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INTRODUCTION 
“I always have a quotation for everything-it 
saves original thinking.” Dorothy Sayers 
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1. NEXT GENERATION 
SEQUENCING 

1.1 The first steps in DNA sequencing 

 As a natural step after the description in the past century of the double 
helix structure of the DNA by Watson and Crick; sequencing techniques 
emerged in 1977 when Maxam and Gilbert developed a method based on 
chemical cleavage (1) and, in the same year, Sanger and collaborators revealed 
another technique which was based on a chain-termination method (2). The 
latter was universally acquired by most of the labs in the world and popularized 
as Sanger sequencing.  

 A significant number of modifications were implemented to Sanger 
sequencing over the years. Thus, a set of four fluorophores allowed the 
reduction of the number of required independent reactions, and the fragment 
size discrimination through capillary electrophoresis simplified and 
automatized the process (3). In the last 80s,  the ABI 370A DNA sequencer, the 
first automatic sequencing machine, allowed for the first time the 
determination of the encoding sequence of the β-adrenergic and muscarinic 
cholinergic receptor genes from rat heart by Craig Venter and colleagues (4,5).  
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1.2 Second-generation sequencing 

 The advent of next-generation sequencing (NGS) technology in 2005 
revolutionized genomics research. Although there are at present several NGS 
platforms, all of them are based in the random generation of short DNA 
fragments and their massively parallel sequencing immobilized into a solid 
surface. A typical experiment generates thousands of millions of bases of 
sequence, facilitating the sequence of a complete human genome in a single 
experiment and for a cost several orders of magnitude lower of the required 
for traditional technologies. These technologies not only allow the 
identification of small changes in the genome sequence like base substitutions 
or small insertions and deletions (indels), but also permit the identification of 
big genomic rearrangements. For that a paired-end sequencing protocol is 
typically used. The distance and orientation of the generated paired reads 
allows the identification of breakpoints in the genome with a few hundred 
bases of resolution. The big amount of data generated in each experiment 
requires considerable computer resources and skills but multitude of software 
is already available for reads alignment and variant identification (6). 

 The first commercially successful second-generation sequencing system 
was the 454 Genome Sequencer (GS) of the company 454 Life Sciences in 2005, 
subsequently acquired by Roche in 2007. Both the 454 and the smaller-scale 
low cost instrument, 454 Junior, use the approach developed by Ronaghi and 
colleagues based in a real-time DNA sequencing strategy using detection of the 
pyrophosphate released in each nucleotide incorporation (commonly called as 
pyrosequencing) (7). The pyrosequencing process is carried out in fragments 
immobilized into beads captured inside emulsion droplets. The four di-
deoxinucleotides are flushed in rotatory cycles. If there is incorporation, one 
pyrophosphate per nucleotide is released and converted into ATP by an ATP-
sulfurylase emitting light. After capturing the light intensity, the remaining 
unincorporated nucleotides are washed away and the next nucleotide is 
provided. This strategy, unlike the one used by other technologies, produces an 
output of reads of variable length (determined by the template sequence). 
Additionally, the lack of terminators limits the resolution of polynucleotide 
tracks (8,9). In 2012, Roche announced the closing of its next-generation 
sequencing division and the providing of service just through mid-2016 to 454 
platforms.  
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 In 2006, the Solexa sequencing platform was commercialized, and 
acquired by Illumina in early 2007. Called popularly as Illumina sequencing, it is 
based, like in the case of 454 technologies, on a sequencing-by-synthesis 
approach using a molecular clustering technique. Nevertheless, in this case, 
terminator nucleotides are used, each one labelled with a different 
fluorophore. In each cycle, all four di-deoxinucleotides are flushed into the 
reaction chamber. After discriminating the nucleotide incorporated in each 
cluster, the terminator is washed away and the chamber is ready for a new 
incorporation cycle. In this technology, the template is immobilized in a glass 
densely coated with oligonucleotides complementary to the library fragment 
adaptors. In the paired-end sequencing mode after the production of the first 
read, the sequenced fragment is reversed by the hybridization of the adaptor 
in the opposite side of the read to a different set of oligonucleotides present in 
the glass creating a bridge. A new set of sequencing cycles is then performed 
producing the second read from the opposite extreme of the fragment (10). At 
present, Illumina offers low throughput cheap benchtop platforms (MiniSeq and 
MiSeq series) as well as high throughput more expensive production platforms 
(NextSeq, HiSeq and NovaSeq series), https://www.illumina.com/systems/
sequencing-platforms.html.   

 Sequencing by Oligo Ligation Detection (SOLiD) was the third high-
throughput system contemporaneous to the 454 and Illumina technologies (6). 
Acquired first by Applied Biosystems (ABI) and later by Life Technologies, it was 
commercially released at the end of 2007. The principal difference in this 
platform is the use of sequencing by ligation (SBL) strategy, in which a 
combination of 8-mers labelled with four different colors are used to detect 
two nucleotides at the same time. As there are more potential di-nucleotide 
combinations (16 in total) than colors, the redundancy in the use of 
fluorophores must be resolved by performing several sequencing reactions with 
an offset of one nucleotide. Consequently, each nucleotide is evaluated twice 
which improves greatly the error rate of this technology. Nevertheless, the use 
of SOLiD platforms involves the posterior alignment and analysis of the reads 
keeping the “color space” system which requires specific software. In addition, 
the fast increase in the quantity of sequence produced per run together with 
the decrease in the price obtained by the sequencing-by-synthesis (SBS) 
platforms, were not maintained by the SOLiD sequencers which reduced greatly 
the use of this technology by the scientific community at this moment (10-13). 

https://www.illumina.com/systems/sequencing-platforms.html
https://www.illumina.com/systems/sequencing-platforms.html
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 The semiconductor-based machines (Ion Torrent and Ion Proton series) 
released in late 2010, are the last bet of Life Technologies to compete with 
Illumina. These instruments do not require fluorescence or chemiluminescence 
or even a camera for detection which promised to reduce greatly the 
sequencing reaction time and cost. Similarly to the strategy followed by 454 
technology, the IPG system involves the real-time detection of each nucleotide 
incorporation, in this case directly by sensing changes in the pH produced by 
the release of a hydrogen ion. Consequently, the lack of terminators limits the 
resolution of polynucleotide tracks. The average processing time takes one 
hour per 100 bp (13,14).  

1.3 Third-generation sequencing  

 The generation of new sequencing machines have prompted to some 
authors to propose the advent of the third-generation sequencing technologies. 
Although there is no consensus on the definition, there is a general agreement 
on the characteristics that defines the third generation:  

1. Sequencing of single molecules avoiding the need to amplify the DNA 
fragments (14). 

2. Generation of long sequencing reads solving problems related with 
repetitive regions. 

3. Significant improvement of sequencing time and cost (13). 

 The Helicos sequencing system was the first commercial implementation 
of single-molecule sequencing, marketed in 2010 by Helicos Biosciences which 
went bankrupt in 2012 (15). The instrument worked in a similar fashion to 
Illumina technology by imaging each DNA sequence fixed to a planar surface 
and extended by a modified polymerase. Opposing to what happens in Illumina 
instruments, only one single fluorescent nucleotide was used in each cycle. 
This allowed the increase of sensitivity necessary to work with single molecules 
(12). The reaction time was high, and the read lengths were sort. However, 
PCR was not required for sequencing, providing a significant improvement over 
other technologies (16). 
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 Pacific Biosciences uses a  Φ29 DNA polymerase attached to the bottom 
surface of a plate, which efficiently incorporates phospholinked dNTPs with a 
high speed allowing very long read sequences (12,17).  For the detection in 
real-time, the sequencer uses a specialized flow cell: a “nanophotonic” 
structure called zero-mode waveguide (ZMW) that could potentially 
differentiate a modified base incorporation versus a non-modified one (18). 
The higher error rates produced by the polymerase are compensated by the 
application of circular consensus sequencing (CCS) on those bases that are 
sequenced several times in the same run (19). 

 Oxford Nanopore Technologies released MinION in 2014, the first 
commercially available sequencer in portable size (similar to a smartphone) 
that can be plugged into a USB port. This platform combines the potential for 
long read lengths (>5 kbp) with high speed (1 bp/10 ns) (20). The technology is 
based on single-stranded DNA/RNA molecule detection using a change in the 
electric potential as they pass through a modified α-hemolysin or a 
Mycobacterium smegmatis porin A (MspA pore) (9,21,22). Some reports 
indicate that MspA-based nanopore sequencing technology is able to detect 
directly differently modified cytosine nucleotides (5-methylcytosine and 5-
hydroxymethylcytosine) (23,24).  Among the drawbacks of this sequencer is a 
median error rate of 12% (13,25). The company announced a new sequencer 
called "PromethION”, still not commercially available, capable of producing ~2 
to 4 Tb in 2 days and with read lengths up to 200 kbp (13). 

1.4 The future of sequencing technologies 

 The objective of the future sequencing technologies is to preserve the 
spatial distribution of the sequencing allowing the reconstruction of the 
sequences with the original histological localization (26). Several research 
groups are setting the bases for such technology. For example, Larsson et al, 
described a method based on padlock probes and in situ target-primed rolling-
circle amplification for point mutation and individual transcript detection in 
human and mouse cells and tissues. (27). Additionally, Ke and collaborators 
developed an in situ sequencing (ISS) method to analyze point mutations and 
gene expression changes in human breast cancer tissue sections (28). Finally, 
Lee and collaborators described a similar method called fluorescent in situ RNA 
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sequencing (FISSEQ). They analyzed RNA expression from 8102 genes in human 
primary fibroblasts during a wound-healing assay (29). Although still under the 
developmental stage, these improvements could be crucial to understanding 
the context in which these changes at the DNA and RNA levels occurs providing 
an excellent tool for biological studies. 

 Figure 1. Representation of the different stages in next-generation sequencing. 
This figure represents the three different stages involved in any next-generation 
sequencing experiment: Library preparation with a list of potential applications depending 
on the starting material (red: DNA, blue: RNA), library sequencing with different available 
platforms and data analysis with a list of available software (Orange: Sequencing 
processing and alignment, Red: Variant detection, Blue: functional consequence analysis). 
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1.5 NGS applications 

 NGS technologies are really flexible and powerful and nowadays more 
than 200 name-specific applications have been defined. The type of biological 
information extracted from each one of the applications depends on the 
concrete combination of the starting biological material as well as the library 
preparation, sequencing and analysis protocols (30). Here I will summarize only 
some of those applications that are related to the contents of this thesis.  

1.5.1 Identification of genetic and epigenetic mutations 

 The unbiased sequencing of the total genome (Whole-genome sequencing 
or WGS) is the most comprehensive method to identify the complete list of 
nucleotide sequence changes present in the entire genome including single 
nucleotide variants, indels, copy number variations, and large-scale 
reorganizations. This can be used to identify differences versus a reference 
genome (re-sequencing) or to determine the full sequence of a before unknown 
genome (de novo sequencing). Additionally, the application of DNA-Seq 
technologies to bisulfite-modified DNA allows the identification of methylated 
nucleotides. 

 When we are not interested in studying at high coverage the whole 
genome, the sequencing of specific sequences of the genomic DNA (targeted 
sequencing), either performed through region capture with designed soluble 
probes or through PCR-based strategies, constitutes a cheaper alternative. The 
most extended application is the targeted sequencing of all the protein coding 
exons of the genome (whole exome) (31). Additionally, several companies offer 
the customer the opportunity to design a pool of probes to purify any 
combination of selected genomic regions  (32).  
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1.5.2 Identification of transcriptional alterations 

 NGS technologies generate a number of reads that is proportional to the 
initial number of template molecules in the sample. This characteristic opens 
the door to use RNA-derived cDNA as starting material (RNA-Seq) to perform 
gene expression studies including all different types of RNA producing genes 
(mRNAs, non-coding RNAs or small RNAs) with higher sensitivity and reliability 
than the obtained by array-based technologies.  Additionally, as the RNA-Seq 
strategies are not based in a previously generated gene model, new genes, 
fusion-genes or splice variants can be identified with the appropriate analysis 
software (33).  

 Finally, specific library preparation methods have been developed that 
retain the molecule strand orientation during the cDNA conversion (directional 
RNA-Seq) which informs of the DNA molecule that has served as template to 
generate the RNA (34).  

1.5.3 Determination of changes in the functional status of 
the DNA 

 As a contrast to the unbiased sequencing of the whole genome, NGS can 
be combined with the isolation of specific regions of the genome based on its 
accessibility to specific enzymes, therefore providing information about the 
structure of the DNA. Thus, DNAse-Seq (regions sensitive to DNAse I digestion), 
FAIRE-Seq (regions sensitive to cross-link with paraformaldehyde) or ATAC-Seq 
(regions accessible by Tn5 transposase) are techniques that inform on the open 
or closed structure of the DNA genome-wide (35). 

 The specific DNA-DNA contacts can also be elucidated using NGS allowing 
a higher order of structure resolution. For that Hi-C strategy combines the 
cross-link of nearby DNA sequences with restriction digestion and random 
ligation of the generated fragments prior to their genome-wide sequencing in a 
NGS platform (36).  
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 Finally, ChIP-Seq technique is based in the ultrasequencing of 
immunoprecipitated DNA using a specific antibody against a DNA-binding 
protein. In that way, it permits the identification of all protein-DNA binding 
sites in a concrete moment (37). 

1.5.4 Determination of the composition of complex 
organism communities 

 The sensitivity and specificity of NGS technologies can also be exploited 
to deconvolute complex DNA mixtures as the ones produced by the global DNA 
extraction of different biological materials. This family of techniques, called 
globally as metagenomics, have become very popular in water or soil ecology 
studies but have also a high potential for the study of human diseases (38). 

 In the first place, NGS offers a good opportunity for the identification of 
the specific microorganism or microorganisms responsible for a human 
infection with a specificity and speed much higher than the traditional culture-
based methods. Additionally, it is estimated that we contain at least as much 
bacteria as human cells in our body (39) and multiple evidence has been 
collected about the high impact of the microbiota on human health. Therefore, 
multiple research groups have focused their efforts in analyzing changes in the 
microbiota composition as potential players in multiple human diseases  (40).   
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1.6 Data analysis 

 Accompanying all these advances of laboratory methodologies, a new 
generation of bioinformatics tools has emerged as a requisite for the analysis of 
sequencing data. Each application requires specific software designed to 
extract meaningful information out of the sequencing data. Additionally, it is 
usually necessary in most of the cases small pieces of code that are generally 
generated by the proper researchers to adapt the analysis to their specific 
needs.  

 It would be very difficult to do a comprehensive review of all available 
tools so we would focus on those steps that are especially relevant in the 
context of the present research work.   

1.6.1 Sequence quality control and read alignment 

 Before starting the data analysis, it is convenient to perform an initial 
quality control of the sequencing data. Basic parameters like the abundance of 
specific repetitive sequences, the homogeneity of the sequence quality 
through the read length or the GC content of the sequencing data can be 
extracted directly from the raw read data with tools like FastQC (https://
www.bioinformatics.babraham.ac.uk/publications.html). Other useful 
parameters like the diversity of the sequenced fragment library (amount of PCR 
duplicates) or the distribution of insert sizes can be extracted only after read 
a l i gnment us ing too l s l i ke SAMToo l s (41) or P ICARD (ht tp : / /
broadinstitute.github.io/picard/). Most of the NGS applications require the 
alignment of the short sequences (reads) generated by these technologies to a 
reference genome/transcriptome. This step is typically the most resource-
consuming process as well as the most critical for the subsequent steps will rely 
on a correct alignment of the reads. Several aligners have been designed 
specifically for the use of NGS data. Almost all of them try to identify all 
potential locations on the genome for a specific part of the read (seed). 

https://www.bioinformatics.babraham.ac.uk/publications.html
https://www.bioinformatics.babraham.ac.uk/publications.html
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
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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 to 
choose the most probable location of the read. This is finally reported 
accompanied by a quality score representing the certainty of the alignment. 
This strategy was first reported by the aligner MAQ (42) and posteriorly 
improved using Burrows-Wheeler indexing of the reference genome by BWA 
(43) and Bowtie (44). In the case of RNA-Seq applications, a new tool called 
TOPHAT (45) works in two stages. First, it identifies all the exons of the 
genome by a stringent direct alignment of the reads to the reference genome; 
unaligned reads are subsequently used to find the junctions (splicing events) 
between the exons.  

 This alignment is standardized in the SAM/BAM/CRAM format, and several 
software suites have been developed for its manipulation like sorting, cleaning 
or indexing. Some examples are SAMTools (41), PICARD (http://
broadinstitute.github.io/picard/) or GATK (46). Additionally, some software like 
IGV allows the graphical visualization of the alignments (47).  

1.6.2 Identification of small sequence changes 

 Identification of base substitutions is probably the most studied topic 
under the identification of mutations. Many of the tools available are based on 
a Bayesian model, initially described in MAQ, to compute the different 
probabilities associated with each potential genotype in a specific genomic 
position. This approximation works well for germline substitutions. 
Nevertheless, in the detection of cancer somatic mutations, the normal DNA 
contamination, copy number alterations and intratumor heterogeneity difficult 
the construct of an expected frequency model. In this context, modern 
software have been created specifically to detect somatic single nucleotide 
variants (sSNVs). Some examples are SomaticSniper (48), JointSNVMix (49), 
Strelka (50), Varscan 2 (51), Seurat (52) or MuTect (53). Detecting indels have 
been proved to be a more difficult task and very few tools show good 
sensitivity and specificity. The main problem relies on the alignment of reads 
containing these type of mutations. For that reason, some tools like Pindel (54) 
and Dindel (55) use a second alignment step on singleton reads to identify 
insertions and deletions. Nevertheless, these tools are not very specific and 
require generally additional filtering steps.  

http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
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1.6.3 Detection of genomic structural variants and copy 
number changes 

 Paired-end sequencing can be used to identify structural variants like 
insertions, deletions, duplications, inversions, and translocations. Chromosome 
mapping, read orientation or insert size of the read pair is used to identify 
genomic breakpoints. Additionally, breakpoints can also be identified in high-
coverage sequencing data in split-apart reads in which different segments of 
the same read map to different parts of the genome. Some tools that can be 
used to identify this kind of mutations are Breakdancer (56) and DELLY (57). 

 The quantitative nature of NGS technologies can also be used to detect 
copy number changes. Thus, the number of reads coming from a specific 
genomic region depends on the number of DNA copies for that region. Once the 
genome has been segmented and the data normalized, some tools allow the 
identification of deletions or amplifications. Some tools available for this are 
CODEX (58), CNV-seq (59), Control-FREEC (60) and ExomeCNV (61). The 
processing of targeted sequencing data offers an extra layer of problems due to 
potential bias produced during enrichment. To solve this potential problem, the 
authors of CopywriteR (62) designed their software to use only data off-target 
and, in theory, not affected by enrichment biases.  

1.6.4 Identification of transcriptomic alterations 

 Different tools for the detection of gene expression changes also rely on 
the quantitative nature of NGS technologies. In this case, the number of reads 
generated for a specific transcript is proportional to the number of copies of 
this transcript in the original sample, the length of the transcript and the total 
amount of sequence generated from this sample. The expression data is usually 
normalized in RPKM (reads per transcript kb and per million total reads) or 
FPKM (fragments/read-pairs per transcript kb and per million total reads) to 
compare the gene expression across different sequencing reactions. Two of the 
most broadly used software to detect gene expression changes in RNA-Seq data 
are DESeq2 (63) and Cufflinks2 (64,65).  
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 RNA-Seq technologies have also the advantage, compared to the previous 
array-based technologies, of not depending on a previously defined gene 
model. Therefore, Cufflinks2 suite counts with specific tools that can identify 
new genes, transcript-specific expression or new splice variants. 

 Finally, if the two alleles of a specific gene have different nucleotide 
sequence, RNA-Seq data can be used to detect the specific expression of each 
one of the different alleles.   

1.6.5 Region enrichment identification 

 The analysis of Chip-Seq, FAIRE-Seq, ATAC-Seq or DNAse-Seq data relies 
upon the identification of specific regions with a significant increase in 
sequence coverage compared to the background “noise” of the genome. These 
regions or peaks can be identified, after a genome segmentation and coverage 
normalization of the sequencing data, by different statistical methods.  

 Several tools have appeared in the last years that have been designed for 
the analysis of this type of data, nevertheless, this is a field of intense research 
at the moment. The most popular tool at this moment for the analysis of this 
type of data is MACS (66), but other tools like FindPeaks (67), F-Seq (68) and 
QuEST (69) are also used.  
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2. CANCER GENOMICS  

2.1 International cancer initiatives: lessons from the 
human genome project 

 The Human Genome Project (HGP), launched in the 1990s, constituted 
the first example of worldwide international collaborative research. This 
project aimed to determine the complete sequence of the human genome was 
the birth of the era of team-oriented research in biology, and therefore, the 
inspiration for many other projects that followed. Thus, The International 
HapMap Project was launched in 2003 to generate a comprehensive list of the 
recombination frequencies between different parts of the genome. The 1000 
Genomes Project started in 2008 to generate sequencing data from 1000 
different healthy individuals. Finally, The Encyclopedia of DNA Elements 
(ENCODE) project was launched in 2003 to decipher all potential functional 
non-protein-coding DNA regions of the human genome. This philosophy also 
arrived at the cancer research field with the launch of several initiatives. The 
main objective of these projects was the identification of somatic mutations, 
typically by sequencing both the tumor and corresponding normal tissue DNA, 
of a sufficient number of tumors of each tumor type to unravel the main genes/
pathways involved in each tumor progression and, subsequently, use this 
information to improve the diagnosis, prognosis and treatment of cancer 
patients around the world.  
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 With the advent of high throughput sequencing possibilities, the drastic 
reduction of sequencing cost catalyzed the initiation of several ambitious 
cancer sequencing projects. Some examples are The Cancer Genome Project 
(CGP), The Cancer Genome Atlas (TCGA), The International Cancer Genome 
Consortium (ICGC) and the St Jude Children’s Research Hospital Washington 
University Pediatric Cancer Genome Project (PCGP).  

2.1.1 The Cancer Genome Project (CGP) 

 The Cancer Genome Project (CGP) was founded at the Wellcome Trust 
Sanger Institute in 2000 and aims to establish an unbiased catalogue of 
mutations involved in human tumorigenesis by complete sequencing of 
candidate genes. The data generated in the CGP was used to produce the list of 
616 cancer genes census in the Catalogue of Somatic Mutations in Cancer 
(COSMIC) (70). Although the discovery of new genes containing driver mutations 
has slowed down, a huge amount of work is still necessary to explore and 
understand the specific role of each cancer gene in each cancer type, 
particularly for the rarer types. Moreover, accurate identification of all driver 
genes in the cancer of individual patients is of increasing interest for the 
application of precision medicine.  

2.1.2 The International Cancer Genome Consortium 
(ICGC) 

 ICGC was organized in 2008 to launch and coordinate a large number of 
research projects that have the common aim of elucidating in a comprehensive 
way the genomic changes (somatic mutations, abnormal expression of genes, 
epigenetic modifications) present in at least 500 tumor samples from 50 
different cancer types and/or subtypes which are of clinical and social 
importance across the globe. In parallel, the project aimed at making the data 
available to the entire research community as rapidly as possible, and with 
minimal restrictions, to accelerate research into the causes and control of 
cancer (http://icgc.org/#about). The Cancer Genome Project (CPG) is englobed 
in this consortium and TCGA is also a core data and analysis contributor to 
ICGC, providing about 60 percent of the patient’s data. 

http://icgc.org/#about
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 Currently, the ICGC has received commitments from funding 
organizations in Asia, Australia, Europe, North America and South America for 
88 project teams in 17 jurisdictions to study over 25,000 tumor genomes. 
Projects that are currently funded are examining tumors affecting: the biliary 
tract, bladder, blood, bone, brain, breast, cervix, colon, eye, head and neck, 
kidney, liver, lung, nasopharynx, oral cavity, ovary, pancreas, prostate, rectum, 
skin, soft tissues, stomach, thyroid and uterus. The genomic analyses of tumors 
conducted by ICGC members are now available through the Data Coordination 
Center housed on the ICGC website (https://icgc.org).  

2.1.3 The Cancer Genome Atlas (TCGA) 

 The Cancer Genome Atlas (TCGA) is a collaboration between the National 
Cancer Institute (NCI) and the National Human Genome Research Institute 
(NHGRI). It leads the effort to study 39 types of human cancers at the genome-
scale, collecting hundreds of tumors (http://cancergenome.nih.gov/).  

