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Summary 

Cancer is a genetic disease that results from the sequential alteration of oncogenes and tumor 
suppressor genes. Next-generation sequencing techniques have offered a higher capacity of 
cancer genome analysis, leading to the identification of new cancer genes. Pathway-oriented 
sequencing of cancer genomes focuses on key genes in oncogenesis with greater read depth 
thus allowing a higher detection rate of somatic alterations. The aim of this project is to 
validate, by Sanger sequencing, mutations in novel potential colorectal cancer genes 
uncovered in sequencing data from 96 tumors. First, all somatic mutations obtained after 
Illumina® sequencing were filtered using bioinformatic techniques. Next, DNA from select 
samples was whole-genome amplified and the genomic regions of interest amplified by PCR. 
The resulting products were purified and sequenced by the chain-terminator method and then 
the somatic mutations were confirmed. Genes chosen for Sanger sequencing validation 
included APC, 15 epigenetic modulators, 3 highly mutated genes and 5 genes whose 
alterations led to the formation of premature stop codons. Validation of 83.3% of the chosen 
mutations present in APC confirmed the effectiveness of the raw data filtration. For the 
remaining genes, a total of 306 genomic positions were subject to validation and, due to a 
sample mix-up, only a total of 3 tumor-specific mutations were confirmed in the epigenetic 
modulators ARID1A and MLL2. Two nonsynonymous mutations were present in ARID1A, a 
member of a chromatin modeling complex that regulates accessibility of the transcriptional 
machinery and gene expression. The third mutation, also nonsynonymous, was found in 
MLL2. This gene is involved in establishing the H3K4me3 histone mark, promoting 
transcriptional activation. Interestingly, its disruption has not been reported in solid tumors. 
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Abbreviations 

APC: adenomatous polyposis coli 

BRCA1: breast cancer 1 

BRCA2: breast cancer 2 

CDK12: cyclin dependent kinase 12 

EGF: epidermal growth factor  

EGFR: epidermal growth factor receptor 

FFPE: formalin-fixed paraffin-embedded 

miRNA: micro RNA 

MLH1: MutL homolog 1, in hereditary nonpolyposis colorectal cancer (E. coli) 

MLH2: MutL homolog 2, in hereditary nonpolyposis colorectal cancer (E. coli) 

MLH6: MutL homolog 6, in hereditary nonpolyposis colorectal cancer (E. coli) 

MMR: mismatch repair 

NF1: nuclear factor 1 

NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells 

ras: rat sarcoma  

Rb: retinoblastoma 

SMAD: mothers against decapentaplegic 1 

SMRT: single molecule in real time 

SNP: single nucleotide polymorphism 

SOLiD: Sequencing by Oligonucleotide Ligation and Detection 

TGF-β: transformant growth factor beta 
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1. Introduction 

1.1 Cancer genetics 

Cancer is a genetic disease characterized by uncontrolled cell growth and proliferation 
(Weinberg, 2006). Currently, it is responsible for half a million deaths worldwide every year 
and one in every third person is diagnosed with the disease in their lifetime (National Cancer 
Institute, 2011). Cancer comprises more than 100 different disorders, which can originate and 
develop in almost all organs of the body. It is the result of different types of mutated genes 
that together interact in order to disrupt the correct function of the cell and therefore lead the 
development and progression of the pathology (Vogelstein and Kinzler, 2004).  

Cancer occurs when genes involved in processes such as cell division, cellular differentiation, 
DNA repair and apoptosis become altered. As a result, cells escape normal growth regulation 
and obtain increased proliferative capabilities, forming tumors in tissues and even 
metastasizing to new organs (Weinberg, 1996). Nevertheless, it is recognized that cancer is a 
multistep process that requires several genes to be defective in order to develop. Cell 
transformation is therefore said to follow a “stepwise fashion”, in which genetic alterations 
occur over time and gradually determine each of the stages involved in the progression of a 
specific tumor (Fearon and Vogelstein, 1990). Initially, one cell develops a mutation that 
confers a growth advantage compared to the rest of the neighboring cells. With further cell 
divisions, clonal expansion of this cell will occur, and new mutations will be acquired. This 
“evolutionary” process will then select the cells that adapt better to the continuously changing 
microenvironment they are subject to, leading to their malignant transformation and ability to 
invade new tissues and metastasize (Stratton et al., 2009).   

