR and Western Blot 

analysis demonstrated a significant reduction of ARID2 at both mRNA and protein level.  

 

 

 

 

 

 

 

 

 

 

 

As expected, our results showed a successful reduction of ARID2 in all three lines at 

both transcript (A549: 0.23 ± 0.075, p-value = 0.0015; NCI-H460: 0.43 ± 0.116, p-value 

= 0,0246; NCI-H1437: 0.67 ± 0.09, p-value = 0.0244) (Figure3A) and protein levels 

(A549: 0.23 ± 0.218, p-value = 0.0245; NCI-H460: 0,075 ± 0.031; p-value < 0,001) 

(Figure 3B).  

Figure 3│Knock-down validation of A549, NCI-H460 and NCI-H1437 cell lines by siRNA 

transfection.  A. Relative ARID2 mRNA expression measured by RT-qPCR. B. Relative 

ARID2 protein levels measured by Western Blot. β-Actin was used as a control. Graph values 

correspond to the mean ± SEM (error bars) of independent experiments quantification 

Statistical significances were assessed using Student t-test and are indicated by asterisks: 

 *p-value < 0.05; **p-value < 0.01, ***p-value < 0.0001. 
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5.2. Effects of ARID2 depletion in TGF-β-Smad signaling 

5.2.1. Expression of TGF-β type 2 receptor (TGFBRII) in ARID2-deficient cells.  

Once we confirmed that siRNAs transfection efficiently downregulated ARID2 

expression, we studied TGF-β intracellular signaling pathway in control and ARID2- 

deficient cells. For this purpose, we measured TGFBRII transcript expression by RT-

qPCR. 

The analysis revealed decreased TGFBRII mRNA levels in both siARID2 and siControl 

cells following TGF-β1 induction when compared with non-induced siControl condition 

(Fig.4). We hypothesize that this observation might be the result of an intrinsic negative 

feedback mechanism induced by the in activation of the pathway.  

Interestingly, although no statistically significant differences were achieved, siARID2 

cells showed a downregulation tendency in TGFBRII expression in all cell lines (A549: 

0.72 ± 0.053, P=0.094; NCI-H460: 0.43 ± 0.064, P=0.144; NCI-H1437: 0.78±0.079, 

P=0.282), which suggest that ARID2 subunit might be necessary to facilitate TGFBRII 

transcription. Remarkably, KRAS-mutated NCI-H460 cell line exhibited the strongest 

reduction in TGFBRII levels.  

Surprisingly, TGFBRII mRNA levels are downregulated after TGF-β induction, which 

suggests that TFGBRII is downregulated in a negative feedback loop, although we did 

not observe significant differences in TGFBRII mRNA levels between siARID2 (A549: 

0.69±0.153; NCI-H460: 0.52±0.206; NCI-H1437: 0.34±0.02) and siControl conditions 

(A549: 0.79 ± 0.053; NCI-H460: 0.43±0.064; NCI-H1437: 0.32 ± 0.055), regardless of 

the cell line.  

 

 

 

 

 

 

Figure 4│TGFBRII mRNA expression levels in non-induced (-) and TGF-β1- induced 

A549, NCI-H460 and NCI-H1437 cell lines. β-Actin (ATCB) expression was used as a control. 

Graph values correspond to the mean ± SEM of independent experiments quantification. 

Statistical significances were assessed using Student t-test. 
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5.2.2. Effects of ARID2 depletion in TGF-β-Smad downstream effectors.  

To further characterize the effects of ARID2 depletion in TGF-β signaling, we studied the 

pathway activation in the different conditions by analyzing the downstream 

phosphorylation cascade. For this purpose, cells were lysed 40 minutes after  

TGF-β1 addition, the moment around which the Smad2/3 phosphorylation reaches its 

peak. Then, levels of phosphorylated Smad2/3 (pSmad2/3) were assessed by Western 

Blot analysis.  

As expected, TGF-β1 induction resulted in a significant increase in Smad2/3 

phosphorylation in comparison to untreated cells. However, we did not appreciate 

significant changes in in pathway activation in ARID2-deficient cells when compared to 

control condition in either model (Figure 5A). 

Among many other target genes, the trimeric TF complex formed by SMAD2, SMAD3 

and SMAD4 induces the expression of the inhibitory Smads, which include SMAD6 and 

SMAD7. These block the signaling pathway, stablishing a negative feedback. In 

particular, Smad7 is a well characterized inhibitor of type I and type II receptors. As a 

member of SWI/SNF complexes, ARID2 modulates gene accessibility and thus controls 

gene expression in different cellular contexts. Hence, we wondered whether ARID2 plays 

any role in modulation of SMAD7 gene expression. To elucidate this, we assessed the 

levels of SMAD7 transcript in control and ARID2-deficient cells in presence or absence 

of TGF-β1 ligand.  

In line with the previous result, SMAD7 transcript levels were markedly increased in both 

siControl and siARID2 TGF-β-induced cells 2 hours after induction, in comparison to the 

untreated condition, indicating a successful activation of the route. Furthermore, similar 

levels of SMAD7 mRNA were observed in controls and siARID2-transfected cells, 

indicating that ARID2 does not affect SMAD7 expression (Figure 5B).   