 I n a d d i t i o n t o t h e r e l e a s e d d a t a g e n e ra t e d ( h t t p s : / /
portal.gdc.cancer.gov), for each tumor type TCGA publishes a paper where 
summarizes the main discoveries and conclusions.  

https://icgc.org
http://cancergenome.nih.gov/
https://portal.gdc.cancer.gov
https://portal.gdc.cancer.gov
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2.2 Molecular insights coming from the cancer genome 
projects 

2.2.1 Mutational Signatures 

 Somatic mutations are present in all cells of the human body and occur 
throughout life. They are the consequence of multiple mutational processes, 
including the intrinsic infidelity of the DNA replication machinery, exogenous or 
endogenous mutagen exposures, enzymatic modification of DNA and defective 
DNA repair.  

 In the last decades, several authors have been able to identify 
mutational patterns associated to different mutagens. Thus, in smoking-
associated lung cancer patients, the accumulation of G>T/C>A transversions, 
enriched at CpG dinucleotides, is a pattern compatible with DNA damage 
induced by tobacco carcinogens such as benzo[a]pyrene diolepoxide (71). UV-
light-associated skin cancers, accumulate C>T and CC>TT transitions (72), and 
both show transcriptional strand bias due to the action of transcription-coupled 
repair (TCR) on pyrimidine dimers. Further examples of exposures leading to 
mutational patterns include G>T transversions in aflatoxin B1-associated 
hepatocellular carcinomas and A>T transversions in urothelial tumors from 
patients exposed to aristolochic acid (73-75). Different mutational processes 
generate unique combinations of mutation types, termed “Mutational 
Signatures” (http://cancer.sanger.ac.uk/cosmic/signatures) that have been used 
by several authors to extract useful information about the origin and evolution 
of particular tumors. 

 In 2012 Nik-Zainal and collaborators described that many breast cancer 
genomes have distinctive mutation processes and were able to identify five 
separate signatures using a non-negative matrix factorization algorithm (75).  

http://cancer.sanger.ac.uk/cosmic/signatures
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 One year afterward, Alexandrov and collaborators analyzed 4,938,362 
mutations from 7,042 cancers and extracted more than 30 distinct mutational 
signatures. Some of them are present in many cancer types and others are 
confined to a single cancer subtype. They revealed that some signatures are 
associated with the age at diagnosis, mutagenic exposures or defects in DNA 
maintenance, but many are of cryptic origin (76). 

2.2.2 Identification of new mutation accumulation 
mechanisms 

 The genome sequencing studies have identified as well in some samples, 
evidence of the accumulation of mutations that appear to be derived from a 
single cellular catastrophe event opposing to the conventional gradual 
acquisition model over time (77). 

 Thus, Stephens and collaborators described in 2011 the accumulation of 
a high number of genomic rearrangements restricted to specific genomic areas 
in at least 2%–3% of all cancers, across many subtypes, and particularly in bone 
cancers (25% of the cases) that they named chromothripsis. An amount of 
evidence suggests that this event could occur early in tumor development and 
could lead to both oncogene activation and tumor suppressor inactivation (78). 
Chromothripsis is likely to arise through the simultaneous fragmentation of 
distinct chromosomal regions followed by an imperfect reassembly by DNA 
repair pathways or aberrant DNA replication mechanisms (79).  

 Subsequently, Nik-Zainal and collaborators in 2012 observed a 
remarkable phenomenon of localized hypermutation that they called kataegis. 
They observed kataegis in 13 of the 21 breast cancers sequenced, with a 
pattern of C>T and C>G mutations at TpCpX trinucleotides on the same DNA 
strand, and in some cases associated with rearrangements that had features of 
chromothripsis, but also colocalized with other rearrangements (75). A 
subfamily of the APOBEC (apolipoprotein B mRNA editing enzyme, catalytic 
polypeptide-like) cytidine deaminases has been implicated as a source of 
kataegis, in part because aberrant expression in yeast generates a similar C>T 
substitution mutational signature (80). 
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 The precise molecular mechanism behind all these processes is still 
under research but Maciejowski and collaborators propose that chromothripsis 
and kataegis might be the result of DNA repair and APOBEC editing of the 
fragmented chromatin bridges produced during telomere crisis  (81). 
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2.3 Mutation profile of the main tumor types 

 The TCGA Pan-Cancer effort was born to compare the data generated 
from the first twelve tumor types profiled by The Cancer Genome Atlas (TCGA) 
and published in 2013 by Kandoth y collaborators. These tumors include breast 
adenocarcinoma (BRCA), lung adenocarcinoma (LUAD), lung squamous cell 
carcinoma (LUSC), uterine corpus endometrial carcinoma (UCEC), glioblastoma 
multiforme (GBM), head and neck squamous cell carcinoma (HNSC), colon and 
rectal carcinoma (COAD, READ), bladder urothelial carcinoma (BLCA), kidney 
renal clear cell carcinoma (KIRC), ovarian serous carcinoma (OV) and acute 
myeloid leukemia (LAML) (82). 

 An analysis of a total of 617,354 somatic mutations identified in 3,281 
tumors allowed the identification of 127 significantly mutated genes both from 
well-known (like mitogen-activated protein kinase, phosphatidylinositol-3-OH 
kinase, Wnt/β-catenin and receptor tyrosine kinase signaling pathways or cell 
cycle control) as from emerging (like histone, histone modification, chromatin 
splicing, metabolism and proteolysis) cellular processes in cancer.  

 According to what has been previously described, TP53 was the most 
frequently mutated gene in the Pan-Cancer cohort (42% of samples). 
Additionally, mutually exclusive mutations in KRAS and NRAS as well as known 
activating mutations in KRAS (Gly 12 and Gly 13) and NRAS (Gln 61), in COAD/
READ (30%, 5% and 5%), UCEC (15%, 4% and 2%) and LUAD (24%, 1% and 2%, 
respectively) were also described. Finally, these analysis identified EGFR 
mutations in GBM (27%) and LUAD (11%) and gain-of-function mutations in IDH1 
and/or IDH2 in GBM and AML.   

 Interestingly, mutations in chromatin regulator genes across several 
cancer types were also observed, in particular histone-lysine N-
methyltransferase genes KMT2D, KMT2C and KMT2B in bladder, lung and 
endometrial cancers, whereas the lysine (K)-specific demethylase KDM5C is 
prevalently mutated in KIRC (7%). Mutations in chromatin remodeling genes like 
ARID1A, were frequent in BLCA, UCEC, LUAD and LUSC, whereas mutations in 
ARID5B predominate in UCEC (10%).  
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 The analysis also uncovered tumor-type-specific mutated genes like is 
the case of KIRC with mutations in VHL (52%) and PBRM1 (33%) as well as 
SETD2 (12%) and BAP1 (10%) in lower frequency. CTCF, RPL22, ARID1A and 
ARID5B have the highest frequencies in UCEC. Similarly, APC (82%) and Wnt/β-
catenin signaling (93% of samples) are the main mutated pathways in COAD/
READ. Exclusive mutations in NPM1 (27%) and FLT3 (27%) were identified in 
LAML, but also in MIR142, DNMT3A and TET2. Similarly, GATA3 and MAP3K1 are 
mutated in BRCA. KEAP1 is frequently mutated in LUAD (17%) and LUSC (12%) 
and mutations of EPHA3 (9%), SETBP1 (13%) and STK11 (9%) are more 
characteristic of LUAD (82). 

2.3.1 Colon Cancer 

 A comprehensive genome-scale analysis of 276 human colon and rectal 
cancer samples was performed as part of the Cancer Genome Atlas, where 
exome sequencing, DNA copy number, promoter methylation, messenger RNA 
and microRNA expression data were generated. Approximately 16% of the 
samples show a hypermutation phenotype resulted from microsatellite 
instability due to MLH1 silencing by hypermethylation and POLE mutations. 
Deregulation in the WNT signaling pathway was found in more than 90% of 
tumors. Among the non-hypermutated tumors, 24 genes were significantly 
mutated being APC, TP53, KRAS, PIK3CA, FBXW7, SMAD4, TCF7L2 and NRAS 
the most frequently mutated. Finally, the role of new genes as FAM123B, 
ARID1A and SOX9 as well as the overexpression of the WNT ligand receptor 
gene FZD10 were described (83).   

2.3.2 Breast Cancer 

 As part of the ICGC effort, 560 breast cancers were sequenced and 93 
genes carrying probable driver mutations were identified.  The 10 most 
frequently mutated genes were TP53, PIK3CA, MYC, CCND1, PTEN, ERBB2, 
ZNF703/FGFR1, GATA3, RB1 and MAP3K. Additionally, the study allowed the 
validation of five new cancer genes that show statically significant 
accumulation of mutations: MED23, FOXP1, MLLT4, XBP1, ZFP36L1 (84). 
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 The equivalent TCGA effort, were whole-exome sequenced of 510 breast 
cancers tumors from 507 patients were generated, identified 35 significantly 
mutated genes, but only three genes with an incidence higher than 10% across 
all breast cancers (TP53, PIK3CA and GATA3); in luminal A subtype, GATA3, 
PIK3CA and MAP3K1 specific mutations were observed. The study identified 
nearly all genes previously reported in breast cancer (PIK3CA, PTEN, AKT1, 
TP53, GATA3, CDH1, RB1, MLL3, MAP3K1 and CDKN1B) and novel significantly 
mutated as TBX3, RUNX1, CBFB, AFF2, PIK3R1, PTPN22, PTPRD, NF1, SF3B1 
and CCND3. Statistically significant exclusion mutations in PIK3R1, PIK3CA, 
PTEN and AKT1 were also observed (85). 

2.3.3 Lung Cancer 

 As part of The Cancer Genome Atlas, in 2012, Lawrence and 
collaborators characterized 178 Lung Squamous Cell Carcinomas (SQCCs) to 
provide a landscape of genomic and epigenomic alterations. The mutation type 
most commonly observed were CpG transitions and transversions that are 
associated to the exposition to tobacco smoke. Eleven significantly mutated 
genes were identified including TP53 (nearly all the samples), followed by 
CDKN2A, PTEN, PIK3CA, KEAP1, MLL2, HLA-A, NFE2L2, NOTCH1 and RB1.  
Significantly altered pathways included CDKN2A/RB1, NFE2L2/KEAP1/CUL3, 
PI3K/AKT and SOX2/TP63/NOTCH (86). 

 Subsequently, in 2014 also as part of TCGA initiative, the molecular 
profile of 230 untreated lung adenocarcinomas patients (5% lepidic, 33% acinar, 
9% papillary, 14% micropapillary, 25% solid, 4% invasive mucinous, 0.4% colloid 
and 8% unclassifiable) using mRNA, microRNA and DNA sequencing was 
published. TP53 was the most commonly mutated gene (46%) followed by KRAS 
(33%) and EGFR (14%) which showed mutual exclusivity with KRAS. STK11, 
KEAP1, NF1, BRAF, PIK3CA, MET, RB1, CDKN2A, and RIT1 (with frequencies of 
17%, 17%, 11%, 10%, 7%, 7%, 4%, 4% and 2%, respectively) were also commonly 
mutated. Interestingly, the study also found mutations in chromatin remodeling 
genes such as SETD2 (9%), ARID1A (7%) and SMARCA4 (6%). MGA newly 
described mutations in 8% of the samples were mutually exclusive with focal 
MYC amplification (87). 
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2.3.4 Chronic Lymphocytic Leukemia (CLL) 

 As in others tumor types, the TCGA initiative published the genetic 
alterations driving tumorigenesis in chronic lymphocytic leukemia (CLL). 
Whole-exome sequencing of 538 matched DNA samples allowed the 
identification of 44 putative driver genes, including 18 previously identified, as 
well as 26 newly putative genes. Previously described genes include SF3B1 
ATM, TP53, NOTCH1, POT1, CHD2, XPO1, and BIRC3. New driver genes that 
probably modulate MYC activity are MGA, PTPN11, and FUBP1. Genes in MAPK–
ERK pathway as NRAS, KRAS, BRAF or MAP2K1 were also identified. Finally, the 
study identified driver genes belonging to other pathways, including RNA 
processing and export (FUBP1, XPO4, EWSR1 and NXF1), DNA damage (CHEK2, 
BRCC3, ELF4 and DYRK1A), chromatin modification (ASXL1, HIST1H1B, BAZ2B 
and IKZF3) and B-cell-activity-related pathways (TRAF2, TRAF3 and CARD11) 
(88).  

 In the Spanish participation in the ICGC, the DNA from 452 CLL cases plus 
54 monoclonal B-lymphocytosis patients were sequenced. NOTCH1 was the 
most frequently mutated gene (12.6%), followed by ATM (11%), SF3B1 (8.6%), 
BIRC3 (8.8%), CHD2 (6%), TP53 (5.3%) and MYD88 (4%). 12 novel genes without 
previous association to CLL were identified including ZNF292, ARID1A, ZMYM3 
and PTPN11. Furthermore, the mutations of BRAF, ZMYM3, IRF4, NFKB2 as 
well as the 20p deletion, and 2p16 and 5q34 gains showed prognostic value at 
the time to first treatment and the mutations in ASXL1, POT1 as well as the 
14q24 deletion for overall survival. Finally, recurrent mutations in the non-
coding region of NOTCH1 were described to increase NOTCH1 activity and 
result in a more aggressive disease (89). 

2.3.5 Pancreatic Cancer 

 The Australian ICGC participation consisted firstly in the sequencing of 
142 early (stage I and II) sporadic pancreatic ductal adenocarcinoma cases. The 
study identified 16 significantly mutated genes. Some had been previously 
described as KRAS, TP53, CDKN2A, SMAD4, MLL3, TGFBR2, ARID1A or SF3B1, 
but they described novel driver genes involved in chromatin modification as 
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EPC1 and ARID2, DNA damage repair as ATM and other mechanisms as ZIM2, 
MAP2K4, NALCN, SLC16A4 and MAGEA6. Additionally, they identified alterations 
in genes described as embryonic regulators of axon guidance, particularly SLIT/
ROBO signaling (90). 

 Subsequently, years later, they performed a deep whole-genome 
sequencing and copy number variation analysis of 100 pancreatic ductal 
adenocarcinomas (PDACs), 75 samples with an epithelial cellularity ≥ 40% and, 
25 cell lines derived from patients. Genes as KRAS, TP53, SMAD4, CDKN2A and 
ARID1A were reaffirmed as drivers and new candidates as KDM6A and PREX2 
were identified (91). 

 Figure 2. Summary of cancer genome projects. Different wordclouds representing 
the mutation frequency of the cancer driver genes identified across different tumor types 
in  TCGA and ICGC cancer genome projects.  
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2.4 Intratumoral heterogeneity (ITH) 

 The evolutionary mechanisms that could guide cancer progression have 
become crucial  in understanding, predicting, and controlling cancer 
progression, metastasis, and relapse after surgery or therapy response (92,93). 
Over the last years it has become evident that there is genetic variation not 
only between different tumors (intertumor heterogeneity) but also within 
individual tumors (intratumoral heterogeneity). Was in 1976 when Peter Nowell 
developed the theory of cancer as a complex cell community that suffers 
evolutionary processes similar to the ones described in  the Darwinian natural 
selection theory (94). Similarly, in 1999 Cahill and collaborators discussed 
about the role of genetic instability in tumor formation within the context of 
Darwinian evolution, and the possible distinct features for instability 
mechanisms, proposing a model that provides an understanding of how genetic 
heterogeneity can exist within the ‘clonal’ process of tumorigenesis (95,96).  

 The presence of evolutionary independent cell populations inside the 
tumors challenges the traditional model of lineal progression of cancer, in 
which a main cell clone is progressively acquiring all capabilities or hallmarks 
necessary to produce an invasive tumor.  Similarly, this new view of tumor 
progression is difficult to reconcile with the presence of a small population of 
cancer stem cells, identified in some tumor types and postulated to support the 
growth of the tumor bulk (97).  

 According to this, it is plausible that one or other model is more 
prominent in some tumor types, whereas a combination of both is needed to 
explain the behavior of others. How this heterogeneity originates is not well 
understood. It could be either an ongoing process consequence of a general 
genetic instability or a sporadic event happening in a specific moment during 
tumor progression.  

 Taking advantage of the high-sensitivity of next-generation sequencing 
technologies, the presence of independent cell populations suffering branching 
evolution has been described in several tumor types (98). This intratumor 
heterogeneity has important clinical implications. In terms of diagnosis, single 
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biopsies seem insufficient to capture the whole molecular heterogeneity in the 
primary tumors, which questions our ability to correctly classify the molecular 
features of a tumor from a single sample (99,100). Interestingly, Bashashati and 
collaborators have described the presence, inside the same primary tumor, of 
clones that could be categorized in different molecular groups (101).  

 As intratumor heterogeneity has been observed in multiple cancers, this 
is likely a general problem not restricted to specific tumor types (102).  

 Treatment of cancer patients is also hampered by the presence of 
intratumor heterogeneity. As a correct molecular characterization determines 
nowadays a preferred treatment, it is plausible that targeted therapies only 
affect some cell clones inside the tumors when others are insensitive to them. 
Therefore, the treatment could accelerate cancer evolution by removing the 
dominant clone and relieving interclonal competition (103,104). This could 
offer an explanation to the frequent cancer relapses seen after targeted 
therapies. Additionally, if metastases are seeded by some of these minority 
clones, limited success of the same therapy in metastatic growths can be 
expected. Consequently, the grade of intratumor heterogeneity has been 
associated with worse prognosis (105). Finally, specific properties developed by 
some cell clones, such as the ability to promote angiogenesis or tissue 
inflammation, could benefit the rest of clones generating a more favorable 
environment. In that case, it is plausible to hypothesize the existence of 
collaboration between the different cell clones. In contrast, the presence of 
highly proliferative but noninvasive clones could impede the proper growth of 
other more metastatic or dangerous clones. This possibility has been postulated 
by some authors as a new opportunity for cancer therapy (106).  
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2.5 Mitochondrial DNA mutations in cancer 

 Mitochondria are cellular organelles present in all eukaryotic cells that 
are involved in cellular metabolism, including the ATP generation by oxidative 
phosphorylation (OXPHOS). The human mitochondrial DNA (mtDNA) strands are 
differentiated by their nucleotide content, with a guanine-rich strand (Heavy or 
H-strand) guanine-rich and a cytosine-rich (Light or L-strand). mtDNA is 16 kbp-
long and contains the sequence of 13 genes that codify proteins involved in 
oxidative phosphorylation as well as the whole set of ribosomal and transfer 
RNA genes. In contrast, all proteins involved in mitochondrial DNA 
transcription, replication and repair are encoded by nuclear DNA and imported 
from the cytoplasm. 

 The presence of abnormal mitochondria in tumor cells has been 
demonstrated in several studies over the years and a large number of mutations 
in mtDNA have been described in all tumor types (107,108). These mutations 
might play a role in tumor development as the presence of dysfunctional 
mitochondria may offer advantages to tumoral cells. This is the case of the 
activation of an oxygen independent metabolism in hypoxia conditions or  the 
proliferative signals associated with an increase in reactive oxygen species 
(ROS) (109). In addition, abnormalities in mitochondrial membrane has been 
shown to inhibit apoptosis and confer a high resistance to chemotherapeutic 
treatments (110). Accordingly, mutations in mtDNA have been demonstrated to 
bear tumorigenic capacity in both murine and human cells, where mutations in 
mtDNA confer resistance to apoptosis and promote metastasis (111,112).  

 Most of the mutations described in mtDNA are observed in almost all 
mitochondrial genomes in the same cell, called homoplasmia. This observation 
is in line with the hypothesis that cells with dysfunctional mitochondria are 
positively selected during tumor development. However, Coller and 
collaborators have proposed that this shift from heteroplasmic to homoplasmic 
state can be explained without the presence of a selection force (113). 
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 In accordance to a potential role of mtDNA mutations in tumorigenesis, 
Seok and collaborators identified in 2014, 1907 somatic substitutions in the 
analysis of the sequencing data of 1675 tumors from the International Cancer 
Genome Consortium. These substitutions were predominantly C>T and A>G and 
showed a strong strand bias which lead them to hypothesize that the 
mutational mechanism responsible for mutation accumulation is fundamentally 
linked to mtDNA replication (114). 
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3. CHROMATIN REMODELING 
COMPLEXES 

3.1 Function and families of chromatin remodeling 
complexes 

 At the eukaryotic cell nucleus, DNA is associated with proteins (histones), 
forming packed structures called nucleosomes that constitute the fundamental 
unit of chromatin. Chromatin structure can be affected by different, but 
interconnected, processes including covalent modification of histones, 
exchange of 'generic' core histones by histone variants, disruption of the basic 
nucleosome structure and histone-DNA contacts, and modification of the DNA 
itself. This remodeling can play a major part in the multistep process of 
carcinogenesis (115). Among the described modifications that altered 
chromatin structure we can find the ATP-dependent chromatin reorganization 
(116) carried out by chromatin remodeling multi-subunit complexes. These 
complexes have an important role in the control of cellular processes that use 
genomic DNA as a template including transcription, replication, recombination, 
and repair (117).  

  

 There are four major families of ATP-dependent chromatin remodeling 
complexes: SWI/SNF, ISWI, INO80 and CHD (115).   
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3.1.1 SWI/SNF Family 

 The SWI/SNF complex is an evolutionarily conserved multi-subunit 
protein complex in eukaryotes as S. cerevisiae, Drosophila melanogaster and 
humans, which uses the energy of ATP hydrolysis to mobilize nucleosomes and 
remodel chromatin.  In mammals, two different complex families have been 
described: the BAF complex (BRG1 Associated Factors), also called SWI/SNF-A 
and the PBAF complex (polybromo-BRG1 Associated Factors), also called SWI/
SNF-B.  

 The mammalian complexes of the SWI/SNF family are composed of one of 
two mutually exclusive catalytic ATPase subunits (either SMARCA2 or 
SMARCA4); a set of highly conserved “core” subunits (SMARCB1, SMARCC1, 
SMARCC2 and SMARCE1); and a variable number of auxiliary subunits that are 
thought to contribute to the targeting, assembly and regulation of linage 
specific functions of the complexes (examples of these subunits are ARID1A, 
ARID1B, ARID2, PBRM1 or BRD7).  

 Several of these subunits are codified by genes that generate different 
isoforms produced by alternative splicing. Additionally, most of these genes 
belong to gene families that often display differential lineage-restricted 
expression. It is, therefore, likely that a large number of different SWI/SNF 
complexes probably exist in mammals and contribute to regulate linage and 
tissue specific gene expression (118). 

3.1.2 ISWI Family 

 The imitation switch (ISWI) family is composed of seven different 
complexes: NURF (nucleosome remodeling factor), CHRAC (chromatin 
accessibility complex), ACF (ATP-utilizing chromatin assembly and remodeling 
factor), WICH (WSTF–ISWI chromatin remodeling complex), NoRC (nucleolar 
remodeling complex), RSF (remodeling and spacing factor) and CERF (CECR2-
containing remodeling factor), each containing one of the two ATPase 
homologues: SMARCA5 or SMARCA1. The ACF and CHRAC complexes are 
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involved in RNA polymerase II transcription and DNA replication and repair, 
while the WICH complexes are implicated in DNA replication and repair. The 
NoRC and WICH complexes regulate the transcription of RNA polymerase I and 
III genes. The RSF complex is implicated in the maintenance of the proper 
centromere structure. The CERF complex is involved in neurulation and in the 
regulation of mesenchymal/ectodermal transcription factors also through the 
regulation of RNA polymerase II transcription (119-122). 

3.1.3 INO80 Family  

 The inositol auxotroph 80 (INO80) family is named for its ability to 
regulate the expression of inositol-responsive genes and has three complexes: 
INO80, SRCAP (Snf2-related CREBBP activator protein), and TIP60/p400 
(122,123). The ATPases core of these complexes also have histone 
acetyltransferase activity. The INO80 complexes are involved in promoting gene 
transcription, checkpoint regulation, DNA replication, telomere maintenance, 
chromosome segregation and nucleosome structure but are mostly studied for 
their role in DNA repair and DNA damage checkpoint responses (124). 