The genes that are mutated in cancer have been classified into two main groups: oncogenes 
and tumor suppressor genes. 

1.1. Oncogenes 

Oncogenes are genes that can potentially lead to cancer. They originate from “proto-
oncogenes”, whose proteins have a normal function in the cell and are essential for promoting 
cell growth and proliferation. When a proto-oncogene becomes mutated, its product becomes 
significantly activated. These changes are referred to as “gain-of-function” mutations and lead 
to uncontrolled cell growth through constitutive expression of the encoded proteins (Panno, 
2005).  

There are different mechanisms by which a proto-oncogene can become activated and encode 
for an “oncoprotein”. For example, a point mutation in DNA sequence can occur and result in 
a hyperactive protein with increased activity. Alternatively, gene amplification can promote 
the increased production of a normal protein. Chromosomal rearrangements can also occur 
and promote either the formation of a fusion gene or the relocation of a specific gene to a 
position that is under regulation by a stronger promoter. These rearrangements can lead to the 
formation of chimeric proteins or the translation of normal but overexpressed products, 
respectively. Oncogenes are dominant, meaning that only one mutated allele is required in 
order to promote aberrant activity of the encoded protein.  

As reviewed by Luque and Herráez (2000), different types of proto-oncogenes are known to 
be involved in oncogenesis. A first group includes all the genes encoding for growth factors, 
whose aberrant activation result in increased protein activity. This is the case for sis, a proto-
oncogene coding for platelet-derived growth factor (PDGF). In consequence, the receptors for 
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these growth factors are also considered to be oncogenic when aberrantly expressed. For 
example, mutated erbA leads to constitutive expression of the epidermal growth factor 
receptor (EGF). A third group of proto-oncogenes include genes that encode intracellular 
signal transducers, for example ras, leading to a constitutively active “oncoprotein” despite 
the absence of cell division signals. Finally, transcription factors (e.g. myc, jun and fos 
families) and proteins that directly promote cell cycle progression and inhibit apoptosis (e.g. 
bcl-1 and bcl-2) are considered to be encoded by proto-oncogenes, since a mutation in these 
genes lead to overstimulation of both processes (Luque and Herráez, 2000). 

1.2. Tumor suppressor genes 

Tumor suppressor genes (TSGs) are essential for cellular function, since they mainly encode 
checkpoint proteins present in the cell cycle, ensuring an appropriate rate of division and 
suppressing this process when necessary. Tumor suppressor genes do not encode oncoproteins 
when mutated. On the contrary, their alterations inhibit the expression of their products and 
these “loss-of-function” mutations greatly increase the cell’s susceptibility to develop cancer 
(Panno, 2005). Another characteristic of TSGs is that their pattern of expression is recessive, 
therefore requiring both alleles to be defective in order to fully suppress the function of the 
encoded protein. This idea follows what has been established by “Knudson’s two hit 
hypothesis”, suggesting that two events or “hits” are necessary in order to silence the gene 
and its product in the cell (Knudson, 1971). These hits not only include point mutations but 
also translocations, insertions, deletions, chromosomal loss and epigenetic modifications such 
as promoter methylation. The inactivation of a TSG´s second allele is known as “loss of 
heterozygosity” (LOH). This event is more frequent than mutations and epigenetic changes 
themselves and can occur by mitotic recombination, gene conversion or by the loss of a 
chromosomal region close to the gene. It is unlikely for the same cell to suffer a “hit” in both 
alleles of a specific tumor suppressor gene. However, a cell that has inherited this previous 
mutation from its progenitor can suffer a second event and result in the complete inactivation 
of the gene (Sherr, 2004). Apart from this, it is important to consider that some tumor 
suppressor genes show haploinsufficiency (e.g. PTEN). Haploinsufficiency occurs when a 
single silenced allele is enough to cause increased cancer susceptibility, even when the gene is 
only partially inactivated. In some cases, haploinsufficiency results in a more malignant 
phenotype when compared to completely loss of a TSG. This is event is known as “obligate 
haploinsufficiency” and is probably due to the LOH-dependent activation of cell death 
mechanisms such as senescence or apoptosis (Berger et al., 2011).  