Moreover, untreated siARID2 cells did not display any signal of pathway activation, 

neither by SMAD2/3 phosphorylation nor SMAD7 upregulation. This seems to indicate 

that the TGFBRII downregulation observed following ARID2 silencing is not directly 

caused by an overactivation of the pathway and its intrinsic negative feedback, 

supporting the hypothesis that TGFBRII might be a direct target of ARID2-containing 

SWI/SNF complexes.   

 

 



Results 
 
 

23 
 

 

 

 

 

 

 

 

 

 

 

 

5.3. Characterization of ARID2 silencing effects at a transcriptional level.  

In order to have a broader view of the effects of ARID2 depletion, we performed RNA-

seq analysis of cells from all four different conditions. Unfortunately, due to our limited 

time, we were only able to perform the analysis of NCI-H460 cell line.    

5.3.1. Differentially expressed genes in ARID2-deficient cells 

First, we measured the number of differentially expressed genes (DEGs) in siARID2 in 

comparison to siControl condition. The analysis revealed a similar quantity of 

upregulated and downregulated genes in siARID2 cells (Figure 6A). This result indicates 

that ARID2 activity is required for both activation and repression of transcription of 

different target genes.  

Next, to further characterize the main gene networks and cellular pathways affected by 

ARID2 disruption, we performed a functional analysis using Gene Set Enrichment 

Analysis (GSEA), using the Hallmark and the Gene Ontology – Biological Function 

databases.  

Figure 5│Effects of ARID2 silencing in TGF-β-Smad pathway downstream effectors.  

A. Representative Western Blot analysis of pSmad2/3 levels in siControl and siARID2 cells 

with and without TGF-β1 induction. B.  Representative SMAD7 mRNA levels in non-induced 

(-) and TGF-β1-induced siControl and siARID2 cells. Graph values correspond to the mean 

± SEM (error bars) of independent experiments quantification. β-Actin was used as a control. 

Statistical significances were assessed using Student t-test. 
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B 

The analysis revealed alterations in many diverse gene networks with multiple diverse 

functions. Among those with negative enrichment scores, the analysis identified TGF-β 

signalling, supporting our hypothesis that ARID2-deficiency is accompanied by a 

downregulation of TGF-β. Additionally, genes involved in DNA repair mechanisms were 

also found negatively regulated (Figure 6B).   

On the other hand, gene networks involved in EMT were found enriched in ARID2-

deficient cells. In the same line of findings, lung-cell differentiation markers and apical 

junctions showed negative enrichment scores (Figure 6B). These results suggest that 

ARID2 might be required for the expression of lung cell lineage-specific gene networks, 

as well as to sustain the expression of epithelal markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6│A. Volcano plot representation of upregulated and downregulated genes in siARID2 

cells compared to siControl. Genes with a p-value < 0.05 and an absolute log2fold change > 

2 are colored in blue. B. Gene Set Enrichment Analysis of several gene networks and 

pathways differentially regulated in siARID2 cell in comparison to siControl. 
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5.3.2. Effects of ARID2 loss in TGF-β target gene expression.  

To further study ARID2 regulation of TGF-β signaling, we analyzed the number of 

differentially expressed genes (DEGs) in TGF-β1-induced siControl and siARID2 cells in 

comparison to untreated controls. Again, results showed a similar number of upregulated 

and downregulated genes in both conditions.  

Next, in order to elucidate whether ARID2 subunit regulates the expression of TGF-β 

target genes, we analyzed those genes that showed significant expression changes after 

TGF-β induction in siControl cells that did not showed differences after ARID2 knock-

down (Figure 7B-C). This analysis allowed us to identify a total of 30 genes.   

Among the most significantly downregulated genes in siARID2, we found several 

pseudogenes and non-protein-coding genes, including LINC01609, c21orf91-ot1, or 

PITPNM2-AS1, although we have not yet found their biological significance. 

Interestingly, MTI1G (encodig Metallothionein 1G), which has been described as a tumor 

suppressor and EMT inhibitor in different cancer types46,47, was downregulated in ARID2-

deficient cells. Regarding the upregulated genes, it is worth mentioning MYCL, an 

oncogene from Myc family that is recurrently mutated in SCLC48.   
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Figure 7│A. Representative volcano plot of DEGs in siControl and siARID2 cells after TGF-

β1 induction. Genes with a p-value < 0.05 and an absolute log2FoldChange > 2 are colored 

in red (siControl) or green (siARID2). B. Heatmap and C. Scatter plot representation of the 

most significant DEGs between TGF-β1-induced siControl and siARID2 cells. Gene 

expression differences are represented according to the log2 of their fold change. 