3.1.4 CHD Family  

 The CHD (chromodomain helicase DNA-binding) family includes CHD and 
NuRD (nucleosome remodeling and deacetylases) complexes.  In humans, there 
are three CHD subfamilies complexes. Subfamily 1, which include CHD1 and 
CHD2 monomers and, is characterized by the DNA binding domains. They play 
an important role in the maintenance of embryonic stem cells, DNA damage 
responses, and tumor suppression. Subfamily 2, that enclose CHD3, 4, and 5, 
and is characterized by two PHD zinc finger domains and the function of the 
complex depend on the subunit composition. Subfamily 3, contain CHD6, 7, 8, 
and 9, and are characterized by two BRK domains (122,125). 
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3.2 Chromatin remodelers in cancer  

3.2.1 SWI/SNF in cancer 

 Defects in several subunits of the SWI/SNF family complexes have been 
associated with tumor progression (126). The  20% of all human malignancies 
have defects in these complexes, making them the most frequently mutated 
chromatin remodeling complex in cancer (126,127). Thus, SMARCB1 is 
inactivated via biallelic mutations in nearly all malignant rhabdoid tumors, 
which are aggressive cancers that occur in young children (128). Similarly, 
PBRM1 is inactivated in 40 % of clear cell renal carcinoma patients, where 
lower frequency mutations have been also identified in KDM6A and KDM5C 
(histone demethylases) as well as SETD2 (histone methylase) (126,129). This 
suggests key roles of chromatin structure in this tumor linage. Additionally, 
ARID1A is mutated in 50% of ovarian cell carcinomas and in 30% of 
endometrioid carcinomas (130); ARID1B single-copy deletions and ARID1A copy 
number losses have been detected in 74% and 47% of pancreatic cancer 
patients respectively (131). ARID2 has been found recurrently mutated in 
hepatocellular carcinoma, melanoma and non-small cell carcinoma (132-134); 
and BRD7 is frequently deleted in breast cancer (135). Finally, SMARCA2 and 
SMARCA4 expression is abrogated in non-small cell lung cancer (136). 
Interestingly, SMARCA2 expression is also reduced in prostate cancer where its 
absence correlates with advanced stages of disease progression and poor 
prognosis (137). Finally, epigenetic silencing of the ARID1A promoter has been 
observed in breast cancers (138-141).  

3.3 Chromatin remodelers in controlling gene expression 
and development 

 It is still unclear how impairment of SWI/SNF complexes can lead to 
cancer development, but essential roles for the complexes have been 
identified during neurogenesis, myogenesis, adipogenesis, osteogenesis and 
haematopoiesis. Thus, it is likely that they cooperate with tissue-specific 
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transcription factors to coordinately balance the activation of lineage-specific 
genes, the activation of differentiation and the suppression of proliferative 
programs of many cellular linages (142). In this context, a unique combination 
of core SWI/SNF components and associated factors is present in ES cells, 
where it seems to contribute to the maintenance of this linage by regulating 
pluripotency and self-renewal.  

 Additionally, direct interactions of SWI/SNF complexes with well-
described tumor suppressors like RB and TP53 as well as with the oncogene 
MYC have been described, which suggests that defects in these chromatin 
remodeling complexes could promote cancer through the activation of 
canonical cancer pathways (143-145). 

 

 Figure 3. Described alterations on chromatin remodelling genes. Adapted and 
extended from Weissman and Knudsen (146),  with data from Oncomine 
(www.oncomine.org) and from COSMIC (http://www.sanger.ac.uk/genetics/CGP/cosmic/). 
Different complexes are represented by colors and type of alteration by different shapes. 

http://www.sanger.ac.uk/genetics/CGP/cosmic/
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3.4 Chromatin remodelers in DNA repair  

 There is a considerable amount of scientific evidence that links SWI/SNF 
with DNA repair mechanisms that suggest that a second potential mechanism of 
tumorigenesis in SWI/SNF deficient cells is through the promotion of genomic 
instability. In support of this idea, it has been described that mutations in 
ARID1A are mutually exclusive with mutations in TP53 with could suggest 
partial redundant functions (127). 

 There are several mechanisms by which defects in SWI/SNF can promote 
genomic instability. In first place, SWI/SNF complexes play a role in 
chromosome segregation in mitosis (147). Secondly, SWI/SNF is described to 
play essential roles as well in NER (148). Additionally, it has been described 
that SWI/SNF is recruited to places of DNA damage where they play an essential 
role in the recruitment and activation of different DNA damage sensors 
(149,150).  

 Finally, SWI/SNF is essential for a correct DNA synthesis after DNA 
damage, a step that is essential for a final damage correction (150,151).  

3.5 Therapeutic exploitation of SWI/SNF mutations 

 The high prevalence of SWI/SNF mutations as well as its broad 
distribution among different tumor types makes it interesting to study if there 
is any possibility to exploit potential vulnerabilities derived from SWI/SNF 
deficiency for cancer treatment. Some of these vulnerabilities have been 
recently described. Firstly, MAX mutations seem to show synthetic lethality 
properties with mutations in SMARCA4 (152). Similarly, inhibition of SMARCA2 
protein has been described  producing a higher impact on SMARCA4 mutant 
tumors (153). Additionally, ARID1A mutant cells are more sensitive to the 
inhibition of ARID1B (154). 
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 Another way of action is to exploit a higher genomic instability in SWI/
SNF deficient cancer cells to treat the cells with DNA damaging agents. In this 
line of research, it has been described that ARID1A deficiency sensitizes cells 
to PARP inhibitors (155). 

 Some SWI/SNF-mutant cancers (ARID1A, SMARCA4 and PBRM1 mutated) 
depend on the catalytic and non-enzymatic activity of EZH2, perhaps through 
the stabilization of PRC2 complex, and  are only partially dependent on EZH2 
histone methyltransferase activity (156). Consequently a small molecule-
mediated EZH2 inhibitior has showed promising results in SMARCB1-deficient 
solid tumors (157). 

 Finally, as several subunits of SWI/SNF complexes contain bromodomains, 
a specific sensitivity of SWI/SNF deficient cells to bromodomain inhibitors as 
PFI-3 can be suggested (158,159).  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AIMS 
“A goal without a plan is just a wish.”  Antoine 
de Saint-Exupéry 
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 The primary aim of this thesis is to determine which 
chromatin remodeling genes/complexes play an important role in 
tumor development, as well as, to identify the molecular 
mechanisms by which defects in these genes play a role and, finally, 
to determine if these alterations can be used as diagnostic, 
prognostic or therapeutic tools to improve the management of 
cancer patients. 

 This general objective is implemented in the following 
concrete objectives: 

1. Identify those genes of the chromatin remodeling complexes 
that play an important role in human tumor development. 

2. Characterize the molecular mechanisms by which the 
alterations of chromatin remodeling genes produce their 
effect in tumor progression and metastasis. 

3. Study the possibility of use the alterations in chromatin 
remodeling complexes to improve the prognosis or treatment 
of cancer patients. 
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MATERIALS 
AND METHODS 
“Mathematics is the art of the perfect, physics 
the art of the optimal and biology the art of the 
satisfactory.” Sydney Brenner 
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1. SEQUENCING 

1.1 Patient samples  

 Cancer patient primary samples and, when available, matched 
corresponding normal samples, were obtained from different tumor Biobanks. 
In all the cases, we counted with the prior approval of the corresponding ethics 
committee for each institution.  A detailed list of the origin and characteristics 
of each sample can be found in Supplementary Table 1.  In total 479 tumors and 
257 matched normal DNAs as well as 45 cell human tumor cell lines (obtained 
from ATCC and IBBTEC repositories) were used in this thesis (Figure 4). 

 Figure 4. Distribution of sequenced tumors by tissue of origin. Pie chart 
representation of the number of patient samples that have been sequenced in our 
screening divided by the tissue of origin (96 of the 265 from lung cancer samples were 
sequenced only in the codifying region of ARID2). 
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1.2 Library preparation and sequencing 

1.2.1 DNA Extraction 

 DNA was extracted from fresh frozen tissue or cell lines using the 
Agencourt DNAdvance Beckman Coulter kit (#A48705, Beckman Coulter, Brea, 
CA, USA), following manufacturer's instructions. For the formalin-fixed 
paraffin-embedded sections, the tumor area was micro-dissected, treated with 
Proteinase K overnight, subjected to a phenol-chloroform organic extraction 
followed by ethanol precipitation of the DNA.  

1.2.2 DNA Libraries  

 DNA preparations were quantified using the Qubit® dsDNA BR Assay 
(Q32851, Life Technologies). Normal DNA libraries were performed mixing from 
3 to 5 different DNAs.  Diagenode Bioruptor® DNA fragmentation was 
performed with 500 ng of DNA diluted in low TE buffer (#12090015, Thermo 
Fisher Scientific, UK) to a final volume of 100 µl, and using 30 cycles of 30’’/
30’’ (ON/OFF cycles) at 4ºC. For all cleaning steps, we used Agencourt AMPure 
XP (#082A63881, Beckman Coulter, Brea, CA, USA), following the 
manufacturer's protocol. Size distribution was analyzed with either the 2100 
Bioanalyzer or the 4200 TapeStation using DNA 1000 kit or D1000 ScreenTape 
Assay (Agilent Technologies, Santa Clara, CA, USA).  Sequencing libraries were 
prepared through a series of enzymatic steps including end-repair and 
adenylation (DNA Rapid End Repair module, NEXTflex™, #5144-05, Bioo 
Scientific, Austin, TX, USA), PE adaptor construction through the hybridization 
of phosphorylated complementary synthetic oligonucleotides, PE adaptor 
ligation (T4 DNA Ligase, #EP0062, Thermo Fisher Scientific, UK) and PCR 
indexing amplification (Phusion high fidelity DNA polymerase, # F530L, Thermo 
Fisher Scientific, UK). Libraries were checked by Nanodrop for chemical 
contamination, by the 2100 Bioanalyzer for size distribution and finally 
quantified using the Qubit® and a qPCR reaction with primers designed to 
target the Illumina adapters. Target capture was performed on pools of 96 
libraries using a Sure Select® user-defined probe kit (Agilent Technologies, Palo 
Alto, CA, USA). The genes contained in each of the designs can be found in 
Supplementary Table 2. Massively parallel sequencing was carried out in a High-
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Seq® machine (Illumina, USA) with a 100 bp paired end (PE) protocol. A single 
lane was performed for each 96 libraries pool. 

 In the case of amplicon-based libraries two different strategies where 
used. When a lot of different products were amplified for the same sample, 
standard PCR primers were designed, the PCR products generated for each 
sample were mixed and subjected to the standard library protocol. 
Alternatively, when a small number of amplicons were designed over a large 
number of samples, the primers were designed to contain a common adapter 
sequence that was used, after mixing and purification, to a second PCR to add 
the barcode and the rest of the Ilumina adapter sequence. These libraries were 
sequenced in the MiSeq® platform (Illumina, USA) using a 150 or 250 paired-
end protocol depending on the amplicon size distribution. 

1.2.3 RNA isolation and qRT-PCR 

 Total RNA was isolated and purified using Extract Me Total RNA Kit (Blirt, 
DNA Gdansk, Poland) according to the manufacturer’s instructions.  RNA quality 
was measured using RNA ScreenTape® (4200 TapeStation Instrument - Agilent 
Genomics). Reverse transcription was performed using the Takara PrimeScript 
cDNA Synthesis kit (Takara Bio, Inc., Dalian, Japan) according to the 
manufacturer’s instructions. mRNA expression was measured by qRT-PCR using 
Luminaris Color HiGreen qPCR Master Mix (Thermo Scientific) with 
StepOnePlusTM real-time PCR system (Applied Biosystems, Foster City, CA). β-
actin was used as housekeeping gene and the ΔΔCt method was used for 
quantification and comparison. A list of the primers used for the qRT-PCR 
experiments can be found in Supplementary table 3.  

1.2.4 RNA Libraries 

 RNA quality and concentration were measured using a RNA Pico chip on a 
2100 Agilent Bioanalyzer. For library preparation, mRNA was enriched using 
NEBNext® Poly(A) mRNA Magnetic Isolation Module. Fragmentation was 
performed from 1-2 µg mRNA in a buffer containing 4 µL de PrimeScript Buffer 
and 1 µL random hexamers primers at 94ºC for 15 minutes. The first strand was 
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synthesized by adding to the previous mix 1 µL of PrimeScript Enzyme and 
incubating the samples 15 minutes at 37ºC followed by 5 seconds at 85ºC. 
Second strand was further synthesized by adding to the previous reaction 
RNAse HI (Thermo) and DNA polymerase I (Thermo) according to manufacturer 
instructions to a final volume of 100 µL. 2.5 µL of T4 DNA Polymerase (Thermo) 
was added and the reaction was incubated 5 min at 15ºC. 5 µL of EDTA 0.5 M pH 
8.0 was added to stop the reaction. DNA fragments were purified using 
Agencourt AMPure XP (#082A63881, Beckman Coulter, Brea, CA, USA). Library 
generation protocol were performed starting from the double-stranded cDNA in 
a similar way of the DNA libraries. 
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1.3 Sequencing Data Analysis 

1.3.1 First phase 

 Raw sequence data were subjected to quality control using FastQC 
v0.11.2  (https://www.bioinformatics.babraham.ac.uk/publications.html) and 
mapped to the human genome (hg19) using BWA 0.7.3 (43). Samtools 0.1.18 
(41) was used for format transformation, sorting and indexing of the bam files. 
Picard 1.61 (http://broadinstitute.github.io/picard/) was used to fix and clean 
the alignment and to mark PCR duplicates reads. Finally, GATK 2.2.8 was used 
to perform local realignment around indels. Bedtools 2.17 (http://
bedtools.readthedocs.io/en/latest/#) was used to calculate the enrichment 
statistics and the target coverage. 

 For RNA-seq data, paired-end reads from RNA-Seq were aligned using 
Tophat to the human genome (hg19) (45). 

1.3.2 Second phase 

 Paired tumor/normal bam files were used to identify putative somatic 
single variants (SVs) using an in-house written algorithm called RAMSES 
(Realignment Assisted Minimum Evidence Spotter) (217), selecting mutations 
with a confidence score >2 and mutational frequency higher than 0.05. An in-
house Perl script MIDAS (Mutation Identification and Analysis Software) (218). 
PINDEL 0.2.4 (http://broadinstitute.github.io/picard/) was used to detect indels 
requiring a minimum of 5 independent reads reporting the indels and with no 
indels evidence in the control DNA. Potential germline variants were flagged 
away using 1000 Genomes mutation database with in-house written software.  

https://www.bioinformatics.babraham.ac.uk/publications.html
http://broadinstitute.github.io/picard/
http://bedtools.readthedocs.io/en/latest/#
http://bedtools.readthedocs.io/en/latest/#
http://broadinstitute.github.io/picard/
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 For transcriptomic analysis, predicted transcripts from Ensembl database 
were analyzed and transcripts that would lack a CDS start or stop site were 
filtered out. Differentially expressed genes (DEG) were identified using HTSeq + 
DESeq (161,162). These R packages for transcriptome expression profile 
analysis were used according to the manufacturer’s instructions to test for 
differential expression of RNA transcript levels requiring a minimum of 3 counts 
for a gene in more than two independent samples and using a threshold of fold 
change >1 and a pvalue <0.05. DEG were manually reviewed and the final list 
of DEG was created. 

1.3.3 Third phase 

 Functional consequence of the mutations was annotated using ensembl 
database v.73 through the Perl API. OncodriveFM software was run to detect 
genes with evidence of selective pressure from the analysis (160).  

 

 F i g u r e 5 . D a t a a n a l y s i s w o r k f l o w. M o d i f i e d f r o m h t t p s : / /
software.broadinstitute.org/gatk/best-practices/, the diagram represents the data 
analysis stages that have been used in our DNA sequencing data together with the software 
used. 
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2. IN VITRO E IN VIVO 
EXPERIMENTS 

2.1 Cell lines and culture conditions 

 Both A549 and H460 lung cancer cell lines were sourced from The 
Francis Crick Institute common repository, authenticated by STR profiling, and 
tested for mycoplasma. The two cell lines were maintained in DMEM (Lonza, 
Verviers, Belgium) and RPMI 1640 (Lonza, Verviers, Belgium), respectively, 
supplemented with 10% FBS (HyClone Victoria, Australia), 1% Gentamycin and 
1% Ciprofloxacin at 37°C in a humidified atmosphere containing 5% CO2.   

2.2 Generation of stably-transduced cell lines 

 For stable cell line generation, tetracycline-inducible pTRIPZ constructs 
V2THS_74399, V3THS_347660 were used for ARID2 knockdown (Dharmacon/GE 
Healthcare, Lafayette, CO, USA). The empty vector was used as control. Virus 
production were performed by transfecting HERK293-T/17clone cells with the 
pTRIPZ constructs, psPAX2 and pMD2.G plasmids (Addgene) using Fugene HD 
(Promega Madison, WI, USA). Infected cells were selected with 1 µg/ml 
puromycin for at least 7 days. Induction of the expression of the shRNAs as well 
as the turbo-RFP marker was performed with 1 ug/ml of Doxycycline for at least 
5 days before analyzing the effect of ARID2 knock-down on the cells. 
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2.3 FACS sorting of stably- transduced cells 

 Turbo-RFP expression on cells transduced with shRNAs or empty vectors 
was induced with 1 µg/ml Doxycycline (Dox) for 16 hrs. Cells were harvested, 
washed twice in Phosphate-buffered saline (PBS), counted and re-suspended in 
0.2 µM filtered sorting buffer containing 250 mL D-PBS (Ca2+ and Mg2+ Free), 
3.75 mL of 1 M Hepes Stock solution (final concentration 15 mM), 2.5 gr of BSA 
in 250 mL (final concentration 1%), 2.5 mL Pen/Strep (100 U/mL of each), 1 mL 
of 0.5 M stock solution of EDTA (2 mM). Finally, cell preparations were filtered 
using a nylon mesh with a pore size of 70 µM. 

 Cells were isolated by FACS based on TurboRFP expression using a FACS-
Aria II cell sorter (Becton Dickinson, BD, Franklin Lakes, USA). For proper cell 
recovery from the sorting process, the cells were collected in tubes containing 
DMEM supplemented with 50% FBS to prevent the cells from drying out and 
dying. Cells were seeded in DMEM complete growth medium. 

2.4 Proliferation assays 

2.4.1 Growth curve 

 Growth curve analysis was performed over a period of fourteen days. 
Cells were seeded in 100 mm plates at a density of 500,000 cells per plate. 
Every two days, cells were trypsinised and the cell number determined by 
counting using a hemocytometer and re-seeded at a concentration of 500,000 
cells per plate. All growth curves were performed in triplicate. 

 As a complementary approximation, PrestoBlue® (Thermo Fisher 
Scientific, UK) assay was used to determine cell viability with a colorimetric 
method. Cells were harvested, washed twice in Phosphate-buffered saline 
(PBS), counted and re-suspended in DMEM complete growth medium at a 
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density of 2 * 104 cell/mL. Cells were cultured in 96-well plates (BD Falcon, 
Franklin Lakes, NJ) at a seed density of 2 x 103 cells/well.  10 µl of PrestoBlue 
solution was added to the wells and the plates were incubated at 37 °C for a 
specified time period. After incubation, absorbance was measured using a 
Multiskan FC Microplate Photometer (Thermo Fisher Scientific, Waltham, MA) 
with wavelengths set at 540 and 620 nm. 

2.4.2 CFSE 

 Cell proliferation was analyzed using the carboxyfluorescein diacetate 
succinimidyl ester labeling method with the CellTrace™ CFSE Cell Proliferation 
Kit (Invitrogen, CA, USA).  The induced cell lines were synchronized by gradual 
serum deprivation following the protocol described by Lauand and collaborators 
(163).  After 50 h of FBS deprivation, the cells were arrested in G0/G1 phase. 
Cells were harvested, washed twice in Phosphate-buffered saline (PBS), 
counted and re-suspended in CellTrace CFSE labelling solution. 1 µL of 
CellTrace™ stock solution was added to each mL of cell suspension for a final 
working solution of 5 µM at a density of 106 cells/mL and incubated at 37ºC for 
20 minutes protected from light. DMEM culture media containing FBS was 
added (10% v/v) to remove any free dye remaining in the solution. After 5 
minutes, labelled cells were washed into PBS and pelleted by centrifugation. 

 Some of these labelled cells were suspended in fresh pre-warmed 
complete culture medium and were then seeded into 6-well plates at a density 
of 5 x105 cells/well. The remaining  labelled cells were suspended in PBS and 
CFSE fluorescence was measured on a MACSQuant® VYB (Miltenyi Biotec) flow 
cytometer to ensure the parental population and subsequent division peak 
tracking during culture. Cells were harvested at defined times and subjected to 
division peak resolution by flow cytometry. The cell proliferation index was 
analyzed using ModFit LT™ software (http://www.vsh.com/products/mflt/
index.asp). Proliferation index was the sum of the cells in all generations 
divided by the calculated number of original parent cells. 

http://www.vsh.com/products/mflt/index.asp
http://www.vsh.com/products/mflt/index.asp
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2.5 Migration assay 

 In vitro cell migration assays were performed by using 8-µm pore size 
transwell chambers (Corning™  Transwell™ Multiple Well Plate with Permeable 
Polycarbonate Membrane Inserts, 3422) in 24-well plates and incubated for 48 
h. For the migration assays, 50,000 cells were added into the upper chamber. 
Cells were plated in medium without serum, and medium containing 10% FBS in 
the lower chamber served as the chemo-attractant. After 24 h incubation, the 
cells that did not migrate through the pores were carefully removed using 
cotton swabs.  

 The filters were washed with PBS, harvested by treatment with 0.25% 
trypsin and counted on a hemocytometer. All experiments were performed in 
triplicate. Filters were fixed in 4% PFA followed by crystal violet staining for 
microscope visualization. 

2.6 Invasion assays 

 For the invasion assays, 50,000 cells in 50 µL of serum-free DMEM were 
plated on growth factor-reduced Matrigel (BD Biosciences) pre-coated 8 µm 
pore transwell chambers, filling the lower chambers with 600 µL DMEM with 
10% FBS. After 48 h, non-invading cells were removed from the top of the 
transwell using cotton swabs. Invasive cells were quantified by fixing chambers 
in 4% paraformaldehyde for 10 min and staining with crystal violet.  To quantify 
the number of migrated cells, for each Transwell, the cells of 10 random 
pictures captured under the microscope were counted. 
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2.7 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. 

2.7.1 Proliferation assays 

 A549 stably-transduced cell lines were harvested, washed twice in 
Phosphate-buffered saline (PBS), counted and resuspended in PBS at a density 
of 107 cells/mL.  

 5 million of cells were subcutaneously injected into the flanks of the 6-8-
week-old female mice (Athymic Nude-Foxn1nu). The animals were treated with 
1 mM/mL Doxycycline for ~25 days in the drinking water supplemented with 1% 
sucrose, changed every 2-3 days. After the tumors reached the size of ∼0.5 
cm3, mice were euthanizing and tumor tissues were harvested for analyses. 

2.7.2 Metastasis assay 

 A549 and H460 stably-transduced cell lines were harvested, washed 
twice in Phosphate-buffered saline (PBS), counted and re-suspended in PBS + 
0.1% BSA at a density 5 x 106 cells/mL.  

 2.5 million of cells were tail injected into 6-8-week-old female nude 
mice (Athymic Nude-Foxn1nu). The animals were treated for ~60 days with 1 
mM/mL Doxycycline in drinking water for ~60 days supplemented with 1% 
sucrose, changed every 2-3 days. After two months, mice were euthanizing and 
tumor tissues were harvested for analyses.  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2.8 Western blot analysis 

 Cells were washed twice in PBS and lysed in RIPA buffer (50 mM Tris-HCl, 
pH 8.0, 150 mM NaCl, 1% NP-40, 1 mM Sodium Orthovanadate, 1 mM NaF) 
containing Halt protease inhibitors Cocktail (Thermo Scientific, 87786), for 30 
minutes on ice. Lysates were sonicated using the Bioruptor® (Dia-genode) for 
ten cycles (30 s on, 30 s off) at high-power and cleared by centrifugation at 
16,000 g for 20 min at 4 °C. Protein concentrations were determined by 
Qubit® Protein Assay (Q33212, Life Technologies). 60-80 µg of total protein 
lysate was separated by SDS-PAGE in 8% polyacrylamide gels and transferred to 
nitrocellulose membranes. Subsequently, membranes were washed with TBS-T 
(50 mM TRIS + 150 mM Sodium chloride + 0,1% Tween 20, pH 7,4) and blocked 
using 5% non-fat milk solution as blocking agent in TBS (50 mM TRIS + 150 mM 
Sodium chloride) for 1 h at RT. Membranes were then incubated with primary 
antibodies anti-ARID2 (E-3, sc-166117, Santa Cruz) and anti-Actin (I-19, 
sc-1616, Santa Cruz), diluted 1:200 and 1: 1,000 in TBS-T/1% (w/v) BSA at 4°C 
overnight, respectively. Membranes were washed in TBS-T, three times. The 
primary antibodies were detected by incubating the membranes in donkey anti-
mouse or donkey anti-goat secondary antibodies (LI-COR Biotechnology, 
Lincoln, USA) conjugated to IRDye 800CW (926-32212) or IRDye 680RD 
(926-68074) respectively at 1: 15,000 dilutions and incubated for 45 minutes 
at room temperature. Finally, antibody signals were visualized using Odyssey 
Clx imager (LI-COR Biotechnology, Lincoln, USA).  