Tumor suppressor genes are classified into different types according to the proteins they 
encode in order to regulate cell proliferation. This group includes genes encoding cellular 
growth inhibitory factors (e.g. APC gene) as well as these factors’ receptors (e.g. TGF-β), 
which can lead to an absent ligand or the inactivation of its receptor when mutated. Also, 
transcription factors (e.g. Rb and p53) and proteins that directly inhibit cell cycle progression 
and promote apoptosis (e.g. bad and bax) are considered to be encoded by tumor suppressor 
genes, since their mutation suppresses both processes and induces the cell´s susceptibility to 
develop cancer (Luque and Herráez, 2000). 

Over a decade ago, tumor suppressor genes were shown to comprise a wider group of genes 
than previously known, encoding for products with quite different functions. As a result, a 
new classification for TSGs, including the group of “stability genes”, was suggested (Pearson 
and Van Der Luijt, 1998). 

Stability genes or “caretakers” comprise a subgroup of tumor suppressor genes that do not 
directly interfere in preventing cell proliferation. Instead, they are mainly involved in the 
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repair of damaged DNA in order to guarantee genomic stability. The loss of stability genes 
therefore leads to a higher mutation rate, facilitating the process of malignant transformation 
(Levitt and Hickson, 2002). Genomic instability can arise at different levels, ranging from 
whole chromosomal rearrangements to changes in the DNA nucleotide sequence. For this 
reason, different DNA repair mechanisms operate in the cell in order to rectify instability at 
each of these levels.  

Chromosomal instability (CIN) is the main type of genetic instability present in cancer 
genomes. It is represented by chromosomal changes that occur during cell division and is 
therefore the result of mutated genes involved in such genomic maintenance processes. 
Despite the fact that many genes could potentially be defined as “CIN genes”, only few have 
been identified. Some examples of CIN genes are hBUB1 and MAD2, involved in the spindle 
assembly checkpoint during the cell cycle (Barber et al., 2008). Other CIN and stability genes 
include BRCA1 and BRCA2, suggested to interact and transport the RAD51 DNA-repair 
protein into the nucleus (Levitt and Hickson, 2002). These events promote homologous 
recombination and therefore allow the repair of double break strands in the DNA. 
Homologous recombination is an error free repair mechanism, based in the nucleotide 
exchange between two identical DNA molecules. Consequently, it is recognized as an 
important and conserved mechanism in the cell to repair double strand breaks, which 
constitute the most toxic type of DNA damage (Weinberg, 2006). However, double strand 
breaks in the DNA can also be repaired by non-homologous end joining (NHEJ). This 
mechanism, contrary to homologous recombination, does not repair the breaks using a 
template strand; therefore it is an error prone system. In consequence, strand ends that are not 
proofread beforehand can be subject to NHEJ and be aberrantly joined together, resulting in 
chromosomal rearrangements that can promote oncogenesis (Kumma and Jackson, 2001). 

Stability genes can also operate to correct mismatch repairs along the DNA molecule. Base 
mismatches are a consequence of replication errors, which are not recognized by the DNA 
polymerase during its proofreading activity. This results in the formation of loops in the DNA 
molecule that ultimately lead to the distortion of the whole DNA helix. Mismatch repair 
genes, such as MLH1, MLH2, MHL6 and PMS2, are then those involved in the MMR 
machinery and responsible for the DNA repair process itself (Weinberg, 2006).  

1.3. The cancer genome 

As described previously, cancer is the result of cells acquiring various mutations that allow 
them to proliferate at a higher rate compared to their neighboring cells. As a consequence, 
these mutations are somatic and expected to appear and accumulate over time. Nevertheless, it 
is important to consider that less frequent mutations can be present in the fertilized egg and be 
consequently inherited either in a dominant (e.g. Li-Fraumeni syndrome) or recessive way 
(e.g. Xeroderma pigmentosum) (Weinberg, 2006). 