C 
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6. DISCUSSION 

In the present work, we successfully generated ARID2 knock-down cellular models in 

different human lung cancer cell lines, where ARID2 downregulation was detected both 

at mRNA and protein levels. ARID2 depletion resulted in an alteration of TGF-β 

intracellular pathway, evidenced by a downregulation of TGFBRII expression. This 

finding was consistent across the three different cell lines regardless of their different 

mutational backgrounds, which indicates that it is no dependent on the activation of other 

oncogenic signals. We proposed two possible mechanisms to explain decreased 

TGFBRII levels: 1) ARID2-deficient cells exhibit increased basal TGF-β pathway 

activation which exerts a negative feedback loop, or 2) ARID2 is directly responsible of 

maintaining TGFBRII expression. Our results did not reveal markers of TGF-β signaling 

activation in siARID2 cells, neither by Smad2/3 phosphorylation nor by SMAD7 

expression, which points against the negative feedback model. Consequently, our 

findings support the hypothesis that TGFBRII gene is a direct target of ARID2 

transcriptional regulation, and therefore, its expression is impaired by SWI/SNF 

complexes lacking ARID2 subunit.  

Supporting the hypothesis of a suppression of TGF-β signaling through the 

downregulation of TGFBRII expression, GSEA results revealed a negative score in the 

gene networks involved in TGF-β signaling. Nevertheless, we were not able to observe 

differences in the activation status of the intracellular downstream effectors between 

siARID2 and siControl conditions following induction with TGF-β1, measured by 

phosphorylation of Smad2 and Smad3, as well as SMAD7 mRNA expression. These 

results seem to indicate that the TGFBRII reduction observed in ARID2-deficient cells is 

not enough to prevent the activation of the Smad pathway, since the remaining levels of 

receptor could be sufficient to maintain the signal transduction. However, it is possible 

that ARID2 is required for the expression of TGF-β target genes, which would explain 

the negative enrichment scores observed by GSEA. Importantly, signaling through TGF-

β-Smad pathway displays cycles of activation and inactivation due to a dynamic 

regulation mediated by negative feedback loops, such as the one induced by Smad7. 

Here, we only analyzed the effects of a 2-hour induction with TGF-β1 ligand. Therefore, 

it would be interesting to analyze the effects at different time points in order to have a 

wider view of AIRD2 loss consequences. On the other hand, TGF-β also signals through 

multiple Smad-independent mechanisms, and it is possible that, even though the 

remaining TGFBRII levels are able to sustain Smad downstream activation, they are not 

sufficient to maintain the crosstalk with other pathways, thus causing an imbalance 

between the activation of Smad and non-Smad signaling routes.  
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Despite the fact that the reduction in TGFBRII expression levels was only moderate, 

RNA-seq analysis of siControl and siARID2 cells previously induced with TGF-β1 

revealed several significant DEGs in between the two conditions, which seems to confirm 

the hypothesis that ARID2 is involved in the expression of TGF-β target genes. Among 

others, we identified a significant downregulation of MT1G in ARID2-deficient cells. 

MT1G encodes Metallothionein 1G, a protein involved in metal ion homeostasis, 

providing zinc/copper for enzymes and transcription factors, as well as protecting against 

oxidative stress49. MT1G has been found mutated and has been associated with 

suppressor tumoral roles in different cancer types, such as gastric carcinoma, in which 

its overexpression was shown to inhibit growth and EMT through the regulation of 

PI3K/Akt pathway50. Similarly, we found a significant downregulation of MYCL after 

ARID2-deficiency. MYCL is a proto-oncogene belonging to the MYC family of 

transcription factors. It is worth mentioning that overexpression and amplification of 

MYCL have been recurrently described in small cell lung cancer, playing a key role in 

malignant transformation and acquisition of therapeutic resistance48.  

Finally, besides TGF-β pathway defects, GSEA revealed several other differentially 

regulated gene networks in ARID2-deficient cells. In particular, gene networks involved 

in EMT showed positive enrichment scores. Remarkably, loss of ARID2 also correlated 

with a downregulation in gene sets involved in lung-cell lineage specific differentiation 

pathways, as well as and apical junctions. Taken together, these results suggest that 

ARID2 is essential for the maintenance of a lung epithelial cell phenotype.  

Here, we propose a model whereby loss of ARID2 leads to the acquisition of a malignant 

and invasive phenotype in lung tumour cells. This is likely the consequence of an 

suppression in the function of TGF-β signaling pathway, facilitating the loss of epithelial 

lung cell differentiation status and thus resulting in enhanced EMT.  
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7. CONCLUSIONS 

1. ARID2 depletion in lung cancer cells results in a downregulation of TGFBRII mRNA 

levels.  

 

2. The described downregulation of TGFBRII was not the consequence of an intrinsic 

negative feedback loop induced by TGF-β activation, suggesting that TGFBRII 

expression is directly regulated by ARID2.   

 

3. Despite TGFBRII downregulation in ARID2-deficient cells, no differences in TGF-β-

Smad2/3 phosphorylation were observed after induction with TGF-β. 

 

4. ARID2 loss is associated with a transcriptional program characterized by an 

enrichment in EMT gene networks, as well as a downregulation of genes involved 

in TGF-β signaling and lung epithelial cell differentiation markers.  

 

5. Several genes were differentially expressed in ARID2 deficient cells and control 

conditions upon TGF-β1 induction, indicating that ARID2 regulates the expression 

of certain TGF-β target genes.   
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