2.9 Proliferation inhibition in vitro assays 

 Inhibition assays were performed to determine the half maximal 
inhibitory concentration (IC50) values for cisplatin, and etoposide in both A549 
and H460 stably-transduced cell lines. Briefly, cells were seeded in 96-well 
plates at 2000 cells per well in 100 µL of complete media, cultured for 24 hours 
before drug treatment. Drug concentrations ranging from 0.001 µM to 10 mM 
were prepared in 90 µL of complete media. Cells were treated for 48 hours. 
Appropriate media and vehicle controls were also added in the media. Viability 
was determined by adding 10 µL of PrestoBlue® reagent. IC50 value for each 
drug were determined with GraphPad Prism (https://www.graphpad.com/
scientific-software/prism/) software to fit curves to the dose response data. 

https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
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2.10 Immunohistochemistry analysis 

 For ARID2 detection on paraffin sections, these were incubated with 
1:300-1:500 ARID2 antibody for 32 minutes at 97ºC in citrate buffer pH 6. The 
sections were developed with HRP-polymer secondary antibodies (Optiview, 
Roche). 

 Immunofluorescence was performed in stable cells induced with 1 µg/mL 
Doxycycline. Cells reach 50–70% confluence on sterile cover slips were rinsed 
twice with PBS and fixed with 4% paraformaldehyde in PBS for 15 min at room 
temperature. Cover slips were rinsed tree times with PBS for 5 minutes. 
Permeabilization was performed with 0.5% Triton X-100 in PBS for 5 minutes at 
room temperature. The cells were blocked with 3% BSA in PBT (PBS containing 
0.05% Triton X-100) and subjected to immunofluorescence staining with ARID2 
(1:50) antibody for 30 minutes at room temperature in moist chamber. The 
cover slips were then washed with PBS three times for 5 minutes. Cells were 
incubated with Alexa labeled secondary antibodies (1:400) for 30 minutes at 
room temperature in moist chamber protected from light. Cover slides were 
mounted in VECTASHIELD Antifade Mounting Medium with DAPI (Vector Labs, 
Burlingame, CA, USA). The cells were finally examined by fluorescence 
microscopy (Olympus America Inc, Center Valley, PA). Quantification of 
fluorescent intensity was performed from randomly selected fields using 
MetaMorph® (https://www.moleculardevices.com/systems/metamorph-
research-imaging/metamorph-microscopy-automation-and-image-analysis-
software) and ImageJ software (https://imagej.nih.gov/ij/). 

https://www.moleculardevices.com/systems/metamorph-research-imaging/metamorph-microscopy-automation-and-image-analysis-software
https://www.moleculardevices.com/systems/metamorph-research-imaging/metamorph-microscopy-automation-and-image-analysis-software
https://www.moleculardevices.com/systems/metamorph-research-imaging/metamorph-microscopy-automation-and-image-analysis-software
https://imagej.nih.gov/ij/
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RESULTS 
“The greatest obstacle to discovery is not 
ignorance-it is the illusion of knowledge.”Daniel 
J. Boorstin 
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1. OVERALL SEQUENCING 
RESULTS  

1.1 Number of mutations found and mutation profile 

  
 In total, we have sequenced 736 samples (479 tumors and 257 matching 
controls) of eleven different solid tumor types as well as different 
hematological malignancies (Figure 4). We obtained a mean of 40% of the reads 
on our region of interest obtaining at least a mean coverage of 50x in 90% of 
the sequenced samples. The percentage of reads on target is lower than 
expected and of the one specified for the manufacturer of the enrichment kit. 
This could be probably the result of the small size of our target region or of the 
multiplexing strategy that we followed prior enrichment (see Methods). 
Nevertheless, we obtained very good coverage for most of the sequenced 
samples.   

  

 In total, we have identified 4920 somatic coding mutations with a 
distribution represented in the Figure 6 (Suppl. Table 4). On average, we were 
able to call a median of five variants per sample, mainly single nucleotides 
substitutions, and most of them missense  (Figure 6 B). We observed that the 
mutational profile consists on "C→T" transitions, followed by "C→A" 
transversions and "T→C" transitions (see Figure 6.c). As expected, the most 
frequently mutated genes included TP53, KMT2C, KMT2D, APC or KRAS. 
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 Figure 6. General statistics of the mutations found.  (a) Representation of the 
mutations found according to the mutation type. (b) Distribution of the functional 
consequences of the mutations. (c) Substitution profile. (d) Most frequently mutated 
genes found in our screening.  For panels b and d, missense (green), nonsense (red), splice 
site (orange), frameshift deletions (blue), frameshift insertions (lilac) and nonstop (light 
green) mutations are represented. 
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1.2 Data specificity 

 In order to check the validity of our sequencing/analysis strategy, we 
compared our list of mutations to COSMIC database (http://cancer.sanger.ac.uk/
cosmic). Interestingly, 525 of our 4920 mutations had been already reported in 
this database as is the case of specific mutations of ARID1A, KRAS or TP53 (see 
Figure 7a), which indicates that all these mutations are likely real. 

  

 As a second validation strategy, we interrogate the mutation frequency 
of the known cancer genes in the different tumor types. As it can be seen in 
Figure 7b, the mutation frequencies of genes like APC in colon cancer, VHL and 
PBRM1 in renal cancer, KRAS in Colon and Pancreatic cancer and ARID1A in 
Lung and Colon cancer are very similar to those ones described in the literature 
by several authors.  

 Finally, we performed high coverage (3000x) PCR-based ultrasequencing 
in a randomly selected list of identified mutations (160). We found that near 
90% of all the assayed mutations were real (141/160) which demonstrates a 
high specificity of our strategy. Unfortunately, 29 of them turned out to be 
present also in the matched normal sample and are, therefore, germline. This 
is probably the result of a reduced sequencing coverage on that area in the 
matched normal, likely as a result of the normal pooling strategy that we 
followed during the original sequencing screening (Figure 7c). 

 All these results prove that our sequencing/analysis strategy shows a high 
specificity and supports a high reliability of our mutation list.  

http://cancer.sanger.ac.uk/cosmic
http://cancer.sanger.ac.uk/cosmic
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 Figure 7. Sequencing/analysis strategy validation. (a) Word-cloud representing 
some of the identified somatic mutation already described in COSMIC database. (b) 
Mutated patient frequency according to the different cancer tissues of the main tumor 
cancer genes included in our screening. (c) Pie chart representing the distribution of 
results of the orthogonal validation of a random selection of identified mutations. 
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2. MUTATIONS ACROSS 
MITOCHONDRIAL GENOME 

2.1 High accumulation of mtDNA mutations 

 A representation of the number of mutations per chromosome, (Figure 8) 
showed a strikingly high number of mutations in the mitochondrial genome. As 
it has been broadly discussed in the introduction, several authors have 
suggested an active role of the mitochondrial mutations in tumor progression.  

 Counting with a large number of tumor samples, we decided to dedicate 
part of our efforts in the study of these mutations. In order to achieve better 
coverage specifically in the mitochondrial genome, we performed a second 
target probe design, including the mitochondrial genome and genes involved in 
mtDNA replication and repair, following the same procedure as in the previous 
design. 

2.2 Distribution of mtDNA mutations 

 In total, we identified 170 mutations in the mtDNA (Figure 8 and Suppl. 
Table 5).10% of the identified mutations show a mutant read frequency > 80% 
and therefore we consider them to be in homoplasmia. That means that they 
are in the majority of the mitochondrial genomes, whereas the rest of the 
mutations are present in heteroplasmia (only present in a percentage of the 
mitochondria). This observation is quite informative considering the fact that 
these mutations are somatic which suggests a fast shift from a heteroplasmic to 
a homoplasmic state which indicates a selective pressure in the tumor cells to 
accumulate defective mitochondria. Additionally, we see a homogeneous 
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distribution of the mutations across all mtDNA genes which indicates that any 
alteration of any of the genes might have the same effect.  

 Figure 8. Genomic distribution of somatic mutations. Representation of the 
number of somatic mutations identified in each chromosome. missense (blue), nonsense 
(green), splice site (yellow), silent (orange), frameshift (red) and stop lost (gray) 
mutations are represented. 

0

125

250

375

500

Chr1 Chr2 Chr3 Chr4 Chr5 Chr6 Chr7 Chr8 Chr9 Chr10 Chr11 Chr12 Chr13 Chr14 Chr15 Chr16 Chr17 Chr18 Chr19 Chr20 Chr21 Chr22 ChrX ChrY ChrMT

MISSENSE
NONSENSE
ESSENTIAL_SPLICE
SILENT
FRAMESHIFT
STOP-LOST

So
m

a:
c 

M
ut

a:
on

s



  9 1

2.3 Mutational profile and strand bias 

 A deeper analysis of the mutations found in the mtDNA showed firstly a 
very striking substitution profile. It is believed that the main cause of 
mitochondrial DNA damage is the accumulation of Reactive Species of Oxygen 
(ROS) generated during the oxidative phosphorylation. It is described that the 
main type of substitutions produced by oxidative stress are G>T/C>A 
transversions generated by oxidation of guanine to 8-Oxoguanine (8-oxo-G); 
and T>C/A>G transitions as a result of the oxidation of thymine to thymine-
glycol. Interestingly, our data show a large amount of T > C/A>G (Figure 9) due 
we practically do not detect any G>T/C>A transversions. Conversely, we detect 
a lot of G>A/C>T transitions that cannot be explained as the result of an 
excessive oxidative stress. 

 This effect can be explained by two different mechanisms: either 8-oxo-
G is very efficiently repaired in the mitochondria, and therefore does not 
produce many mutations or, alternatively the 8-oxo-guanine produces a 
different substitution in the mtDNA than the one produced in the nuclear DNA. 
It is described that the substitution produced by a DNA damage is highly 
dependent on the specific DNA polymerase that encounters the DNA damage. 
According to that, it is plausible that the mtDNA replicating polymerase (POLG) 
could produce a substitution profile as a result of the accumulation of 8-oxo-G, 
different from the one produced by the nuclear DNA replicating polymerases. 

 Additionally, when we plot the ratio of substitutions according to the DNA 
strand, we see a clear strand bias in the composition of mutated bases in the 
G>A/C>T transitions between the two strands. Moreover, this strand bias is 
opposite to what one could expect considering known differences in the 
nucleotide composition between the heavy and light strand. Thus, more 
substitutions affecting cytosines in the heavy strand are found whereas this 
strand is known to contain a lower ratio of that base (Figure 9).  



  9 2

 Interestingly, if we continue with the hypothesis that the G>A/C>T 
mutations are the result of a damaged G, this strand bias would correspond 
with an accumulation of mutations in the untranscribed versus the transcribed 
strand. This phenomenon has been observed in the nuclear DNA and is 
explained by the effect of the transcription coupled repair (TCR) mechanisms. 
Nevertheless, in nuclear DNA, this DNA-Repair mechanism is carried out by the 
nucleotide excision repair (NER) machinery and so far, NER proteins are not 
described to act in the mitochondria. According to all this, we can hypothesize 
that either the transcription coupled repair is carried out by another complex 
in the mtDNA or NER proteins do have an effect in the mitochondrial genome.  



  9 3

  

 Figure 9. Mutations across mitochondrial genome. (a) Circus plot representing 
mitochondrial genes organized by color according to the complex to which they belong, 
NADH dehydrogenase complex (blue), cytochrome oxidase c subunits (red), mitochondrial 
ATPase complex (yellow) and cytochrome B (green). ND6 is represented in lighter blue to 
indicate that is in different strand that the rest of the genes. Concentric circles represent 
the mutation distribution according to functional consequence: missense (purple), silent 
(orange), truncating protein mutations (red) and the non-codifying mutation (green). From 
outer to inner tracks, mutations in heteroplasmia (first circle), mutations in homoplasmia 
(second circle) and small insertions and deletions (last circle) are represented. (b) 
Substitution spectrum of the mtDNA found mutations. (c) Mutation strand bias represented 
by mutation counts in transcribed (green) versus untranscribed (blue) strand, (*** p < 
0.001).  
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3. DRIVER GENES IN 
CHROMATIN REMODELING 
COMPLEXES 

 Coming back to our complete list of mutations and in order to 
differentiate those genes that act as drivers of the tumorigenesis (that is, 
whose mutations confer an advantage to the tumor cells)  of those that act as 
passengers; we run OncodriveFML (164). This software is designed to identify 
those genes that have evidence of selection showing a profile of mutations 
significantly different of what expected by chance. 

 OncodriveFML identified TP53, KRAS and APC as the genes that show 
stronger evidence of selection (Figure 10a). As the software does not use any 
functional information, this result argues in favor of the capacity of the 
strategy to find real cancer driver genes. In addition to known cancer genes, 
we were able to find in the top of the list several chromatin remodeling genes 
(Figure 10b and Suppl Table 6). That is the case of ARID2, SRCAP or SMARCC1. 
Some of these genes, like the case of ARID2, have been previously associated 
with specific tumor types like melanoma. Nevertheless, we see a striking 
recurrence of mutations in other unreported tumor types like in lung cancer. In 
the other side, SRCAP has not been reported as frequently mutated in any 
cancer subtype. Interestingly, in our screening we see a high mutation 
frequency particularly in colon cancer and in pediatric lymphoblastic leukemia. 
In this thesis, we will study more deeply some of these observations whereas 
the others are still open research lines that will be followed in the future by 
our laboratory.  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 Figure 10. Prediction of cancer driver’s genes. (a) Quantile–quantile plot 
comparing observed and theoretical P values of driver genes among all cancer types in our 
study predicted by OncodriveFML. (b) Mutated patient frequency divided by tissue of the 
top raked genes according to OncodriveFML. 
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3.1 Evidence of selection of driver genes in SWI-SNF 
complex 

 67% of our studied samples have at least one mutation in a chromatin 
remodeling gene which argues in favor of a very important role of these 
complexes in tumor development. Nevertheless, the abundance in the top of 
the driver gene list of members of the SWI-SNF complex prompted us to 
investigate if there is evidence of this complex playing a more important role in 
tumor progression than the rest.  

  

For that, we performed a Gene Set Enrichment Analysis (GSEA) using the genes 
belonging to the different complexes as user-defined gene sets, and the 
significance-ranked driver list from OncodriveFML as input data. As it can be 
seen in Figure 11, this analysis revealed a statistically significant enrichment of 
driver genes in the SWI/SNF complex, whereas no enrichment can be seen in 
the rest of complexes. These results could argue in favor of a more important 
role of SWI/SNF complex in tumor development compared to the others 
complexes. 
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 Figure 11. Gene set enrichment analysis (GSEA) results of the driver genes 
identified by OncodriveFML. The histograms show the gene distribution by complex 
ranked by p values predicted by OncodriveFML. In each plot, the vertical black lines 
indicate the position of each of the gene in the pre-ranked chromatin complex data set. 
The green curve denotes the Enrichment Score (ES). Genes are grouped according to their 
role in the different chromatin remodeling complexes: SWI/SNF(a), ISWI (b), INO80 (c) and 
CHD (d). 
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3.2 SWI-SNF mutations tissue specificity and mutual 
exclusivity 

 According to the previous results, we decided to focus our studies in the 
members of the SWI-SNF complex. When we analyze the distribution of these 
gene mutations in our sample series, we can see that most of the genes show 
clear tissue specificity. That is the case of ARID2 in melanoma, ARID2 and 
SMARCA4 in lung cancer or PBRM1 in renal cancer. Nevertheless, there are 
genes, like ARID1A, that seems less tissue specific (Figure 12a). These indicate 
that the mechanisms by which these gene alterations are involved in 
tumorigenesis are not completely equivalent. This could also be associated to 
the specific SWI-SNF complex to which they belong: PBRM1, along with ARID2 
and BRD7, are the defining subunits of the PBAF complex, while ARID1A and 
ARID1B define the BAF complex and both components are being mutually 
exclusive subunits in the BAF complex. Besides this, there is a clear tendency 
of not accumulating more than one alteration in one chromatin remodeling 
gene as there is only 1 sample in our cohort with more than one subunit 
altered (Figure 12b).  

 Furthermore, when we extend this mutation exclusivity to the highly 
frequently mutated genes in our screening like TP53, APC or KRAS we see that 
this exclusivity also involves these genes (Figure 12c). These observations 
suggest the existence of either incompatible or alternative mechanisms of 
tumor induction between this commonly mutated cancer genes and the 
alterations in chromatin remodeling. 
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 Figure 12. Mutual exclusivity behavior of SWI-SNF mutations. a) Bar graph 
representing the mutated patient frequency of the main chromatin remodeling genes 
according to the different cancer types. (b) Venn diagram plot comparing the number of 
patients mutated in the most frequently mutated SWI-SNF genes (http://
bioinfogp.cnb.csic.es/tools/venny/). (c) Representation of the mutated patients for the 
main SWI-SNF genes including the three most-mutated cancer genes in our screening. Each 
vertical line represents an independent patient. Colored bars represent a mutated patient 
for the corresponding gene. Different colors specify the type of mutation. 
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4. ARID2 AS A BONA FIDE 
TUMOR SUPPRESSOR GENE IN 
LUNG CANCER

4.1 Recurrent ARID2 Mutations in lung cancer patients are 
associated with loss of protein production and worse 
prognosis 

In our original screen, we observed a high frequency of ARID2 mutations 
in our lung cancer patient cohort. Although ARID2 has been described as a 
driver gene in melanoma and hepatocarcinoma, its role in lung cancer has not 
been studied in depth and only one article reports mutations in this gene in 5% 
of non-small cell lung carcinomas (134). According to that we decided to study 
deeper the potential role of this gene in lung cancer. When we analyzed our 
lung cancer cohort, we saw that ARID2 is the fourth most mutated gene, with 
13% frequency, just after genes like TP53 and KMT2C widely reported as 
mutated in this tumor type (Figure 13).  ARID2 is a specific subunit that has 
been originally identified forming part of the PBAF complex, where it is 
considered essential to PBAF complex assembly as without it, the complex is 
disintegrated and PBRM1 degraded. However, the absence of PBRM1 does not 
affect the complex formation or produces a diminution in ARID2 levels and 
PBRM1-deficient complexes have been reported to be capable of regulating 
transcriptional programs and mediating expression of IFN-α-inducible genes in 
HeLa cells (165).  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 Figure 13. Significantly mutated genes. Box representation of the mutated 
patients for the most recurrently mutated genes in the lung cancer cohort. The upper 
panel represents the number of non-silent single nucleotide variants and small insertions 
or deletions per patient. Each box in the central matrix represent an independent patient. 
Colored boxes represent mutated patients for the corresponding gene in a color code 
indicating the type of mutation. Finally, the histogram on the right represents the number 
of each mutation type found in each individual gene. 
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 Figure 14. Recurrent mutations in ARID2 in lung cancer patients. (a) Lollipop 
graph representing the location of each identified mutation in ARID2 in relation to the 
known protein functional domains. Each circle represents a single mutation which 
annotation at the protein level is indicated. The circle color represents the predicted 
functional impact of the mutation: missense (red), nonsense (light blue), silent (gray) or 
frameshift (blue). (b) Quantile–quantile plot comparing observed and theoretical P values 
of driver genes predicted in lung cancer cohort in our study by OncodriveFML. (c) The 
overall survival times (OS) extracted from TCGA database using kmplot online software 
(http://kmplot.com/analysis/) from lung adenocarcinoma patients divided according to 
ARID2 low (black) or high (red) expression levels. 
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 Additionally, when OncodriveFML is applied just on the lung samples, it 
identifes a positive selection in ARID2, locating it just below TP53 which 
suggest a significant role of ARID2 mutations in this tumor type progression 
(Figure 14). In total, we found 13 mutations in ARID2 that are located all along 
the coding sequencing without any evident cluster (Figure 14). A high 
percentage of the identified mutations (8/13) are predicted to produce an 
inactivation of the protein. All this data suggests a potential role as tumor 
suppressor of ARID2 in lung cancer, similarly of what happens in melanoma and 
hepatocarcinoma.   

 To investigate if there was already data pointing towards a potential 
clinical impact on lung cancer of ARID2 mutations, we checked the public 
database released from the genome atlas project (http://kmplot.com/analysis/). 
As it can be seen in Figure 14 there is a clear and statistically significant 
correlation between low expression of ARID2 and poor prognosis. These results 
suggest that ARID2 expression could be potentially used as marker of disease 
prognosis.  

 Subsequently, we decided to check if the mutation frequency that we 
observed in our original screening was representative of the general lung 
cancer patient population. For that we performed high-coverage, PCR-based 
sequencing of the coding sequence of ARID2 of an extra cohort of 96 lung 
adenocarcinomas from a different clinical source (Hospital Universitario de 
Canarias).  

 In this validation cohort, we observed both a similar frequency as well as 
a similar mutation distribution than the one observed with the original sample 
cohort (Figure 15 a, b). All the ARID2 mutations found in both cohorts were 
validated again by high-coverage PCR-based ultrasequencing in an independent 
experiment to exclude false positives. All mutations were found real.   

 Finally, we decided to investigate the effect on the protein production of 
the identified ARID2 mutations. For that we performed immunohistochemistry 
experiments on all the cases in where we counted with stored histological 
sample left. 85% of the tested ARID2-mutated samples (7/8) show reduced or 
null expression of ARID2 protein whereas all ARID2-wildtype samples (32/32) 
showed consistent high levels of the protein (p=0.029) (Figure 15c).  

http://kmplot.com/analysis/
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 Figure 15. ARID2 mutations in validation cohort. (a) Box representation of the 
mutated patients in the validation cohort. Each box represents a single patient. Colored 
boxes represent a mutated patient. Each row/color represent a non-synonymous mutation 
type: missense substitutions (blue), nonsense substitutions (red), frameshift-inducing 
indels (green) and substitutions affecting the splice site (purple) . (b) Lollipop graph 
representing the location of the identified ARID2 mutations in all lung cancer patients in 
relation to the functional protein domains. c) Representative images of ARID2 
immunohistochemistry experiments on two ARID2-mutated lung adenocarcinoma tumors 
(left panels) as well as two ARID2-nonmutated ones (right panels). 
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4.2 ARID2 knock-down produced an increase in 
proliferation, migration and invasion in vitro  

 In order to understand the effect on cells of ARID2 alterations, we 
decided to perform knock-down experiments in vitro. For that we used two 
doxycycline-inducible lentiviral vectors containing two different shRNAs 
directed against ARID2 mRNA (V2THS_74399 and V3THS_347660, from now on 
“v2” and “v3”) as well as the empty vector to use as a control (from now on 
“Empty” or “E”). We generated stably transduced cells in A549 and H460 cell 
lines derived from human lung adenocarcinoma and which do not contain 
mutations in ARID2 according to public databases. As it can be seen in Figure 
16. Both ARID2 shRNAs reduced ARID2 mRNA levels at 70% and 85%, 
respectively. Even greater levels of knockdown were achieved at the protein 
level with 90% and 100% reduction with V2 and V3 respectively (Figure 16).  

 As an additional monitoring of the efficiency of ARID2 knock-down, we 
performed immunofluorescence experiments using two anti-ARID2 specific 
antibodies. Expression of ARID2 (in green) is almost undetectable in the ARID2 
knock-down cells (positive for the TurboRFP reporter) in contrast with a high 
expression in stably transfected but non-doxycycline treated cells (Figure 16). 
ARID2 signal shows homogeneity and a specific nuclear staining. As expected 
ARID2 expression is detectable in shEmpty vector stably-transduced cells 
(Figure 16). 

 Subsequently,  considering that suppression of ARID2 expression has been 
reported to promote cell proliferation in hepatoma cell lines (166). We decided 
to investigate in first place the proliferation capacities of our modified cell 
lines.  

 As first approximation, we used Carboxyfluorescein succinimidyl ester 
(CFSE), a fluorescent dye that stain the cells, and is distributed equally in the 
two daughter cells after cell division, making possible to track the number of 
cell divisions. As it can be seen in Figure 17, A549 cells showed an increase in 
cell proliferation after ARID2 silencing, evidenced for a higher proportion of 
cells that have suffered more than 5 generations.  