The somatic mutations that cancer cells contain have been acquired in order to adapt to the 
constantly changing microenvironment. However, not all of these mutations have been 
directly involved in oncogenesis and have rather been already present in the tumor cells. For 
this reason, the terms “driver” and “passenger” mutations have been proposed. They 
distinguish mutations that are directly implicated in driving oncogenesis from those that have 
not been positively selected by the microenvironment and therefore have not contributed with 
cancer development and progression (Stratton et al., 2009).  It is essential to discern between 
“driver” and “passenger” mutations since understanding, prognosis and treatment of cancer 
rely only upon the first group of alterations. 
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Both proto-oncogenes and tumor suppressor genes show alterations in cancer. These 
mutations are present in diverse ways and not only comprise “point mutations” in the genes. 
Translocations, including both intrachromosomal and interchromosomal rearrangements have 
been reported in many cancers. This event is most frequently observed in leukemias, with the 
translocation between chromosomes 9 and 22 being the most studied translocation. This 
chromosomal rearrangement leads to the formation of the “Philadelphia Chromosome”, 
encoding the chimeric protein BCR/ABL and promoting the development of Chronic 
Myelogenous Leukemia (CML) (Nowell and Hungerford, 1960). Insertions and deletions of 
whole DNA fragments and aneuploidy have been also reported in many cancers, especially in 
leukaemias and kidney adenocarcinomas (Gordon et al., 2012). Finally, copy number 
variation is an alteration that promotes increased expression of genes and can therefore lead to 
oncogenesis. In some neuroblastomas, for example, the amplification of N-myc to over ten 
times the normal level has been positively correlated with the development of the tumor and 
the reduced survival of the affected patients (Chen et al., 1999). Gene amplifications have 
also been used as predictive markers for certain cancers. In a recent study, amplification of 
EGFR was proposed as a genetic signature for squamous cell lung carcinoma (Lee et al., 
2012). 

Cancer genomes reflect the cell´s genetic instability through general aneuploidy and a wide 
range of chromosomal and point mutations that accumulate over time and lead to the 
pathological progression of the disease. However, epigenetic changes have also been reported 
in numerous cancers (Herman et al., 1994; Esteller et al., 2000; Fraga et al., 2004). These 
include histone modifications and altered DNA methylation patterns. It is now known that the 
promoter region of tumor suppressor genes is generally silenced though hypermethylation, 
while cancer genomes exhibit global hypomethylation that activate potential oncogenes and 
promote oncogenesis (Hatziapostolou and Iliopoulos, 2011). Understanding these 
mechanisms is therefore of great importance in order to develop effective drug therapy against 
cancer and prevent its progression in already affected patients. 

 

1.2. The pathogenesis of colorectal cancer 

Colorectal cancer (CRC) is the third most common type of cancer in the United States, 
responsible for 1.000.000 new cases worldwide every year (National Cancer Institute, 2011). 
Males are more commonly affected, with an average age of disease onset of 67 years. CRC is 
characterized by the transformation of normal colonic epithelial cells into malignant polyps, 
this process taking from 8 to 12 years (Cunningham et al., 2010). This pathology is the result 
of both activation of oncogenes and silencing of tumor suppressor genes (Figure 1), whose 
alterations accumulate and lead to the progression of the disease over time (Wasif and Chu, 
2010). 
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Figure 1. Genetic model for colorectal cancer progression. Colorectal cancer is initiated by an inactivating 
mutation (shown in red) in a gene involved in the APC/β-catenin pathway. This somatic alteration is supposed to 
occur in a colorectal epithelial stem cell and is responsible for the formation of an adenoma. Further activating 
mutations (shown in green) in genes involved in the KRAS/BRAF pathway promote the growth of the adenoma 
into a size of clinical significance. In small adenomas it is also observed that the chromatin modulator CDC4 and 
other CIN genes are commonly inactivated. The transition from benign (adenoma) to malignant (carcinoma) 
tumors is the result of further mutations in key genes involved in the TGF- β, PIK3CA and TP53 pathways. 
Finally, some tumors acquire over time (approximately 2 years) the ability to invade new tissues and metastasize 
(Jones et al., 2008). 

 

Colorectal cancer mostly occurs sporadically during the patient´s life. However this disease 
can also be dominantly inherited if previous familial cases are present (Cunningham et al., 
2010).  Both somatic and inherited forms of the disease exhibit different molecular 
mechanisms and therefore lead to various different phenotypes that require independent study.  

1.2.1. Hereditary colorectal cancer 

It is estimated that about 35% of all CRC is caused by a genetic component and that only 15% 
of colorectal cancer cases are actually classified as inherited (Lichtenstein et al., 2000). It then 
remains clear that research must be focused in discerning the unknowns behind the origin of 
the pathology in order to understand its development and progression. Hereditary colorectal 
cancer is a dominant syndrome mostly expressed in patients with familiar history. In this case, 
the risk of disease development is two or even three times higher in first degree relatives 
(Johns and Houlston, 2001). As with all hereditary cancer syndromes, hereditary CRC is 
caused by mutations present in the germline, affecting stability genes and other tumor 
suppressor genes. As a result, individuals with these mutations have a predisposition to 
developing colorectal cancer during their lifetime. CRC is mainly expressed in two 
syndromes, each of them with a high penetrance. 