  1 0 7

  

  

 Figure 16. ARID2 knock down experiments. (a) Diagram of pTRIPZ-inducible 
lentiviral vector (Dharmacon/GE Healthcare, Lafayette, CO, USA). This vector contains a 
Doxycycline inducible promoter that leads the expression of a turbo-RFP + shRNA fusion 
RNA. Additionally, it contains puromycin for transfected cell selection. (b) 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 
(*** p < 0.001). (c) Representative image of a western blot experiment 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 shRNA expression by doxycycline (Dox) treatment. (d) Representative 
image of immunofluorescence experiments in H460 cells transduced with shArid2 v3 
showing that TurboRFP positives cells (red) efficiently abrogate the expression of ARID2 
(green). All cell nuclei are stained with DAPI (blue). 
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 Figure 17. In vitro proliferation assays. (a) Representative image of the results of 
the flow cytometric analysis of cell division by dilution of CFSE in A549 cells. CFSE 
histograms are shown at 0 (top) and 48 hours (bottom) after CFSE labeling, A549 shEmpty 
control cells (left), A549 v2 (middle) and A549 v3 cells (right) are shown. Predicted size of 
population that have suffered different number of cell divisions according to the color 
legend are represented inside the graph. (b,c) Representation of the cumulative cell 
number accumulated by serial cell passaging and measured either by direct cell counting 
(b) (** p < 0.01) or by the addition of a metabolic dye(c) (* p < 0.05, ** p < 0.01 and *** p < 
0.001). 
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 In addition to this approximation, we performed proliferation curves 
measuring the number of cells after each passage either by direct cell 
counting, or by use of the metabolic reagent Presto Blue (see methods). In 
concordance to what was seen in CFSE experiments, ARID2-deficient cells 
showed a higher proliferation rate than control cells (Figure 17b and c). 

 During the progress of this thesis, Oba and collaborators reported that 
while an increase in proliferation was not observed, cell migration was 
increased by ARID2 knockout in two HCC cell lines (167). According to that, we 
decided to study the migration and invasion capacities of our modified cell 
lines.  

 For that, A549 and H460 cells deficient in ARID2 were starved and 
seeded in the upper chamber of a Transwell® plate. Transwell migration was 
efficiently induced by adding FBS in the downer chamber. shRNA-mediated 
ARID2 silencing in both NSCLC cells significantly increased migration in 
response to the serum stimuli (Figure 18). This data demonstrates that the 
effect of ARID2 deficiency is stronger in migration (clear in both cell lines) than 
in proliferation (only clear in A549 cells).   

 Metastasis not only require a higher migration capacity but also the 
ability to degrade the extracellular matrix in order to invade distant tissues. In 
order to evaluate the invasion capacities of our cell lines, we repeated the 
experiments covering the Transwell with matrigel matrix in order to simulate 
the extracellular matrix. 

 Similarly to what happened without matrigel, shRNA-mediated 
knockdown of ARID2 significantly increased invasion of A549 and H460 cells. 
The cells digest Matrigel matrix and survive to the mechanical stress produced 
by the invasion process, attach to plate and start to grow (Figure 18). 
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 Figure 18. In vitro migration and invasion assays. (a) Representative images 
showing A549 cells subjected to Matrigel invasion and transwell migration that have been 
stained with crystal violet dye in the downer chamber. (b) Bar representation of the 
number of cells in the lower chamber in migration and invasion assays of cells transduced 
with either the empty vector (blue) or the different ARID2 shRNAs (yellow and red). Data 
is shown as mean ± SE (standard deviation of the mean) of three independent experiments 
(** p < 0.01 and *** p < 0.001). 
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4.3 ARID2 deficiency increases proliferation and 
metastatic potential in vivo  

 In vitro systems do not always recapitulate faithfully tumor progression. 
For that reason, we decided to test our modified cell lines in an in vivo mouse 
model. In order to investigate the proliferation capacities in vivo, we injected 
subcutaneously 5 million of cells into the flanks of 10 Athymic Nude-Foxn1nu 
immunocomprised mice. ARID2-deficient A549 cells grow significantly faster 
and form significantly larger tumors in the mice flanks compared to control 
cells ( volume pvalue = 0.032, weight pvalue = 0.047) (Figure 19 b, c).  

 Figure 19. In vivo proliferation assay.   (a) Images of the tumors generated from 6 
nude mice subcutaneously injected with 5 millon A549 cells transduced with shEmpty, 
shArid2 v2 or v3. (b) Bar representation of the mean volume +/- SE of the tumors found in 
each group. (c) Bar representation of the mean weight +/- SE of the tumors found in each 
group (* p < 0.05). 

sh
Empty

sh
Arid

2 v
2

sh
Arid

2 v
3

0.0

0.2

0.4

0.6

0.8

W
ei

gh
t

(g
ra

m
s) shEmpty

shArid2 v2
shArid2 v3

sh
Em

pty

sh
Arid

2 v
2

sh
Arid

2 v
3

0

200

400

600

800

1000

V
ol

um
e

(m
m

3) shEmpty
shArid2 v2
shArid2 v3

V2
V3

42 45 44

sh
A

ri
d2

-v
2

sh
A

ri
d2

-v
3

Em
pt
y

V3

32 35 36

sh
Em

pt
y

sh
A

ri
d2

-v
3

a b

c

p =0.052

p =0.13



  1 1 2

4.3.1 Invasion in vivo 

 Subsequently, we decided to test the capacity of ARID2-deficient cells to 
produce metastasis. For that we tail injected 2,5 million of cells in the tail vein 
of 40 Athymic Nude-Foxn1nu mice. After 8 weeks, we explored the lungs of 
these mice to localize potential metastasis that are evidenced by clear nodular 
masses mainly located randomly in the pulmonary parenchyma although some 
masses were detected also in the subpleural, hilar, or peribronchiolar regions 
(Figure 20). 

  

 Figure 20. In vivo metastasis assay. (a) Images of the lung metastasis generated in 
intravenously injected mice with A549 cells transduced either with shEmpty, or shARID2 
v3. Images of both posterior (top panel) and anterior (bottom panel) face of the lungs are 
shown. Individual metastasis are delineated in the image and counted (top numbers). (b) 
Representation of the  size (measured in pixels from the images) of each of the identified 
metastasis divided in the two study mice groups (c) Bar representation of the size of the 
identified metastasis divided in three groups: small, medium and large (*** p < 0.001). 
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 As it can be seen in Figure 20, ARID2-deficient A549 and H460 cell lines 
produced significantly more and larger metastasis than their corresponding 
control cells ( pvalue = 0.0001).  We quantified the number and size of the 
metastases generated by ARID2 knockdown cells injected in the mice and was 
significantly greater compared with those of control-shEmpty injected mice ( p 
< 0.0001). 
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4.4 Transcriptional changes after ARID2 knock-down 

 As we previously mentioned, ARID2 is capable of regulate transcriptional 
programs and mediate the expression of IFN-α-inducible genes in HeLa cells 
(165). In order to understand the molecular mechanisms that could be involved 
in the differences observed in the cell lines after ARID2 deficiency, we 
performed RNA-Seq experiments in three independently generated ARID2-
deficient A549 cell lines. After applying several filtering criteria, we found 73 
genes upregulated and 107 downregulated (Suppl Table 7). 

 Interestingly, we observed a significant downregulation in ARID2-
deficient cells of genes involved in cellular adhesion such as CHD6, NPNT, 
CNTNAP2, FAT3, FN1 or VCAN (Figure 21). A downregulation of these genes 
could be associated with a looser connection between the cells and offer 
maybe an explanation of the increase in metastatic potential of ARID2-deficient 
cells.   

 Additionally, we observed a down regulation of tumor suppressor genes 
like TNFSF10, TP63 or ISMI, accompanied by an upregulation of pro-tumoral 
and anti-apoptotic genes like HOXB1, BCL2A1 or RCVRN. These changes 
evidence a change towards a pro-tumoral transcriptional program that probably 
contributes to the higher tumorigenic properties of ARID2-deficient cells. 
Finally, we observed an upregulation of GADD45A, which is known to be 
involved in DNA damage detection and repair pathways. This observation is 
very interesting as several of the chromatin remodeling genes have been 
associated with DNA repair. The validity of all these observations were 
validated in independently generated ARID2-deficient cell lines by qRT-PCR 
(Figure 21). 
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 Figure 21. Differentially expressed genes in ARID2-deficient cells. (a) Heatmap 
representation of a selection of differently expressed genes in ARID2-deficient cells (N=3) 
and grouped according to their molecular pathway. Expression differences goes from red 
(overexpression) to blue (downregulation) according to the log2 of the fold change. (b) Bar 
representation of the results of the qRT-PCR validation of the expression differences 
identified in the RNA-Seq experiments. The expression foldchanges are represented as a 
mean +/- SE of three independent experiments, (*p < 0.05, ** p < 0.01 and *** p < 0.001).  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4.5 ARID2-deficiency impairs DNA repair and is associated 
to an accumulation of DNA double strand breaks (DSBs) 

 Several chromatin remodelers have been proved to play a role in DNA 
repair (127,148-151). That, together with the upregulation of GADD45A seen in 
the RNA-Seq experiments, prompted us to investigate the potential role of 
ARID2 in DNA repair.  

 For that, we decided to perform DNA damage induction experiments with 
Neocarzinostatin (NCS) and Etoposide in ARID2-deficient cell lines. In the 
presence of a thiol cofactor, NCS forms a highly reactive biradical species that 
can induce sequence-specific single and double strand breaks in DNA (169). 
Neocarzinostatin inhibits DNA synthesis and cellular proliferation by inducing 
G2 cell cycle arrest and apoptosis (170). On the other hand, Etoposide forms a 
ternary complex with DNA and the topoisomerase II enzyme inhibiting the 
ability of the enzyme to ligate cleaved DNA molecules causing DNA strands 
breaks (171,172). After damage induction, we checked the recruitment of 
𝝲H2AX and 53BP1 to the damage site. Additionally, we measure the time of the 

resolution of the foci after DSBs induction. 

 As it can be seen in Figure 22, ARID2 is recruited to the DNA damage site 
(foci) and colocalized with both 𝝲H2AX and 53BP1 in the DNA damage lesion 

site, which proves an active role of ARID2 in DNA repair. Additionally, we could 
see that ARID2-deficiency is accompanied to an increase in DSBs as well as to a 
delay in the foci resolution time (Figure 22). 
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 Figure 22. ARID2 Implication in DNA repair. (a) Representative images of 
immunofluorescence experiments proving the colocalization of γH2AX (red) and ARID2 
(green) in DNA repair foci. Top panels represent the independent signals of each protein 
together with the cell nuclei labelled with DAPI. The lower panels represent the merged 
imaged and the analysis carried out by linescan using Metamorph software to prove the co-
localization of both fluorescence signals through the analysis pathway (white line). (b) 
Representative images of immunofluorescence studies that prove the colocalization of 
53BP1 (green) and ARID2 (red).  
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4.6 Chemotherapy sensitivity of ARID2-deficient cells 

 All our results suggest that, additionally to a change to a pro-tumorigenic 
transcriptional program, ARID2-deficiency could compromise DNA-repair 
systems and, therefore, promote genomic instability. This genomic instability 
could suppose a general advantage for the tumor cells but also offers a 
weakness to resist DNA damaging treatments like cisplatin or etoposide. This is 
especially interesting in our case because cisplatin is one of the most active 
cytotoxic agents used for non-small cell lung cancer (NSCLC) treatment.  

 According to that, we decided to investigate if ARID2-deficiency could 
confer a special sensitivity to these treatments and, therefore, be useful as a 
marker for patient stratification. 

 As it can be seen in Figure 23, ARID2-deficiency increased cell sensitivity 
to both cisplatin and etoposide evidenced by a lower IC50 (drug concentration 
that produced a 50% mortality on the cells). These results are significant and 
consistent for both treatments and also for both A549 and H460 cell lines. 
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 Figure 23. ARID2-deficient cell increased sensitivity to DNA-damaging agents. 
Graphs of representative experiments measuring cell survival to increasing concentrations 
of cisplatin (left) and etoposide (right) in A549 (a,b) and H460 (c,d). Transduced cells with 
shEmpty (blue) or shARID2 v2 (yellow) and v3 (pink) are represented. (e) Bar 
representation of the calculated IC50 of A549 and H460 cells to cisplatin and etoposide. 
The results are represented as mean +/- SE of three independent results, (*p < 0.05, ** p < 
0.01 and *** p < 0.001). 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DISCUSSION 
“Knowledge is the small part of ignorance that 
we arrange and classify.” Ambrose Bierce 
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1. OVERALL RESULTS OF THE 
MODIFICATIONS IN LIBRARY 
PREPARATION AND DATA 
ANALYSIS PROTOCOLS 

 The main technical obstacles that were foreseen at the beginning of my 
PhD project were firstly, the library preparation and sequencing of a large 
collection of samples with limited human and economical resources. Secondly, 
the high amount of sequencing data aimed in this project over a limited target 
sequence of the human genome, the coding sequence of 250 genes, 
approximately 600 kb, supposed a challenge for the data analysis in order to 
obtain the highest sensitivity without sacrificing specificity.  

 To minimize the first obstacle, we have optimized a library generation 
protocol using individually ordered enzymes outside of commercially available 
kits and taking advantage of a dual barcoding system with an index of 8 
redundant bases. In this protocol variation, we decided to barcode and mix the 
libraries in groups of 96 samples before enrichment against the manufacturer 
recommendations. Target sequence enrichment was performed using custom 
probes using a single enrichment reaction for each 96-multiplexed library 
group.  Finally, each one of this enriched library pools were sequenced in a 
single lane in a High-Seq instrument. This allows the reduction of the cost of 
the library preparation from 700€ (price prevailing at the beginning of the 
project) to an estimated price of less than 5€ per sample. Without these 
improvements, the goal of sequencing more than seven hundred primary 
samples would have been completely impossible for a small group like us.   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 In spite of all these modifications, we obtained an average coverage in 
the region of interest of at least 50x in 90% of the sequenced samples with an 
average of 40% of the reads on-target. This is a bit lower of the company 
specifications that promise at least 50% of the reads on target. We firstly 
thought that the lower efficiency could be the result of the pooling prior 
enrichment but conversations with different collaborators using Agilent 
Technologies allowed us to confirm that the same enrichment ratios were 
observed when single libraries are used in the enrichment. Thus, it seems that 
small probe designs tend to be less efficient in capture than larger designs like 
those used in exome-sequencing. Moreover, in order to finally prove if the 
number of different libraries pooled before enrichment was affecting efficiency 
(https://www.agilent.com/cs/library/brochures/5990-3532en_lo%20CMS.pdf) 
we performed enrichments multiplexing half (48) of the samples and we could 
not see any improvement in terms of coverage or numbers of reads on-target.  

 In terms of data analysis, we have performed multiple tests in order to 
set up the proper pipeline to analyze the high amount of data generated in our 
lab. For that we had to create quite a lot of different codes that are included as 
digital files with this thesis. In particular, in order to optimize the analysis with 
the large number of samples, we created pipelines in perl that automatize the 
process of alignment, sorting, indexing, cleaning and performing the local 
indels realignment on the sequencing data. In addition to that, codes to 
perform the automatic functional annotation of the mutations, the analysis of 
High-coverage PCR-based NGS data as well as the primer design have been 
specially designed and used during this thesis and are collected in the digital 
annex of this thesis.  

 During the past several years, many variant calling software tools have 
been developed. Unfortunately, most of them were initially designed to find 
germline polymorphisms. Cancer variant calling needs higher specificity to 
detect sequence variants, as a false positive ratio of 1 in 10 kb for example can 
be acceptable for detecting germline variants (as it is 10 times less frequent 
that the real variants) but can be fatal in the detection of somatic variants (100 
times less frequent than germline polimorfisms). We have tested different 
freely available software: GATK Unified Genotyper, SomaticSniper, VarScan, 
Strelka, Mutect, etc. We noted that although in general they have acceptable 
sensitivity, they tend to have low specificity and they need usually to be 
complemented by the application of user-defined filters. In many cases, these 

https://www.agilent.com/cs/library/brochures/5990-3532en_lo%20CMS.pdf
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filters have a much higher impact in the selection of real variants that any 
statistical analysis perform during the initial calling.  

 According to that, and after studying the major causes of false positives 
in our studies, and with the firm idea that most of them were the results of 
read alignment errors, we created our own software called RAMSES. The main 
feature of this software is the performance of a second alignment using a 
different read aligner (BLAT) to check the correct alignment of the mutant 
reads. That, plus the implementation inside the software of a series of common 
filters almost universally used by most authors and aimed at the correction of 
strand bias; repeats, polymerase delay at specific sequences (173,174) or read 
position bias, produces a highly reliable mutation list. Additionally, our 
software is based in a naive approximation of minimum evidence and is 
therefore not dependent in a previous estimation of the read frequency that 
must be observed for a real mutation or in complex statistical models. Among 
the novelties included in our software is a filter to correct false positives 
produced by the oxidative stress during DNA acoustic shearing(175).   

 The overall performance of our analysis strategy is supported by the high 
reliability of our mutation data. In first place, we have identified more than 
five hundred mutations already reported in the databases and therefore likely 
real and the observed mutated sample frequencies for the most frequently 
mutated cancer genes in each tumor type matches with what is reported in the 
literature. All this indicates that we do not have a serious issue in sensitivity in 
our software. Secondly, we have done an orthogonal validation of a random 
selection of mutations and have found that almost 90% of the detected 
mutations were real. We detected, nevertheless, a problem in our software in 
order to filter out real germline variants in our data. Preliminary data suggest 
that this could be the result of a low coverage over those regions in the normal 
sample and at the moment we are working in RAMSES to improve this aspect. 

 In summary, in the present thesis we present a series of modifications 
both for the library preparation as well as for the data analysis that shows a 
significant improvement over generally used methods in terms of library 
preparation costs and time as well as in data specificity. These improvements 
can be used by any laboratory, even for very modest ones, to perform targeted 
next generation sequencing on large collection of samples to investigate 
specific biological questions. 
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2. mtDNA MUTATIONS 

 Over the years, mutations in mtDNA have been reported in different 
tumor types. It is broadly assumed that the major cause of the accumulation of 
these mutations is the exposure of mtDNA to a highly oxidizing environment 
within the mitochondria. Interestingly, our data does not fit to the main 
substitution profile expected to be produced by this mechanism and we 
observe an excess of G>A/C>T transitions instead of the expected G>T/C>A 
transversions reported by the accumulation of 8-oxo-guanine. As different DNA 
polymerases have been reported to produce different substitutions as a 
consequence to the same DNA damage (176), we could hypothesize that DNA 
polymerase gamma (in charge of replicating mtDNA) could generate G>A/C>T in 
response to the accumulation of 8-oxo-guanine. We are in our laboritery at the 
moment performing functional studies to check this hypothesis. Another 
potential explanation proposed by other authors (114) is that the accumulation 
of 8-oxo-guanine is very efficiently repaired by the mtDNA repair mechanisms 
and do not produce mtDNA mutations being the observed G>A/C>T transitions 
just the result of common errors during mtDNA replication. Although this option 
is possible, it goes against reports that prove that 8-oxo-guanine repair is much 
less efficient in the mtDNA than in the nuclear DNA (177).  

 Another interesting observation that we have found is a bias in the 
mutation distribution between the two strands. Seok Ju and collaborators have 
also very recently reported this observation (114) and have suggested that this 
bias may be a result of the dual mechanism of mtDNA replication that maintain 
the heavy strand more time exposed to the media and potentially more prone 
to cytosine and/or adenine deamination. This model, nevertheless, present 
several limitations in our data. In first place, there is no clear association 
between the distance of the replication origin and the accumulation of 
mutations as it could be expected for the exposure of the heavy chain. 
Additionally, the strand bias is observed also in the T>C/A>G transitions that are 
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more likely the result of the accumulation of thymine-glycol and not 
necessarily related with the replication process. Therefore, we propose that 
the data supports more an effect associated with transcription. It is difficult to 
differentiate both effects as practically all the genes in the mitochondria are in 
the same physical strand. If we continue with the hypothesis that the G>A/C>T 
transitions are the result of the accumulation of 8-oxo-guanine, in both main 
substitutions, we observe a low reduction of mutations in the transcribed 
strand, that could be explained by the presence, similarly to what happens in 
the nuclear DNA, of a transcription-coupled repair mechanism. 

 Sadly, this hypothesis is not free of inconveniences either, given that this 
process is carried out by the nucleotide-excision repair machinery (NER) in the 
nuclear DNA and is broadly reported that mitochondria lack this repair 
mechanism. Nevertheless, several recent reports put into question these 
findings. Thus, Liu and collaborators found that Xeroderma pigmentosum group 
D (XPD/ERCC2) gene is located in the mitochondrial inner membrane and play a 
role protecting and facilitating mtDNA repair (178). On the other hand, 
Pohjoismäki and collaborators found a specific upregulation of XPA and RAD23A 
DNA repair proteins after mitochondrial oxidative stress and also demonstrated 
the RAD23A mitochondrial localization by inmunoflourescence and sucrose 
gradient purification (179). Finally, there has been several reports that defend 
the presence of Cockayne syndrome proteins, (CSA/ ERCC8) and (CSB/ ERCC6) 
in mitochondria(180-183). In this high controversy, our data also support the 
presence of such transcription-coupled repair mechanism in the mitochondria 
but further studies are needed to finally clarify this aspect. 
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3. SWI/SNF ROLE IN CANCER 

 Mutations in genes encoding subunits of the chromatin remodeling 
complexes are continuously reported in literature, but in general it is SWI/SNF 
complex which has garnered considerable importance. Our data evidences a 
significant enrichment of driver genes in the SWI/SNF complex, according to 
OncodriveFML and GSEA. Ours results are in concordance with a recent 
Gonzalez-Perez and collaborators report, who have performed a massive 
analysis of chromatin regulators factors in 4623 tumors from datasets of 
international initiatives like The Cancer Gene Atlas and the International 
Cancer Genomes Consortium. They found that 650 tumor samples has recurrent 
mutations in SWI/SNF proteins with a high accumulation in bladder, kidney and 
uterus tumors(184). Proteomic and bioinformatics analysis demonstrated that 
SWI/SNF complexes are mutated in 20% of human cancers (127). All these data 
indicate that SWI/SNF could play a more important role in cancer development 
that the rest of the complexes. 

 The mechanism by which this role is exerted is nevertheless not 
perfectly clear. SWI/SNF complexes mobilize nucleosomes at target promoters 
and enhancers but also are able to interact with transcription factors, 
coactivators, and corepressors to modulate gene expression (185), so the 
deregulation of specific cancer associated pathways could be a first alternative. 
In accordance to that, members of the BAF complex are able to regulate Wnt/β-
catenin signaling. Specifically, it has been reported that SMARCA4 interacts 
with β-catenin to promote target-gene activation (186), and that the loss of 
SMARCB1 is sufficient to activate the Wnt/β-catenin pathway (187). Finally, 
ARID1B seems to be a repressor of Wnt/β-catenin signaling (188).  
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 Between other functions, it has been described also that SMARCD2-
mediated ATM-p53 activation independent of DNA damage, blocking hepatic cell 
identity conversion by sensing chromatin opening. The same authors also found 
by ChIP that SMARCD2, SMARCA4 and PBRM1 bound to the open chromatin 
regions indicating that SWI/SNF mediates ATM recruitment to these regions 
(189). In a pathway dependent of DNA damage, PBRM1 is phosphorylated at 
serine 948 by ATM, enabling the PBAF complex to elicit transcriptional silencing 
in cis to DSBs, and rapid repair of DSBs within transcriptionally active regions 
via NHEJ (190). Additionally, alterations in PBRM1 have been reported to 
upregulated ALDH1A1, increasing tumorigenicity in clear cell renal cell 
carcinoma (191). Furthermore, loss of SMARCA4 or SMARCA2 significantly 
improved prognosis for overall survival (OS). Interestingly, loss of PBRM1, 
ARID1A or SETD2 had the opposite effect patient survival in ccRCC (192). 

 How proteins of the same complex can have opposite effects on Wnt/β-
catenin signaling or loss of subunits can improve or aggravate the prognosis 
depending on the tumor type is not know, however the composition of the BAF 
complex may provide an answer. It has been describe that BAF complex with 
different composition exist within the same cell (193).  

 Interestingly, not all subunits of the SWI/SNF complexes show the same 
alteration frequency. Some subunits, specially the accessory subunits (ARID1A, 
ARID1B, ARID2 or PBRM1), show a higher mutation frequency than the core 
ones. This observation could indicate that the consequence of these mutations 
is not the complete abrogation of the function of this complex but instead a 
change in the regulated targets or in the intensity of these regulation over 
some targets. Another potential explanation is that these accessory subunits 
play additional roles in the cell independent of the SWI/SNF complex. One of 
these functions could be DNA repair as it has been reported the role of several 
SWI/SNF subunits in different DNA repair mechanisms (148-151). 

 It is also important to note that the alterations of some subunits show 
clear preferences for specific tumor types. That is the case of PBRM1 in renal 
cancer or ARID2 in melanoma, liver and lung cancer. Therefore, whatever the 
mechanism by which these alterations play a role in cancer development, this 
role is not completely equivalent in different tumor types. 
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 In accordance with other reports of the synthetic lethality between the 
alterations of some subunits of the SWI/SNF complex (152-154,194), we could 
observe in our data a tendency to mutual exclusivity not only among the more 
frequently mutated SWI/SNF subunits but also with other frequently mutated 
cancer genes like RAS or TP53. This observation could lead to the 
establishment of new synthetic lethality relationships that could be potentially 
exploited in the treatment of SWI/SNF mutated tumors.  

 Finally, in addition to the description of already reported SWI/SNF cancer 
genes, our cancer gene discovery analysis found other genes that show a 
pattern of selection and that had not been associated before with cancer 
progression. One of these genes is SRCAP which showed positive selection 
among many tumors types, but with an especial evidence in colorectal cancer. 
SRCAP belongs to the INO80 family which has been directly connected with DNA 
damage detection and repair. SRCAP has a role catalyzing the deposition of 
H2A.Z into nucleosomes (195). A couple of articles report mutations in SRCAP 
gene in colorectal (196) and glioblastoma (197) cell lines but in general there is 
almost no information of its potential role in cancer development. These 
findings warranty further investigation about the role of this and other less 
known chromatin remodeling genes in cancer progression.  



  1 3 2



  1 3 3

4. ARID2 AS A BONA FIDE 
TUMOR SUPPRESSOR GENE IN 
LUNG CANCER 

 ARID2 has been described already as a clear tumor suppressor gene in 
hepatocellular carcinoma HCC (132) and melanoma (133), but only one single 
article has suggested a potential implication of this gene in non-small lung 
carcinoma after having found mutations in 5% of samples of this tumor type 
(134). Nevertheless, we observed in our screen a much higher mutated patient 
frequency that the one described, both in a discovery and a validation patient 
cohort summing up near 200 tumor samples. Moreover, these mutations are 
associated with a loss of the protein expression and, the low expression of 
ARID2 is in itself associated with a worse prognosis. Therefore, we 
hypothesized that the role of ARID2 in lung cancer has been overlooked until 
know.  

 Previously, it was found that ARID1A knockdown significantly promoted 
the proliferation, migration and invasion (MHCC97L, MHCC97H, SKhep1 and 
WRL68) HCC cell lines (168). Our in vitro and in vivo experiments demonstrate 
that ARID2 silencing promote an increase in proliferation, migration and 
invasion in vitro as well as an increase of the tumorigenic potential of cell lines 
in vivo. These observations are also in accordance to similar experiments 
performed in the past in other tumor types (166).  

 ARID2 deficiency seems to exert this function by two complementary 
mechanisms. In first place, ARID2 downregulation produces changes in the cell 
transcriptional program downregulating genes involved in cellular adhesion and 
upregulating pro-tumorigenic and anti-apoptotic genes. All together aggregates 
into a pro-tumoral transcriptional program for the cell. In the other side, we 
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report that ARID2 plays an important role in DNA repair. It is located at the site 
of DSBs together with other very known DNA sensor proteins like 53BP1 or 
γH2AX, and its down-regulation is associated in an increase of DSBs and in a 
delay in their repair.  

 This dual role of ARID2 deficiency in cancer is probably extensive to 
other SWI/SNF subunits which alterations, besides producing changes in the 
transcriptional program, could also affect other cell mechanisms that are 
independent of the function of the canonical SWI/SNF complexes. In this line of 
reasoning, during the realization of this thesis and in accordance to our in vitro 
results, two different reports showed a role of ARID2 in DNA repair (167,198). 
Interestingly, these authors proposed that ARID2 and PBRM1 participate in a 
complex or complexes different from the canonical PBAF complex containing 
SMARCA4 (198). Thus, it is possible that non-canonical SWI/SNF complexes 
formed by one or more of the SWI/SNF accessory subunits of the canonical 
ones, could be behind the observed role of these genes in cancer development 
which could explain the differences in the tumor specificity or the mutation 
frequency observed in the samples. 
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5. USE OF THE SWI/SNF 
ALTERATIONS TO TREAT 
CANCER PATIENTS 

 According to nowadays knowledge, around 20% of all tumors contain 
alterations in SWI-SNF. Therefore, any advantage in the exploitation of these 
alterations to improve patient management is very attractive and can be 
potentially used in a lot of tumor types. 

 The first potential use of these alterations are as prognostic factors. We 
have shown that ARID2 downregulation is associated with worse prognosis in 
lung adenocarcinoma. Similarly, loss of ARID1A expression has been reported to 
correlate with shorter overall survival (199). Interestingly, tracking breast 
cancer genomic evolution by sequencing, Yates and collaborators has recently 
published, that clones seeding relapse have alterations in SWI/SNF genes as 
ARID1A, ARID1B, and ARID2, and that mutations in ARID1A and ARID2 emerged 
in three of five patients relapsing after taxane chemotherapy (200). Therefore, 
it is possible that the screening for SWI/SNF alterations could benefit the 
management of patients of specific tumor types. We and other groups are 
starting to analyze this possibility more deeply.  

  

 It is worthy to mention, according to this, that we show a high grade of 
intratumoral heterogeneity in the tumors respecting ARID2 expression. This 
could be explained by the presence of different cell subclones inside of the 
tumors with only a small percentage of the cells harboring the inactivating 
mutations.  
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 Similarly, it has been described among endometrial cancer that only two-
thirds of ARID1A mutations were clonal as well as subclonal loss of the 
expression of ARID1A (201,202). Finally, TRACERx Consortium has published 
that in lung cancer, whereas driver mutations in EGFR, MET, BRAF, and TP53 
were almost always clonal, mutations in SWI-SNF genes were systematically 
subclonal which indicates a late appearance during tumor evolution. Similarly 
results were also obtained in breast and hepatocellular cancer (200,203,204). 

 The other potential use of the SWI/SNF alterations is their exploitation 
for specific antitumoral therapies. We have reported here that, due to their 
defect in DNA-repair, ARID2-deficient cells are more sensitive to DNA damaging 
agents like cisplatin or etoposide. Similarly, the SWI/SNF catalytic subunits 
SMARCA4 and SMARCA2 modulate the cellular response to cisplatin through the 
ERCC1 recruitment to DNA lesions (205). Finally, some authors have reported 
the increased sensitivity of SWI-SNF deficient cells to EZH2 inhibitors (156,157) 
and the possibility of also a differential behavior against BRD domain inhibitors 
(158,159). 

 On the opposite side, it has been described that down-regulation of 
PBRM1 attenuates the effect of gefitinib by sustaining AKT pathway activation 
during EGFR inhibition (185) and ARID1A deficiency has been associated with 
chemoresistance to platinum-based therapy in ovarian clear cell carcinoma 
(199).  

 Finally, the genomic instability associated with the defects in some SWI-
SNF subunits (ARID2, PBRM1 or ARID1A for example) could suggest a higher 
generation of neoantigens by the cells containing these defects and, therefore, 
probably these tumors could be better targets for immunotherapy (206). 
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 Figure 24. Schematic representation of the mechanisms underlying the tumor-
suppressive activity of the SWI/SNF complex. Multiple evidences of an active role of 
SWI/SNF in tumor suppression are grouped in four "pathways" and the original articles 
properly referenced.  
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CONCLUSIONS 
“Research is what I'm doing when I do not know 
what I'm doing." Wernher von Braun 
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1. We have identified 4900 somatic mutations in the coding region of the 
250 genes sequenced in 732 tumor samples.  

2. We have identified a total of 170 somatic mutations in the mitochondrial 
DNA in our collection of samples.  

3. The substitution profile and strand bias shown by mtDNA mutations 
suggest the existence of new mutagenesis and DNA repair mechanisms in 
this organelle not described until now. 

4. 60% of the sequenced tumors have at least one non-synonymous mutation 
in a chromatin remodeling complex. SWI-SNF complex shows a significant 
enrichment in cancer driver genes which suggests a more prominent role 
of this complex in tumor development.  

5. The mutations in SWI-SNF complex genes show sample exclusivity among 
them and also with mutations highly recurrent mutated genes like KRAS or 
TP53 suggesting some grade of function redundancy.  

6. We have found evidence that proves that ARID2 is a bona fide tumor 
suppressor gene in lung cancer which is mutated in 15% of the analyzed 
samples and is associated with worse prognosis.  

7. Downregulation of ARID2 increases proliferation, migration, invasion and 
metastatic capabilities in cell lines both in vitro and in vivo.  

8. ARID2  deficiency is associated with gene expression alterations that 
produces a pro-oncogenic transcriptional program in the cells. 

9. ARID2 plays an important role in DNA repair and its deficiency is 
associated with an increase in the DNA damage and a delay in its repair.  

10. ARID2 deficiency increases the sensitivity of cell lines to DNA damaging 
agents like cisplatin or etoposide, offering the opportunity to use this 
deficiency to improve cancer patient treatment. 
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1. INTRODUCCIÓN  

 El cáncer es un grupo de enfermedades caracterizadas por la 
acumulación progresiva de alteraciones genéticas y epigenéticas a lo largo del 
genoma, transformando células normales en tumorales. Los cambios genéticos 
incluyen mutaciones puntuales, pequeñas inserciones o deleciones (indels), 
cambios en el número de copia y reorganizaciones cromosómicas. Algunos de 
estos cambios denominados conductores (drivers), modifican rutas moleculares 
importantes para la proliferación y diseminación tumoral, confiriéndoles 
ventaja selectiva, mientras que otras son una mera consecuencia de la 
inestabilidad genómica intrínseca del tumor (passengers) (207). 

 En 2000, Douglas Hanahan y Robert Weinberg describieron seis cambios 
fenotípicos esenciales (hallmarks) que adquieren las células durante el 
desarrollo y progresión tumoral. La identificación de genes o rutas involucradas 
en la adquisición de estas capacidades, es de vital importancia para entender el 
proceso biológico del cáncer, y mejorar el diagnóstico, tratamiento y pronostico 
de los pacientes. Durante los últimos años, la caracterización de algunas de 
estas alteraciones se ha traducido en grandes avances en el tratamiento de 
algunos tipos tumorales, como en el caso de la identificación de la 
translocación BCR-ABL y PML-RARa en leucemia mieloide crónica y leucemia 
promielocítica respectivamente (208,209), mutaciones de EGFR en el cáncer 
de pulmón (210), o más recientemente de las mutaciones BRAF en el melanoma 
(211). 

 La llegada de tecnologías de secuenciación de nueva generación (NGS) en 
2005 revolucionó la investigación en genómica del cáncer. Estas plataformas 
producen más de 100 veces más datos por una fracción minúscula del trabajo y 
presupuesto necesarios con los secuenciadores capilares más sofisticados 
basados en el método tradicional de Sanger. Sin embargo, el gran volumen de 
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datos generados implica un aumento considerable de las habilidades e 
infraestructura informáticas necesarias para analizar los datos. En 
consecuencia, una nueva generación de herramientas informáticas se ha ido 
generado en los últimos años para el acceso y la manipulación de los datos; 
aunque es todavía un campo que requiere mucha más investigación y 
desarrollo. 

 Aunque el coste de la secuenciación de genomas completos ha 
disminuido drásticamente, constituye todavía una inversión económica muy 
significativa para secuenciar genomas completos de las grandes colecciones de 
muestras de cáncer necesarias para identificar genes tumorales con 
penetrancia moderada. Como sólo un pequeño porcentaje del genoma se 
transcribe en ARN, una buena alternativa es utilizar ARNm como material de 
partida. La secuenciación de ARN (RNA-Seq) constituye una oportunidad barata 
para secuenciar todo el transcriptoma de un gran número de muestras.  

  

 Además, en RNA-Seq el número de lecturas obtenido es directamente 
proporcional a la cantidad de material de partida, lo que permite extraer 
valores de expresión génica con una sensibilidad y una reproducibilidad 
difíciles de obtener con los arrays de expresión tradicionales. Por último, con 
el uso de las herramientas correctas, se pueden identificar nuevos genes y 
transcritos, así como splicing alternativo o desequilibrios en expresión alélica 
(212).  

 Con todas las ventajas ofrecidas por la tecnología de RNA-Seq, las 
enormes diferencias en la abundancia de ARNm entre los diferentes genes 
hacen que la identificación de variantes de secuencia en este tipo de 
experimento sea una tarea muy compleja. La secuenciación dirigida de DNA, 
normalmente mediante la captura de regiones específicas del ADN genómico 
mediante hibridación con sondas; constituye una aproximación intermedia 
entre la secuenciación del genoma y el transcriptoma. 

  Los complejos remodeladores de cromatina utilizan la energía del ATP 
para interrumpir el contacto nucleosoma-ADN, moviendo los nucleosomas a lo 
largo del ADN. Esto facilita el acceso al ADN de proteínas implicadas en la 
reparación, el control transcripcional, etc.  
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  Existen cuatro grandes familias de complejos remodeladores de 
cromatina dependientes de ATP: SWI/SNF, INO80/SWR1, ISWI y CHD/NuRD. En 
mamíferos, los complejos de la familia SWI/SNF se componen de una de las dos 
subunidades ATPasas catalíticas mutuamente excluyentes (ya sea BRM/
SMARCA2 o BRG1/SMARCA4), un conjunto de subunidades altamente 
conservadas o "núcleo" (SNF5/SMARCB1, INI1 y BAF47) y subunidades 
intercambiables que se cree que contribuyen al ensamblaje y regulación de 
funciones específicas de tejido de los complejos (ejemplos de estas 
subunidades son ARID1A, ARID1B, PBRM1 o BRD7). Varias de estas subunidades 
son codificadas por genes con múltiples productos producidos por splicing 
alternativo. Además, la mayoría de estos genes pertenecen a grandes familias 
génicas que a menudo muestran expresión diferencial dependiente de tejido. 
Por tanto, es probable que exista un gran número de variantes de complejos 
SWI/SNF en mamíferos y que esto contribuya a la regulación dependiente de 
tejido (118).  

 Defectos en varias subunidades de los complejos de la familia SWI/SNF se 
han asociado con la progresión tumoral (142). Así, por ejemplo, SNF5 se 
inactiva mediante mutaciones bialélicas en casi todos los tumores rabdoides 
malignos. De manera similar, PBRM1 se inactiva en el 40% de los carcinomas 
renales de células claras, donde con menor frecuencia también se han 
identificado mutaciones en UTX y JARID1C (histonas demetilasas), así como 
SETD2 (histona metilasa) (129,213). Además, ARID1A se encuentra mutado en 
el 50% de los carcinomas de ovario y en el 30% de los carcinomas 
endometrioides (130); ARID2 también se ha encontrado mutado de forma 
recurrente en carcinoma hepatocelular (132) y BRD7 se encuentra delecionado 
frecuentemente en cáncer de mama. Por último, la expresión de SMARCA4 y 
SMARCA2 se encuentra reprimida en cáncer de pulmón (137). Curiosamente, la 
expresión de SMARCA2 también se encuentra disminuida en cáncer de próstata, 
donde su ausencia se relaciona con estadios avanzados de progresión de la 
enfermedad y peor pronóstico (136).  

  Aún no está claro cómo el deterioro de los complejos SWI/SNF puede 
contribuir al desarrollo de cáncer, pero han sido identificadas funciones 
esenciales de los complejos en la diferenciación de varios linajes celulares 
(142).  Además, se han descrito interacciones directas de los complejos SWI/
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SNF con supresores tumorales como RB y TP53, así como con el oncogén MYC 
(143-145).  

 Por último, varios estudios han identificado que la inactivación de los 
complejos SWI/SNF conduce a una mayor sensibilidad a daños en el DNA 
(214-216). 
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2. OBJETIVOS 

 De acuerdo a todo lo expuesto anteriormente, el principal objetivo de 
esta tesis doctoral es determinar qué genes/complejos juegan un papel 
importante en el desarrollo tumoral, así como intentar identificar los 
mecanismos moleculares por los cuales los defectos en estos genes juegan un 
papel importante en el desarrollo tumoral y si, finalmente, estas alteraciones 
se pueden utilizar con valor diagnóstico, pronóstico o terapéutico para mejorar 
el manejo de los pacientes de cáncer. 

 Este objetivo general se implementa en los siguientes objetivos 
concretos: 

1. Identificar aquellos genes de los complejos remodeladores de cromatina que 
juegan un papel importante en el desarrollo tumoral en humanos. 

2. Caracterizar los mecanismos moleculares mediante los cuales las alteraciones 
de los genes remodeladores de cromatina producen su efecto en la 
progresión tumoral y la metástasis. 

3. Estudiar la posibilidad de usar las alteraciones en complejos remodeladores 
de cromatina como marcador de pronóstico o para mejorar el tratamiento de 
pacientes con cáncer. 
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3. RESULTADOS Y DISCUSIÓN 

 Durante la realización de esta tesis, hemos secuenciado la región 
codificante de una lista de 250 genes, en un total de 732 muestras, de ellas, 
479 son tumores, 257 normales y 45 líneas celulares tumorales.  

 En un primer lugar nos llamó la atención una gran cantidad de 
mutaciones encontradas en el ADN mitocondrial (ADNmt). Debido a los diversos 
estudios que implican un papel de las alteraciones mitocondriales en la 
progresión tumoral, decidimos estudiar este fenómeno más a fondo. En total 
hemos identificado 170 mutaciones somáticas en el ADNmt. Aproximadamente 
el ~10% de estas mutaciones se encuentran en la mayoría de las mitondrias en 
las células tumorales (homoplasmia) lo que podría indicar una presión selectiva 
para acumular mitocondrias defectuosas. Además, observamos que la mayoría 
de mutaciones corresponden a transiciones G>A/C>T y T>C/A>G. Este perfil 
mutacional no coincide con el esperado asumiendo que la causa principal de 
acumulación de mutaciones en el ADNmt es el estrés oxidativo que se 
caracteriza por una acumulación de transversiones G>T/C>A. Esto nos hace 
plantear la posibilidad de que el daño producido por el estrés oxidativo genera 
un perfil mutacional distinto en el ADNmt en comparación con el generado en el 
ADN nuclear. Además, encontramos un sesgo muy importante entre las 
mutaciones encontradas en la hebra transcrita frente a la hebra no transcrita. 
Esto podría indicar que existe un fenómeno de reparación asociada a la 
transcripción activo en la mitocondria a pesar de que este mecanismo está 
asociado al sistema NER y no se ha descrito este sistema de reparación en el 
ADNmt.  

 En cuanto a los datos de mutaciones en genes implicados en la estructura 
de la cromatina, identificamos un total de 4920 mutaciones codificantes, 
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observando en primer lugar la presencia de mutaciones recurrentes en genes 
del complejo SWI/SNF cuya implicación está descrita en el desarrollo tumoral 
como ARID1A, ARID1B o PBRM1. Además, identificamos nuevos genes candidatos 
que no se habían postulado anteriormente como implicados en cáncer o no han 
sido descritos como importantes en los subtipos en los que han sido 
encontrados en nuestro estudio. Entre estos genes cabe destacar ARID2, SRCAP, 
SMARCA5, CTCF, CHD4, SSX1, JHDM1D o SMAD4. Estos genes suponen nuevos 
candidatos para analizar su implicación en el desarrollo tumoral. Hemos 
validados algunas de las mutaciones identificadas con el objetivo de comprobar 
el grado de falsos negativos generados en el experimento. Para ello, 
seleccionamos aproximadamente 160 mutaciones que fueron validadas 
mediante PCR acoplada a secuenciación a alta cobertura obteniendo unos 
valores de especificidad del 70%.  

 Uno de los genes que ha llamado nuestro interés es ARID2, que 
encontramos recurrentemente mutado en aproximadamente el 15% de las 82 
muestras de cáncer de pulmón secuenciadas. Este gen pertenece a la familia de 
complejos remodeladores de la cromatina SWI/SNF, y específicamente al 
complejo PBAF. Varios de los genes de esta familia se han reportado 
frecuentemente mutados en diferentes tipos de cáncer. ARID2, se ha descrito 
como supresor tumoral en melanoma, y hepatocarcinoma, pero no existen 
muchos artículos que muestren evidencia de su implicación en cáncer de 
pulmón. Para comprobar la frecuencia mutacional y para tener una cohorte más 
representativa, hemos secuenciado la zona codificante del ARID2 en 96 
muestras adicionales de adenocarcinoma de pulmón. De nuevo hemos visto una 
frecuencia de mutaciones codificantes de aproximadamente el 15% en esta 
segunda cohorte de muestras. Todas las mutaciones encontradas en ARID2 se 
han validado con la misma estrategia explicada anteriormente 

 Para comprobar el posible efecto de estas mutaciones en las muestras 
humanas, llevamos a cabo experimentos de immunohistoquímica con un 
anticuerpo específico anti-ARID2 lo que nos permitió comprobar la ausencia de 
producción de proteína en la mayoría de las muestras que presentaban 
mutaciones en este gen mientras que esta proteína se expresaba en altos 
nieveles en las muestras que no presentan mutaciones en ARID2. Además, 
usando la base de datos del Genome Atlas Consortium, vimos que la pérdida de 
la expresión de ARID2 se correlaciona significativamente con peor pronóstico 
apoyando el papel de ARID2 como supresor tumoral en cáncer de pulmón 
humano. 
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 Teniendo en cuenta todo esto y el posible papel de ARID2 como supresor 
tumoral en otros tipos de cáncer, quisimos comprobar el efecto de la 
inactivación de ARID2 en las capacidades de proliferación, migración/invasión y 
tumorigénesis en diversas líneas celulares de cáncer de pulmón, así como 
evaluar su implicación en los mecanismos de reparación del ADN. Para ello, 
decidimos hacer experimentos de silenciamiento usando líneas celulares de 
cáncer de Pulmón (A549, H1299, H460) usando vectores inducibles lentivirales 
de expresión de ARNs interferentes shRNA.  

 Confirmamos el silenciamiento de ARID2 tanto a nivel de ARNm mediante 
qPCR como a nivel de proteína mediante Western-blot en células seleccionadas 
mediante FACS usando la proteína fluorescente turboRFP contenida en el 
vector de expresión del shRNA. En los primeros experimentos en donde usamos 
la línea celular A549, la reducción de expresión de ARID2 provocó un aumento 
de la proliferación, evidenciado mediante la generación de curvas de 
crecimiento y mediante ensayos con el marcaje CFSE que permite identificar el 
número de divisiones celulares. Además de confirmar estas observaciones por 
triplicado, comprobamos que las células deficientes en ARID2 presentaban una 
capacidad aumentada de invasión y migración in vitro. Finalmente, 
comprobamos que estas células presentaban también una mayor capacidad de 
producir tumores in vivo.  

 Como posible mecanismo para este papel antitumoral de ARID2, 
evaluamos el nivel de reparación del ADN en estas células tras el silenciamiento 
de ARID2 usando 2 agentes que producen daño en el ADN: etopósido y 
neocarzinostatin. Se cuantificó el nivel de daño mediante el contaje de focos 
de reparación evidenciados mediante inmunofluorescencia con Anti-phospho-
H2A.X (Ser139) y Anti-53BP1. Observamos que aquellas células con ARID2 
silenciado tenían un mayor número focos de reparación del daño celular frente 
a las células control. Además, vimos que el tiempo que tardaban en resolver los 
focos también era mucho mayor en las células con ARID2 silenciado. Todos esto 
nos indicaría una posible implicación de ARID2 en la reparación del ADN. 
Además, observamos que ARID2 colocaliza en los focos de reparación del ADN, 
detectado con dos anticuerpos distintos.  
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 Por último, para identificar otros posibles mecanismos de acción de 
ARID2, llevamos a cabo experimentos de RNA-Seq en la línea celular estable 
A549 que generamos previamente, en donde fuimos capaces de identificar 
diferencias de expresión de genes que podrían contribuir al fenotipo tumoral. 
Así, entre los genes reprimidos encontramos algunos implicados en la adhesión 
celular como CDH6, NPNT, CNTNAP2, FAT3, FN1 y VCAN que podrían estar 
asociados con el aumento en la capacidad de migración e invasión. También 
observamos que genes descritos por tener un papel de supresores tumorales 
como RPS6K2, TNFSF10, TP63, ISM1 y LDLRAD4 también están reprimidos tras 
la inactivación de ARID2. Por otro lado, genes descritos por su actividad pro-
tumoral y anti-oncogénica como HOXB1, BCL2A1 y RCVRN se sobreexpresan en 
ausencia de ARID2. Además, identificamos que GADD45A, que pertenece a la 
ruta de detección y reparación del ADN, esta sobreexpresado al silenciar ARID2 
lo que podría ser el resultado de la inestabilidad genética inducida por la 
deficiencia en ARID2. Todas estas observaciones se validaron mediante qRT-PCR 
en diferentes líneas celulares estables.  

 Por último, debido a las observaciones antes descritas y el posible rol de 
ARID2 en la detección y/o del daño del ADN, hipotetizamos que las células 
deficientes en ARID2 podrían mostrar una sensibilidad especial al tratamiento 
con agentes quimioterápicos utilizados actualmente para el tratamiento del 
cáncer de pulmón y que se basan en la producción de daños en el ADN. Para 
comprobar esta hipótesis, llevamos a cabo experimentos de resistencia a 
cisplatino y etopósido y vimos que las células con ARID2 silenciado eran más 
sensibles a los agentes inductores de daño en el ADN. Todos esto nos hace 
pensar que ARID2 no solo es un supresor tumoral, sino que también podría 
servir como un marcador de pronóstico y para ayudar a estratificar a los 
pacientes de cáncer de pulmón por su capacidad de predicción de respuesta a 
terapias específicas.  
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4. CONCLUSIONES 

1.   Hemos identificado 4900 mutaciones somáticas en la región codificante de 
los 250 genes secuenciados en 732 muestras de tumores. 

2.  Hemos identificado un total de 170 mutaciones somáticas en el ADN 
mitocondrial en nuestra colección de muestras 

3.  El perfil de sustitución y el sesgo de hebra observado en las mutaciones del 
ADNmt sugieren la existencia de nuevos mecanismos de mutagénesis y 
reparación del ADN mitocondrial no descritos hasta ahora. 

4.  El 60% de los tumores secuenciados tienen al menos una mutación no 
sinónima en alguno de los complejos remodeladores de la cromatina. El 
complejo SWI/SNF muestra un enriquecimiento significativo en genes driver 
lo que podría indicar un papel más importante de este complejo en el 
desarrollo tumoral. 

5.  Las mutaciones en los genes del complejo SWI-SNF muestran exclusividad 
entre ellos y también con genes frecuentemente mutados como KRAS o TP53 
sugiriendo funciones parcialmente redundantes. 

6.  Hemos encontrado diversas evidencias que demuestran que ARID2 es un gen 
supresor de tumores en cáncer de pulmón con una frecuencia mutacional del 
15% en las muestras analizadas y asociado a un peor pronóstico. 

7.  El silenciamiento de ARID2 aumenta la proliferación, la migración, la 
invasión y las capacidades metastásicas en líneas celulares tanto in vitro 
como in vivo. 

8.  La deficiencia de ARID2 se asocia con alteraciones en la expresión génica 
que producen un programa transcripcional pro-oncogénico en las células. 

9.  ARID2 juega un papel importante en la reparación del ADN y su deficiencia 
está asociada con un aumento en el daño del ADN y un retraso en su 
reparación. 

10. El silenciamiento de ARID2 aumenta la sensibilidad de las líneas celulares a 
agentes que dañan el ADN como el cisplatino o el etopósido, y ofrecen una 
oportunidad de usar esta deficiencia para mejorar el tratamiento de los 
pacientes con cáncer de pulmón. 
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Abstract

The potential role of chromatin structure in cancer development is still a topic 
of big debate. In the last years, several members of the SWI/SNF chromatin 
remodeling complexes have been described altered in different tumor types. In the 
present work, we have identified ARID2 as a new potential tumor suppressor gene in 
lung cancer, the major cause of cancer-related deaths worldwide. We observed that 
approximately 15% of our lung cancer patients present mutations in this gene that 
are associated with a loss of production of the protein and a worse prognosis. Our 
results suggest that ARID2 plays a dual role in this type of tumor; firstly, it produces 
expression changes in several genes to generate a pro-invasive phenotype in the 
cells. Secondly, it generates genetic instability which increases the capacity of tumor 
cells to adapt to the environment. All these changes increase the proliferation and 
metastatic potential of the cells in vitro and in vivo. Moreover, we have proved that 
ARID2 deficiency can be exploited therapeutically as it confers sensitivity to DNA-
damaging agents frequently used for the treatment of lung cancer patients like 
cisplatin or etoposide. All these results support the use of ARID2 deficiency as 
prognostic factor for patient stratification and for the selection of specific treatment 
regimens. 
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Main text

Lung cancer is the major cause of cancer-related deaths worldwide. The 
average 5-year survival rate is below 20% irrespective of the subtype, a number that 
has only marginally improved in the last decades1. Consequently, any new 
knowledge about the molecular mechanisms that drive this disease could have a 
great impact on the treatment of lung cancer patients. In the last years, large 
genomic characterization projects have facilitated the identification of major players 
in this tumor type. Thus, small cell lung cancer (SCLC) that constitutes around 15% 
of all cases is mainly driven by mutations in TP53 and RB1 although the role of other 
genes like PTEN, SLIT2 or CREBBP has been also described2. Respecting non-
small cell lung cancer cases, constituted mainly by adenocarcinomas (50%) and 
squamous cell carcinomas (40%), KRAS and BRAF were the first genes found 
recurrently altered. Subsequently, mutations in EGFR or HER2 among others have 
been also identified and used as markers to detect sensitivity to specific anti-tumor 
therapies3. 

More recently, several members of the SWI/SNF family of chromatin 
remodeling complexes have been identified recurrently altered in human cancer 
which sums to the accumulated compelling evidence of the role of SWI/SNF family 
complexes in cancer development. It is estimated that approximately 20% of all 
tumors contain alterations in these complexes which means that SWI/SNF subunits 
are more broadly mutated that any other cancer gene excepting TP534. In the case 
of lung cancer, the production of the two mutually exclusive catalytic ATPase 
subunits (BRM or BRG1) is lost in 30% of non-small cell lung cases where it is 
associated with worse prognosis5. Additionally, ARID1A which produces one of the 
auxiliary subunits of the complex, has been found recurrently mutated in lung 
adenocarcionoma6. Finally, mutations in another auxiliary subunit producing gene, 
ARID2, have been reported in 5% of non-small cell lung cases in a recent report by 
Blons and cols7. 

In order to understand better the role of these chromatin remodeling 
complexes in lung cancer development, we have performed a genetic screening on 
the coding sequences of a list of selected genes in a collection of 576 cancer cases 
using targeted next-generation sequencing technologies (Suppl. Table 1). This list of 
genes includes, besides known cancer genes, those that codify for the subunits of 
the main chromatin remodeling complexes (Suppl. Table 2). Surprisingly, we found 
mutations in ARID2 in approximately 15% of our lung cancer cases irrespective of 
the cancer subtype (Figure 1a and Suppl. Table 3). This recurrence of ARID2 
mutations is significantly higher than reported previously7 and locates ARID2 as the 
forth gene more recurrently mutated in lung cancer after TP53, EGFR and KRAS.  To 
validate these results, we performed targeted sequencing on the coding regions of 
ARID2 in a second validation cohort of extra 96 lung adenocarcinoma cases finding 
the same frequency of ARID2 mutations (Figure 1b and Supplementary Table 3). In 
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concordance with a previously described role of ARID2 as a potential tumor 
suppressor gene, several of the identified mutations are predicted to produce a 
premature truncation of the protein and these mutations are located through the 
whole protein sequence (Figure 1c and Suppl. Table 3). Subsequently, to check the 
effects of these mutations on the ARID2 protein production, we performed 
immunohistochemistry analysis on those samples from which we count with an 
histological sample. These experiments revealed that approximately 15% of the 
samples analyzed showed loss of expression of ARID2 including more than the 85% 
of the analyzed ARID2-mutated samples (7/8). In contrast all the assayed ARID2 
wild-type samples (32/32) show clear ARID2 production (Figure 1d). Interestingly, 
when we checked the data published by the Genome Atlas Consortium, the loss of 
expression of ARID2 correlates significantly with a worse prognosis of the patients 
which supports the potential role of ARID2 as a bona fide tumor suppressor gene 
and prognostic marker in lung cancer.

ARID2 has been described as tumor suppressor gene in melanoma and liver 
cancer8,9.  To check if alterations in this could also promote lung cancer 
development, we performed knock-down experiments in vitro using shRNAs. As it 
can be observed in Figure 2, ARID2 mRNA and protein production is efficiently 
reduced by two different shRNAs. This reduction is accompanied by an increase of 
the proliferation, invasion and migration capacities of A549 and H460 lung cancer 
cell lines compared with those cells transduced with empty vector. Moreover, when 
these cells are injected on immunocompromised mice, they show a greater capacity 
to produce tumors in vivo (Figure 2). These results prove that, similarly to its role in 
other tumor types, ARID2 plays a tumor suppressor function in lung cancer.

The precise molecular mechanisms by which alterations in chromatin 
remodeling complexes promote cancer development are not perfectly known. 
Interactions with well-described tumor suppressors like TP53, RB or MYC have been 
described10–12. Additionally, they play essential roles in the activation of differentiation 
and the suppression of proliferative programs of many cellular lineages13. In order to 
understand better the potential impact at the transcriptional level of the deficiency in 
ARID2, we performed RNA-Seq experiments in the transduced cell lines. Loss of 
ARID2 is accompanied with changes in gene expression that could offer an 
explanation to the phenotype observed in the cells (Figure 3). Thus, we observed a 
downregulation of genes involved in cellular adhesion as NPNT, CNTNAP2, FAT3, 
FN1 or VCAN which could be associated with the increase in migration and invasion 
capacities of ARID2-deficient cells. Additionally, we observed downregulation of other 
tumor suppression genes like RPS6K2, TNFSF10, TP63, ISM1 and LDLRAD4 
together with upregulation of protumoral and antioncogenic genes like HOXB1, 
BCL2A1 or RCVRN. These combined transcriptional program change could in itself 
explain the tumoral capacities adquired by the cells after ARID2 knock-down. All 
these changes were further validated by qRT-PCR in cells transduced with two 
different shRNAs (Figure 3).
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Another potential mechanism that has been suggested for the role of SWI/
SNF alterations in cancer progression is through the promotion of genomic instability. 
Firstly, SWI/SNF is described to play essential role in chromosome segregation and 
in NER14. Secondly, SWI/SNF is recruited to places of DNA damage and play an 
essential role in activate DNA damage sensors15. Finally, SWI/SNF is essential as 
well for a correct DNA synthesis after DNA damage, a step that is essential for a final 
damage correction16. Consequently, we hypothesized that ARID2 mutations could be 
associated with a higher genomic instability. In accordance to that, we observe an 
upregulation of GADD45A in our ARID2-deficient cells which could indicate an 
activation of DNA detection and repair mechanisms in these cells. In order to check 
this possibility, we performed immunofluorescence experiments to check the nuclear 
location of ARID2 in cells submitted to DNA damage. As it can be seen in Figure 4, 
ARID2 co-localizes with H2AX and 53BP1 at the DNA repair foci. Moreover, we 
observed that ARID2-deficient cells show an increase in the number of DNA damage 
foci. All this demonstrates that a second tumor promoting mechanism of ARID2 
deficiency in exerted by genomic instability.

Finally, we decide to explore the possibility of exploiting this genomic 
instability as a therapeutic target for ARID2-deficient patients. For that we performed 
in vitro treatment of ARID2-deficient and control cell lines with cisplatin and 
etoposide, two widely used treatments in lung cancer patients that produce DNA 
damage. As it can be seen in Figure 4, ARID2-deficient cells show a higher 
sensitivity to these drugs that control cell lines. Therefore, ARID2 status can be used 
as a marker to stratify patients for a proper treatment.

In summary, here we present compelling evidence of the role of ARID2 as 
tumor suppressor gene in lung cancer. Although ARID2 has been proposed as tumor 
suppressor gene in other tumor types, little is known about the molecular 
mechanisms behind. In this work, we have described that this role in lung cancer is 
exerted in two ways, firstly by producing the activation of a specific pro-oncogenic 
transcriptomic program and secondly by the promotion of general genomic instability. 
Which is most important, we show results that suggest that this genomic instability 
can be exploited for lung cancer patient treatment.  

Methods

Patient Samples 

Cancer patient primary samples and, when available, matched corresponding 
normal samples, were obtained from different tumor Biobanks. In all the cases, we 
counted with the prior approval of the corresponding ethics committee for each 
institution. A detailed list of the origin and characteristics of each sample can be 
found in Supplementary Table 1.  In total 177 tumors and 88 matched normal DNAs 
were used in this project.
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DNA Extraction and DNA libraries

DNA was extracted from fresh frozen tissue or cell lines using the Agencourt 
DNAdvance Beckman Coulter kit (#A48705, Beckman Coulter, Brea, CA, USA), 
following manufacturer's instructions. For the formalin-fixed paraffin-embedded 
sections, the tumor area was micro-dissected, treated with Proteinase K overnight, 
subjected to a phenol-chloroform organic extraction followed by ethanol precipitation 
of the DNA. DNA preparations were quantified using the Qubit® dsDNA BR Assay 
(Q32851, Life Technologies). Normal DNA libraries were performed mixing from 3 to 
5 different DNAs.  Diagenode Bioruptor® DNA fragmentation was performed with 
500 ng of DNA diluted in low TE buffer (#12090015, Thermo Fisher Scientific, UK) to 
a final volume of 100 µl, and using 30 cycles of 30’’/30’’ (ON/OFF cycles) at 4ºC. For 
all cleaning steps, we used Agencourt AMPure XP (#082A63881, Beckman Coulter, 
Brea, CA, USA), following the manufacturer's protocol. Size distribution was 
analyzed with either the 2100 Bioanalyzer or the 4200 TapeStation using DNA 1000 
kit or D1000 ScreenTape Assay (Agilent Technologies, Santa Clara, CA, USA).  
Sequencing libraries were prepared through a series of enzymatic steps including 
End-repair and Adenylation (DNA Rapid End Repair module, NEXTflex™, #5144-05, 
Bioo Scientific, Austin, TX, USA), PE adaptor construction through the hybridization 
of phosphorylated complementary synthetic oligonucleotides, PE adaptor ligation (T4 
DNA Ligase, #EP0062, Thermo Fisher Scientific, UK) and PCR indexing 
amplification (Phusion high fidelity DNA polymerase, # F530L, Thermo Fisher 
Scientific, UK). Libraries were checked by Nanodrop for chemical contamination, by 
the 2100 Bioanalyzer for size distribution and finally quantified using the Qubit® and 
a qPCR reaction using primers designed to target the Illumina adapters. Target 
capture was performed on pools of 96 libraries using a Sure Select® user-defined 
probe kit (Agilent Technologies, Palo Alto, CA, USA). Massively parallel sequencing 
was carried out in a High-Seq® machine (Illumina, USA) with a 100bp paired end 
(PE) protocol. A single lane was performed for each 96-library pool.

In the case of amplicon-based libraries two different strategies where used. 
When a lot of different products were amplified for the same sample, standard PCR 
primers were designed, the PCR products generated for each sample were mixed 
and subjected to the standard library protocol. Alternatively, when a small number of 
amplicons were designed over a large number of samples, the primers were 
designed to contain a common adapter sequence that was used, after mixing and 
purification, to a second PCR to add the barcode and the rest of the Ilumina adapter 
sequence. These libraries were sequenced in the MiSeq® platform (Illumina, USA) 
using a 150 or 250 paired-end protocol depending on the amplicon size distribution.
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RNA isolation and qRT-PCR.

Total RNA was isolated and purified using Extract Me Total RNA Kit (Blirt, DNA 
Gdansk, Poland) according to the manufacturer’s instructions.  RNA quality was 
measured using RNA ScreenTape® (4200 TapeStation Instrument - Agilent 
Genomics). Reverse transcription was performed using the Takara PrimeScript 
cDNA Synthesis kit (Takara Bio, Inc., Dalian, Japan) according to the manufacturer’s 
instructions. mRNA expression was measured by qRT-PCR using Luminaris Color 
HiGreen qPCR Master Mix (Thermo Scientific) with StepOnePlusTM real-time PCR 
system (Applied Biosystems, Foster City, CA). β-actin was used as housekeeping 
gene and the ΔΔCt method was used for quantification and comparison. A list of the 
primers used for the qRT-PCR experiments can be found in Supplementary Table 2. 

RNA Libraries

RNA quality and concentration were measured using a RNA Pico chip on a 
2100 Agilent Bioanalyzer. For library preparation, mRNA was enriched using 
NEBNext® Poly(A) mRNA Magnetic Isolation Module. Fragmentation were 
performed from 1-2 μg mRNA in a buffer containing 4 μL de PrimeScript Buffer and 1 
μL random hexamers primers at 94ºC for 15 minutes. The first strand was 
synthesized by adding to the previous mix 1 μL of PrimeScript Enzyme and 
incubating the samples 15 minutes at 37ºC followed by 5 seconds at 85ºC. Second 
strand was further synthesized by adding to the previous reaction RNAse HI 
(Thermo) and DNA polymerase I (Thermo) according to manufacturer instructions to 
a final volume of 100 μL. 2.5 μL de T4 DNA Polymerase (Thermo) and incubated 5 
min at 15ºC. 5 !l of EDTA 0.5 M pH 8.0 were added. Fragments were purified using 
Agencourt AMPure XP (#082A63881, Beckman Coulter, Brea, CA, USA). Libraries 
generation protocol were performed starting from the double-stranded cDNA in a 
similar way of the DNA libraries.

DNA-Seq Analysis

Raw sequence data wasere subjected to quality control using FastQC v0.11.2  
(https://www.bioinformatics.babraham.ac.uk/publications.html) and mapped to the 
human genome (hg19) using BWA 0.7.317. Samtools 0.1.1818 was used for format 
transformation, sorting and indexing of the bam files.  Picard 1.61 (http://
broadinstitute.github.io/picard/) was used to fix and clean the alignment and to mark 
PCR duplicates reads. Finally, GATK 2.2.8 was used to perform local realignment 
around indels. Bedtools 2.17 (http://bedtools.readthedocs.io/en/latest/#) was used to 
calculate the enrichment statistics and the target coverage. Paired tumor/normal 
bam files were used to identify putative somatic single variants (SVs) using an in-
house written algorithm called RAMSES selecting mutations with a confidence score 
>2 and mutational frequency higher than 0.05. PINDEL 0.2.4d (http://

https://www.bioinformatics.babraham.ac.uk/publications.html
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
http://bedtools.readthedocs.io/en/latest/#
http://broadinstitute.github.io/picard/
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broadinstitute.github.io/picard/) was used to detect indels requiring a minimum of 5 
independent reads reporting the indel and with no evidence in the control DNA. 
Potential germline variants were flagged away using 1000 Genomes mutation 
database with in-house written software. Functional consequence of the mutations 
was annotated using ensembl database v.73 through the Perl API. OncodriveFM 
software was run to detect genes with evidence of selective pressure from the 
analysis19. 

RNA-Seq Analysis

Paired-end reads from RNA-Seq were aligned using Tophat20 to the human 
genome (hg19). Predicted transcripts from Ensembl database were analyzed and 
transcripts that would lack a CDS start or stop site were filtered out. Differentially 
expressed genes (DEG) were identified using HTSeq + DESeq21,22. These R 
packages for transcriptome expression profile analysis were used according to the 
manufacturer’s instructions to test for differential expression of RNA transcript levels 
requiring a minimum of 3 counts for a gene in more than two independent samples 
and using a threshold of fold change >1 and a pvalue <0.05. DEG were manually 
reviewed and the final list of DEG was created.

Cell Culture

Both A549 and H460 lung cancer cell lines were sourcedobtained from The 
Francis Crick Institute common repository, authenticated by STR profiling, and tested 
for mycoplasma. The two cell lines were maintained in DMEM (Lonza, Verviers, 
Belgium) and RPMI 1640 (Lonza, Verviers, Belgium), respectively, supplemented 
with 10% FBS (HyClone Victoria, Australia), 1% Gentamycin and 1% Ciprofloxacin at 
37°C in a humidified atmosphere containing 5% CO2.  

Generation of stably-transduced cell lines

For stable cell line generation, tetracycline-inducible pTRIPZ constructs 
V2THS_74399, V3THS_347660 were used for ARID2 knockdown (Dharmacon/GE 
Healthcare, Lafayette, CO, USA). The empty vector was used as control. Virus 
production were performed by transfecting HERK293-T/17clone cells with the 
pTRIPZ constructs, psPAX2 and pMD2.G plasmids (Addgene) using Fugene HD 
(Promega Madison, WI, USA). Infected cells were selected with 1μg/ml puromycin 
for at least 7days. Induction of the expression of the shRNAs as well as the turbo-
RFP marker was performed with 1ug/ml of Doxycycline for at least 5 days before 
analyzing the effect of ARID2 knock-down on the cells. Turbo-RFP expression on 
cells transduced with shRNAs or empty vectors was induced with 1μg/ml 
Doxycycline (Dox) for 16h. Cells were isolated by FACS based on TurboRFP 
expression using the FACS-Aria II cell sorter (Becton Dickinson, BD, Franklin Lakes, 

http://broadinstitute.github.io/picard/
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USA). For proper cell recovery from the sorting process, the cells were collected in 
tubes containing DMEM supplemented with 50% FBS to prevent the cells from 
drying out and dying. Cells were seeded in DMEM complete growth medium.

Proliferation assays

Growth curve analysis was performed over a period of fourteen days. Cells 
were seeded in 100 mm plates at a density of 500,000 cells per plate. Every two 
days, cells were trypsinised and the cell number determined by counting using a 
hemocytometer and seeded 500,000 cells per plate. All growth curves were 
performed in triplicate.

Cell proliferation was also analyzed using the carboxyfluorescein diacetate 
succinimidyl ester labeling method with the CellTrace™ CFSE Cell Proliferation Kit 
(Invitrogen, CA, USA).  Induced cells line were synchronized by gradual serum 
deprivation following the protocol described by Lauand and collaborators (163).  After 
50 h of FBS deprivation, the cells were arrested in G0/G1 phase. Cells were 
harvested, washed twice in Phosphate-buffered saline (PBS), counted and re-
suspended in CellTrace CFSE labelling solution.  1 μL of CellTrace™ stock solution 
was added to each mL of cell suspension for a final working solution of 5 μM at a 
density of 106 cells/mL and incubated at 37ºC for 20 minutes protected from light. 
DMEM culture media containing FBS was added (10% v/v) to removes any free dye 
remaining in the solution. After 5 minutes, labelled cells were washed into PBS and 
pelleted by centrifugation. Some of these labelled cells were suspended in fresh pre-
warmed complete culture medium and were then seeded into 6-well plates at a 
density of 5 *105 cells/well. The remaining labelled cells were suspended in PBS and 
CFSE fluorescence was measured on a MACSQuant® VYB (Miltenyi Biotec) flow 
cytometer to ensure the parental population and subsequent division peak tracking 
during culture. Cells were harvested at defined times and subjected to division peak 
resolution by flow cytometry. The cell proliferation index was analyzed using MODFIT 
software. Proliferation index was the sum of the cells in all generations divided by the 
calculated number of original parent cells.

Migration assay

In vitro cell migration assays were performed by using 8-μm pore size 
transwell chambers (Corning™  Transwell™ Multiple Well Plate with Permeable 
Polycarbonate Membrane Inserts, 3422) in 24-well plates and incubated for 48 h. For 
the migration assays, 50,000 cells were added into the upper chamber. Cells were 
plated in medium without serum, and medium containing 10% FBS in the lower 
chamber served as the chemo-attractant. After 24 h incubation, the cells that did not 
migrate through the pores were carefully removed using cotton swabs. Filters were 
washed with PBS, harvested by treatment with 0.25% trypsin and counted on a 
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hemocytometer. All experiments were performed in triplicate. Filters were fixed in 4% 
PFA followed by crystal violet staining for microscope visualization.

Invasion assays. 

For the invasion assays, 50,000 cells in 50 μL of serum-free DMEM were 
plated on growth factor-reduced Matrigel (BD Biosciences) pre-coated 8 μm pore 
Transwell chamber and the lower chamber was filled with 600 μL DMEM with 10% 
FBS. After 48 h, non-invading cells were removed from the top of the Transwells 
using cotton swabs. Invasive cells were quantified by fixing chambers in 4% 
paraformaldehyde for 10 min and staining with crystal violet.  For each Transwell, 10 
fields were imaged and counted. 

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 University. For proliferation assays, A549 
stably-transduced cell lines c were harvested, washed twice in Phosphate-buffered 
saline (PBS), counted and re-suspended in PBS at a density of 107 cells/mL. Five 
million of cells were subcutaneously injected into the flanks of the 6-8-week-old 
female nude mice (Athymic Nude-Foxn1nu). The animals were treated with 1 mM/mL 
Doxycycline for ~25 days in the drinking water supplemented with 1% sucrose, 
changed every 2-3 days. After the tumors reached the size of ∼0.5 cm3, mice were 
euthanizing and tumor tissues were harvested for analyses. For metastasis assays, 
A549 and H460 stably-transfected cell lines were harvested, washed twice in 
Phosphate-buffered saline (PBS), counted and re-suspended in PBS + 0.1% BSA at 
a density 5 * 106 cells/mL.  2.5 million of cells were tail injected into 6-8-week-old 
female nude mice. The animals were treated for ~60 days with 1 mM/mL 
Doxycycline in drinking water for ~60 days supplemented with 1% sucrose, changed 
every 2-3 days. After two months, mice were euthanizing and tumor tissues were 
harvested for analyses.

Western blot analysis

Cells were washed twice in PBS and lysed in RIPA buffer (50 mM Tris-HCl, 
pH 8.0, 150 mM NaCl, 1% NP-40, 1 mM Sodium Orthovanadate, 1 mM NaF) 
containing Halt protease inhibitors Cocktail (Thermo Scientific, 87786), for 30 
minutes on ice. Lysates were sonicated using the Bioruptor® (Dia-genode) for ten 
cycles (30 s on, 30 s off) at high-power and cleared by centrifugation at 16,000g for 
20 min at 4 °C. Protein concentrations were determined by Qubit® Protein Assay 
(Q33212, Life Technologies). 60-80 μg of total protein lysate was separated by SDS-
PAGE in 8% polyacrylamide gels and transferred to nitrocellulose membranes. 
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Subsequently, membranes were washed with TBS-T (50 mM TRIS + 150 mM 
Sodium chloride + 0,1% Tween 20, pH 7,4) and blocked using 5% non-fat milk 
solution as blocking agent in TBS (50 mM TRIS + 150 mM Sodium chloride) for 1 h 
at RT. Membranes were then incubated with primary antibodies anti-ARID2 (E-3, 
sc-166117, Santa Cruz) and anti-Actin (I-19, sc-1616, Santa Cruz), diluted 1:200 and 
1: 1,000 in TBS-T/5% (w/v) BSA at 4°C overnight, respectively. Membranes were 
washed in TBS-T, three times.After careful washing with TBS-T, t The primary 
antibodies were detected by incubating the membranes with donkey anti-mouse or 
donkey anti-goat secondary antibodies (LI-COR Biotechnology, Lincoln, USA) 
conjugated to IRDye 800CW (926-32212) or IRDye 680RD (926-68074) respectively 
at 1: 15,000 dilutions and incubated for 45 minutes at room temperature. Finally, 
antibody signals were visualized using Odyssey Clx imager (LI-COR Biotechnology, 
Lincoln, USA). 

Proliferation inhibition in vitro assays.

Inhibition assays were performed to determine the half maximal inhibitory 
concentration (IC50) values for cisplatin, and etoposide in both A549 and H460 
stably-transduced cell lines. Briefly, cells were seeded in 96-well plates at 2000 cells 
per well in 100 μL of complete media, cultured for 24 hours before drug treatment. 
Drug concentrations range (0.001 μM – 10 mM) were prepared in 90 μL of complete 
media. Cells were treated for 48 hours. Appropriate media and vehicle controls were 
also added in the media. Viability was determined by adding 10 μL of PrestoBlue® 
reagent (Thermo Fisher Scientific, UK). After incubation, absorbance was measured 
using a Multiskan FC Microplate Photometer (Thermo Fisher Scientific, Waltham, 
MA) with wavelengths set at 540 and 620 nm. IC50 value for each drug were 
determined with Prism software to fit curves to the dose response data. 

Immunohistochemistry analysis

For ARID2 detection on paraffin sections, these were incubated with 
1:300-1:500 ARID2 antibody for 32 minutes at 97ºC in citrate buffer pH 6. The 
sections were developed with HRP-polymer secondary antibodies (Optiview, Roche).

Immunofluorescence was performed in stable cells induced with 1 μg/mL 
doxycycline. Cells reach 50–70% confluence on sterile cover slips were rinsed twice 
with PBS and fixed with 4% paraformaldehyde in PBS for 15 min at room 
temperature. Cover slips were rinsed tree times with PBS for 5 minutes. 
Permeabilization were performed with 0.5% Triton X-100 in PBS for 5 minutes at 
room temperature. The cells were blocked with 3% BSA in PBT (PBS containing 
0.05% Triton X-100) and subjected to immunofluorescence staining with ARID2 
(1:50) antibody for 30 minutes at room temperature in moist chamber. The cover 
slips were then washed with PBS three times for 5 minutes. Cells were incubated 
with Alexa labeled secondary antibodies (1:400) for 30 minutes at room temperature 
in moist chamber protected from light. Cover slides were mounted in VECTASHIELD 
Antifade Mounting Medium with DAPI (Vector Labs, Burlingame, CA, USA). The cells 
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were finally examined by fluorescence microscopy (Olympus America Inc, Center 
Valley, PA). Quantification of fluorescent intensity was performed from randomly 
selected fields using Metamorph and ImageJ software.
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Figure Legends

Figure 1. (a) Box representation of the mutated patients for the most 
recurrently mutated genes in the lung cancer cohort. The upper panel represents the 
number of non-silent single nucleotide variants and small insertions or deletions per 
patient. 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. The histogram on the right represents the number of 
each mutation type found in each individual gene. (b) Box representation of the 
mutated patients in the validation cohort. Each box represents a single patient. 
Colored boxes represent a mutated patient. Each row/color represents a non-
synonymous mutation type: missense substitutions (blue), nonsense substitutions 
(light green), frameshift-inducing deletions (light blue) and multiple substitutions 
affecting the same patient (green). (c) Lollipop graph representing the location of the 
identified ARID2 mutations in all lung cancer patients in relation to the functional 
protein domains. (d) Representative images of ARID2 immunohistochemistry 
experiments in a ARID2-mutated lung adenocarcinoma tumor (left) as well as a 
ARID2-nonmutated (right).

Figure 2. (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. All cells were submitted to doxycycline 
treatment for at least 5 days. (b) Representative image of a western blot 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 shRNA expression by doxycycline (Dox) treatment.  
(c) Representation proliferation quantified the cumulative cell number accumulated 
by serial cell passaging  (d) Bar representation of the number of cells in the lower 
chamber in migration and invasion assays of cells transduced with either the empty 
vector (blue) or the different ARID2 shRNAs (yellow and red). Data is shown as 
mean ± SE (standard deviation of the mean) of three independent experiments. (e) 
Representative image of the results of the flow cytometric analysis of cell division by 
dilution of CFSE in A549 cells. CFSE histograms are shown at 48 hours after CFSE 
labeling, A549 shEmpty control cells (left), A549 v2 (middle) and A549 v3 cells (right) 
are shown. Predicted size of population that have suffered different number of cell 
divisions according to the color legend are represented inside the graph. (f) 
Representative images showing A549 cells subjected to Matrigel invasion and 
transwell migration that have been stained with crystal violet dye in the downer 
chambers. (g) Representative images of the lung metastasis generated in 
intravenously injected mice with A549 cells transduced either with shEmpty, or 
shARID2 v3. Images of both posterior (top panel) and anterior (bottom panel) face of 
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the lungs are shown. Individual metastasis are delineated in the image and counted 
(top numbers). (h) The top graph represents  the size of the identified metastasis 
divided in three groups: small, medium and large. At the botton dot plot represents 
the size (measured in pixels) of each of the identified metastasis divided in the two 
study mice groups. 

Figure 3. Differentially expressed genes in ARID2-deficient cells. (a) Heatmap 
representation of a selection of differently expressed genes in ARID2-deficient cells 
(n=3) and grouped according to their molecular pathway. Expression differences 
goes from red(overexpression) to blue (downregulation) according to the log2 of the 
fold change. (b) Bar representation of the results of the qRT-PCR validation of the 
expression differences identified in the RNA-Seq experiments. The expression 
foldchanges are represented as a mean +/- SE of three independent experiments.

Figure 4. (a). Representative images of immunofluorescence experiments 
proving the colocalization of γH2AX (green) and TurboRFP (red) in DNA repair foci in 
H460 cell line after Neocarzinoztatin treatment during 24 hours. At the right, the plot 
represents  the number of DNA repair foci generated measured by the intensity of 
γH2AX green signal in cells transduced with control or ARID2sh vectors. (b) Graphs 
of representative experiments measuring cell survival to increasing concentrations of 
cisplatin (left) and etoposide (right) in A549: Cells transduced with shEmpty (blue) or 
shARID2 v2 (yellow) and v3 (pink) are represented. Bellow, bars represent the 
calculated IC50 of A549 cells to cisplatin and etoposide. The results are represented 
as mean +/- SE of three independent results, (*p < 0.05, ** p < 0.01 and *** p < 
0.001).
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Figure 1. 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Figure 2. 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Figure 3. 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Figure 4.
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Abstract

Mutations in mitochondrial DNA (mtDNA) have been described in almost all 
tumor types. Nevertheless, its causal involvement in tumorigenesis is still 
uncertain. Here, by using next-generation sequencing technologies, we report on 
of the largest mtDNA mutation set described in tumor samples in a single 
experiment. We have found that many of the mutations in mtDNA are homoplasmic 
and likely confer a selective advantage to tumor cells. The mutation profile is 
consistent with oxidative stress constituting the major cause of DNA damage in the 
mitochondria and producing a unique kind of mutation when recognized by the 
DNA polymerase gamma. Finally, we provide evidence for the occurrence of a 
mechanism of transcription-coupled repair in the mitochondria similar to that acting 
on nuclear DNA. Collectively, these findings offer new insights on the biology of the 
mitochondria and support its functional involvement in tumorigenesis. 
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Mitochondria are DNA containing organelles ubiquitous in eukaryotic cells 
and involved in different aspects of cellular metabolism, including ATP generation 
through oxidative phosphorylation. The human mitochondrial genome is a ~16 kb 
circular double-stranded DNA which contains 13 protein-coding genes. These 
proteins, together with additional ones encoded by the nuclear DNA, form the five 
complexes involved in oxidative phosphorylation. In contrast, all proteins involved 
in the transcription and replication of the mitochondrial DNA are imported from the 
cellular cytoplasm. Many previous studies have reported the presence of abnormal 
mitochondria in tumor cells and numerous mutations in the mtDNA have been 
described in virtually all known tumor types (M Brandon et al. 2006; Lu et al. 2009). 
The role of these mutations in tumorigenesis is unclear but some authors have 
proposed an oxygen-independent metabolism together with an increase in the 
ROS-dependent proliferative signals as the main advantages of dysfunctional 
mitochondrial activity for tumor cells (Czarnecka et al. 2010). Additionally, it has 
been shown that altered mitochondrial membrane potential impairs apoptosis and 
confers a higher resistance to chemotherapy (Mizutani et al. 2009). The 
tumorigenic potential of these alterations have been proved both in murine and 
human cells, in which pathogenic mtDNA mutations confer apoptosis resistance 
and promote metastasis (Shidara et al. 2005; Kulawiec et al. 2009). Most of the 
described mtDNA mutations are observed in the majority if not all the mitochondrial 
genomes present in each cell (between 103 and 104), a condition that is known as 
homoplasmy. This observation is consistent with the proposal that a mitochondria 
dysfunction is selected during tumor growth. However, other authors have 
proposed that the mutation shift from a heteroplasmic to a homoplasmic state 
could occur without selection (Coller et al. 2001).   

Despite the growing evidence of the role of mitochondria in tumor 
development and the recent design of new techniques to identify mtDNA mutations 
(Maitra et al. 2004), the high number of mitochondrial genomes per cell and the 
existence of nuclear genome sequence of mitochondrial origin (numts) (Hazkani-
Covo et al. 2010) make the identification of mitochondrial mutations a complex 
task. These difficulties have forced most of the researchers to focus their studies 
on a very limited number of samples or on certain variable mtDNA sequences like 
the regulatory region known as the D-loop. Next-generation sequencing 
technologies offer the opportunity to sequence the whole mitochondrial genome in 
a large collection of tumor samples, with enough sequence coverage to overcome 
most of the difficulties inherent to the heterogeneity of mitochondrial genomes (Yan 
Guo et al. 2012; He et al. 2010).

In the present study, through the use of next-generation sequencing 
technologies, we have generated a comprehensive list of mtDNA mutations 
identified in a large collection of cancer samples. All these mutational data provide 
evidence on the existence of new DNA repair and mutation mechanisms in the 
mitochondrial genome and support an active role of mitochondria alterations in 
human cancer.
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Results

Mitochondrial genome sequencing and mutation identification

We generated on average 1 million reads of 100 bp aligned to the 
mitochondrial genome for each one of more than 500 different cancer samples of 
several tumor types using Illumina technology obtained an average of 10,000x for 
the mitochondrial genome. A detailed list of samples can be found in 
Supplementary Table 1. 

Bioinformatic algorithms were developed to identify differences between the 
analysed tumor samples and the reference mitochondrial genome (Ensembl 
GRCh37). Overall, 170 potential somatic mutations were called by our algorithms 
(Supplementary Table 2 ). Among them, 110 were present in the 13 protein coding 
genes. Interestingly, 93% of the identified mutations (102/110) were predicted to 
produce a missense change which is a 40% more of what it is expected by chance 
(p<0.001). This could indicate a strong positive selection to accumulate potentially 
deleterious mutations in the mtDNA. Most of the identified mutations where in 
different degrees of heteroplamia but we found that a bit less than 10% of the 
mutations (14/170) were present in at least 80% of the reads and therefore were 
considered as homoplasmic. As they are somatic mutations, it indicates a very fast 
shift from an heteroplasmic to an homoplasmic state during the tumor progression.

Notably, we found mutations in almost all mitochondrial genes (Fig. 1). This 
finding is in agreement with the assumption that most if not all these genes are 
essential for a correct function of the mitochondria and any disruption in any of 
them would produce the same deleterious effect. 

Mutation profile of mitochondrial DNA in human cancer

The majority of mutations found in our study were G>A/C>T and T>C/A>G 
transitions (Fig. 2B). Strikingly, these mutations are not evenly distributed between 
the two DNA strands. Thus, we observed a three-fold enrichment of G>A mutations 
on the untranscribed strand compared to that expected by chance ( P = 1.06 x 
10-9) (Fig. 2C). This observation evidenced firstly that this kind of mutations are 
likely the result of lesions on the G nucleotide and, secondly, that many of the 
same lesions occurring on the transcribed strand are correctly identified and 
removed by the cell. This process, known as transcription-coupled repair, is 
produced when the stalled RNA recruits the nucleotide excision repair (NER) repair 
machinery and has been well described in the nuclear DNA  (Nouspikel 2009). Our 
data suggest that a similar process takes place in the mitochondria, even when an 
equivalent NER repair system has not been described yet on this organelle (Larsen 
et al. 2005) , and is responsible for repairing most of the modified guanines. This 
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strand bias is also present significantly in the T>C/A>G transitions with a near two-
fold enrichment of T>C mutations on the untranscribed strand ( P = 5.56 x 10-6).

Mitochondrial mutations are thought to be produced mainly as a result of the 
higher oxidative stress affecting this organelle as a consequence of ATP oxidative 
phosphorylation. The major by-product of this process is 7,8-dihydro-8-oxo-
deoxyguanosine (8-OXO-dG), and higher levels of this compound have been 
reported in the mitochondria (Barja and Herrero 2000). Interestingly, no G>T/C>A 
transversions, the principal mutation described in the nuclear DNA as a result of 
this modified base, have been observed in our mutation set. In contrast, and as 
discussed above, the majority of mutations found in our study were G>A/C>T 
transitions (Fig. 2B). This observation suggests that either all the 8-OXO-dG 
produced in the mitochondria is efficiently repaired by the mitochondria and does 
not result in mutations; or, most likely, that this lesion on the guanine produce G>A 
transitions instead of G>T transversions on mtDNA. This can be explained if the 
POLG polymerase involved in mtDNA replication mainly introduces T to pair with 8-
OXO-dG instead of A, as it happens in the nuclear DNA. Differences in the 
behaviour of different polymerases in response to the same oxidative DNA damage 
have been previously described (Greenberg 2004). The second more common 
mutation observed in our study is T>C/A>G transitions, which is likely the result of 
the oxidation of thymine to thymidine glycol. This by-product has also been 
described as a consequence of a high oxidative stress and can pair with guanine 
during DNA replication (Iijima et al. 2009). 

Finally, to check if our mutational data was consistent with that described 
before, we analyzed the manually curated mtDNA variations database MITOMAP 
(http://www.mitomap.org) (Ruiz-Pesini et al. 2007). The main aim of this resource is 
to report published and unpublished data on human mitochondrial DNA variation. 
We focused our study on those mutations annotated in the database as somatic. 
This set is expected to be biased towards moderately homoplasmic mutations (as 
most of the mutations have been identified by capillary sequencing) and towards 
specific, well studied regions (more than one third of the mutations are reported in 
the regulatory region known as the D-loop). Nevertheless, we observed the same 
mutation profile and strand bias described in our data (Supplementary Figure 1). 
This finding indicates that our mutation profile is not a unique feature of our sample 
set but the result of a general mutagenesis process affecting all tumor 
mitochondrial genomes.    

Discussion

Several works support the role of mitochondrial dysfunction in human 
cancer. Nevertheless, the study of mtDNA has been limited by the large number of 
potentially different mtDNA molecules per cell, the high similarity between the 
mtDNA sequence and some nuclear regions, and the low sensitivity of traditional 

http://www.mitomap.org
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nucleotide sequencing technologies. Accordingly, most previous studies have 
analyzed low number of samples or have focused on specific mtDNA regions 
(Chatterjee et al. 2006). The recent advent of the so-called next-generation 
sequencing technologies has offered a new opportunity to overcome these 
difficulties (Shendure and Ji 2008) .

 
In the present study, massively parallel sequencing has allowed us to 

perform a detailed analysis of the complete mtDNA genome sequence of a large 
set of tumor samples. The large amount of generated data offers several insights 
into the mitochondrial biology and its potential involvement in the tumor process. 
Thus, although mitochondrial heteroplasmy inheritance has been described (Yan 
Guo et al. 2012) , we have provided evidence that most of the heteroplasmic 
mutations observed in tumor mitochondria are mainly the result of recently 
acquired de novo mutations. These mutations are rapidly purified into an 
homoplasmic state. It has been described that this shift does not require active 
positive selection (Coller et al. 2001), nevertheless, the high amount of potentially 
deleterious mutations suggest that these confer selective advantage to the tumor 
DNA, likely due to a shift to a oxygen-independent energy production. In 
agreement with this observation, during the preparation of this manuscript, Larman 
and cols have found independent evidence of selective advantage conferred by 
mitochondrial mutations in human tumors (Larman et al. 2012). The active role of 
mitochondria dysfunction in tumorigenesis has been reinforced recently. Thus 
positive correlation between presence of somatic mtDNA mutations and tumor 
progression has been described in human breast cancer (Tseng et al. 2011) , and 
mitochondrial genome instability has been observed to lead to tumorigenesis in 
mice (P-L Chen et al. 2012).  Besides the shift to an oxygen-independent 
metabolisms, mitochondrial dysfunction could interfere with the function of tumor 
suppressor genes codified in the nuclear DNA. Thus, SIRT3, a newly identified 
tumor suppressor is localized in the mitochondria  (Kim et al. 2010) and the 
alteration of the redox balance can alter the phosphorilation of proteins like ATK or 
PTEN  (Kulawiec et al. 2009).  Further studies will be necessary to fully 
characterize the precise mechanism underling the role of mitochondrial dysfunction 
in tumorigenesis. In this respect, the recent description of a method to correct 
human mitochondrial mutations in vivo would be offer new research possibilities to 
the field (Wang et al. 2012).

In this study we report a considerable strand bias on the distribution of the 
mutations. Similar strand bias towards the heavy strand (rich in guanines and that 
corresponds to the non-transcribed strand in all the genes but ND6) has been 
explained in the past due to the longest single-stranded time that are spent by this 
strand on a asymmetrically replication model of the mtDNA. Nevertheless,  this 
explanation would implicate a higher frequency of mutations toward the origin of 
replication that we do not observe in our study (Figure 1). Additionally, this wo not 
explain why this effect does not affect equally to all type of mutations. We suggest 
instead that this strand bias is the consequence of  the existence of a mechanism 
of transcription-coupled repair active on mtDNA similar to the one described in 
nuclear DNA (Hanawalt and Spivak 2008) and that this mechanism is more active 
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on G>A/C>T than on T>C/A>G transitions. This hypothesis is especially risky 
considering that a mitochondrial equivalent of the NER repair mechanism, the one 
responsible for the transcription-coupled repair on nuclear DNA, has not been 
described on mtDNA. Nevertheless, it is remarkable that over recent years, several 
studies have described the occurrence of mtDNA repair mechanisms similar to 
those taking place on nuclear DNA, including BER, MMR, homologous 
recombination and non-homologous end joining (Boesch et al. 2011) .  Therefore, 
further studies will be necessary to clarify the detailed molecular mechanism by 
which transcription-coupled repair occurs in mitochondria. Finally, we must 
emphasize that the mutational profile described here is consistent with mtDNA 
mutations being the result of the DNA oxidation produced by oxidative 
phosphorylation. Interestingly, this oxidation produces a unique mutagenesis effect 
in the mitochondria when the 8-OXO-dG is recognized by the POLG DNA 
polymerase, generating as consequence G>A/C>T transitions instead of the G>T/
C>A transversions observed on nuclear DNA (Delaney et al. 2012). 

In summary, this study represents one of the largest DNA mitochondrial 
sequencing effort performed until now in tumor samples and offers new insights 
into the mitochondrial biology, including its functional involvement in human cancer.

Methods

Samples
 
576 different cancer samples were analysed (see supplementary Table 1). 

All the patients gave written informed consent for sample collection and analysis. 
All samples were anonymised at sample collection so none of the researchers 
involved in the process could have access to the patient personal data. In the case 
of solid tumors, representative histological samples were reviewed by a pathology 
committee to verify a minimum of 70% of tumor content. 

Massive parallel sequencing and computer analysis

Genomic libraries from the different tumor samples were generated using 
500 µg of total genomic DNA. Briefly, genomic DNA was randomly fragmented to 
between 200 and 300 bp by focused acoustic shearing. These fragments were end 
repaired and ligated with the Illumina paired-end adaptors. After a PCR enrichment 
step, we mix groups of 96 samples for target enrichment with  a SureSelect user-
defined probe set (Agilent) containing the complete mitochondrial genome 
sequence. After sequencing in a High-Seq instrument, the resultingFASTQ 
sequence files were aligned to the human genome (Ensembl GRCh37) using the 
BWA algorithm. The resulting alignment file was processed for our own in-house 
written software RAMSES. Finally, known polymorphisms recorded in human 



  2 6 5

mitochondrial genome database (http://www.genpat.uu.se/mtDB) (Ingman and 
Gyllensten 2006) and mitomap database (http://www.mitomap.org) (Ruiz-Pesini et 
al. 2007) were removed from the list of potential mutations. Additionally, we remove 
of our list those mutations present in more than two different samples considering 
them likely germline variants particular to our sample collection and, therefore, not 
present in the databases. Considering the sequencing and alignment errors 
occurring as a consequence of the existence of nuclear DNA sequences 
homologous to mtDNA, those mutations in which the mutant allele was observed in 
more than 80% of the reads were considered as homoplasmic. 

Figure legends

Figure 1. List of somatic mutations found in mitochondrial DNA. Figurative 
representation of all the mutations found in mtDNA in different tumor samples. 
Gene ideograms are shown around the outer ring and are oriented anticlockwise. 
The different genes belonging to the same protein complex are represented in the 
same color. ND6 is represented differently to indicate that is located in a different 
strand that the rest of genes. From outside to inside, the next ring represents the 
position of the different homoplasmic mutations: non-synonymous mutations 
(purple rectangles) and synonymous mutations (red rectangles). The next ring 
represents heteroplasmic mutations and the most inner ring represents small 
insertions or deletions.

Figure 2. Mitochondrial DNA mutation profile in tumor cells. a) Number of 
mutations observed in each of the six possible mutation classes. b) Fraction of 
G>A and T>C transitions observed in transcribed and untranscribed strand. The 
ratio of the observed versus expected mutations is represented considering the 
different base composition of each strand. ***P<0.001 

Suppl. Figure 1. Mitochondrial DNA mutation profile in mitomap database. 
a) Number of mutations observed in each of the six possible mutation classes. b) 
Fraction of G>A and T>C transitions observed in transcribed and untranscribed 
strand. The ratio of the observed versus expected mutations is represented 
considering the different base composition of each strand. ***P<0.001
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