The first, known as hereditary non-polyposis colorectal cancer (HNPCC) or Lynch syndrome, 
is responsible for around 35% of inherited CRCs and is described as a genetic syndrome 
caused by deficiencies in the mismatch repair system (MMR) that lead to microsatellite 
instability (Cunningham et al., 2010). The germline mutations present in HNPCC include the 
genes MLH1, MLH2, MHL6 and PMS2, all involved in the MMR machinery. Tumors that are 
MMR-deficient are shown to be more aggressive and have an increased resistance to 
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cytotoxic agents (Wasif and Chu, 2010). The phenotype for HNPCC includes a small number 
of pre-malignant adenomas that progress rapidly to becoming malignant.  

The second form of hereditary CRC is known as familial adenomatous polyposis (FAP) and 
accounts for about 2% of total inherited cases. It is a genetic syndrome that arises from 
mutations in the APC tumor suppressor gene, involved in the Wnt/β-catenin pathway. FAP is 
characterized by the formation of many small adenomas, which slowly progress into 
malignant tumors (Cunningham et al., 2010). 

1.2.2. Sporadic colorectal cancer 

Sporadic colorectal cancer represents around 85% of total CRC cases. It is caused by genetic, 
epigenetic and environmental factors (e.g. meat and fat diet, obesity, smoking and alcohol 
consumption) that together contribute to the alteration of key signaling pathways involved in 
cell growth and proliferation (Cunningham et al., 2010).  

The Wnt/ β-catenin pathway is altered in essentially all CRCs, including both sporadic and 
inherited cases (Wasif and Chu, 2010). It is essential for processes such as embryonic 
development and epithelial regeneration of the intestines. Generally, the pathway is based on 
APC-encoded proteins that form the β-catenin destruction complex and trigger the 
degradation of this protein in the proteosome. If mutations in APC occur, the destruction 
complex is not correctly formed and β-catenin accumulates in the cytoplasm. As a 
consequence, the protein is translocated into the nucleus and activates transcription factors for 
target genes such as c-Myc and Cyclin D (Macdonald, 2009). Additionally, it has been shown 
that the APC and CTNNB1 genes, together with gene fusions in the TCF family are mutually 
exclusively mutated in the Wnt/ β-catenin pathway (Willert and Nusse, 1998; Gerstein et al., 
2002). 

Another highly implicated pathway in sporadic colorectal cancer is TGF-β-SMAD (Wasif and 
Chu, 2010). It is involved in apoptosis and in key cellular processes such as proliferation, 
differentiation and migration. This is due to the presence of a SMAD complex, which 
becomes activated when ligands bind to the TGF-β receptor. In consequence, transcription of 
the target genes p21, p27 and p15 occur, leading to cell cycle arrest. Nevertheless, it has been 
reported that aberrant TGF-β expression can also lead to the transcription of mitogenic growth 
factors such as TGF-α and EGF, consequently promoting tumor progression and metastasis 
(Moustakas, 2002).  

Additionally, Ras is a key pathway involved in the development of colorectal cancer. The 
RAS superfamily consists of over 100 monomeric small G proteins that are able to transmit 
extracellular signals in order to activate intracellular signaling cascades. RAS proteins contain 
a GDP/GTP binding site and therefore can act as GTPases. When the protein becomes 
functionally active, it can transduce numerous signaling cascades (e.g. RAF, MEK, ERK) that 
regulate cell growth and cell cycle progression.  The RAS family of proteins are all encoded 
by the RAS gene and comprise four different variants: HRAS, NRAS, KRAS4A and 
KRAS4B. These last two proteins have shown to be specifically mutated in 30 % - 40 % of 
colorectal cancers, leading this alteration to a constitutive expression of KRAS. As a 
consequence, cell growth and cell cycle progression are downstream processes that become 
favored (Wasif and Chu, 2010). 

Finally, the PI3K pathway has a key role in the progression of colorectal cancer. The PI3 
kinase belongs to a superfamily of 12 proteins, which respond to cellular stimulus upon the 
presence of growth factors, hormones, vitamins and intracellular calcium. Normally, when 
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one of these ligands binds to its respective receptor, a subunit of the PI3 kinase known as p85 
interacts with the intracellular domain of such receptor. As a consequence, this union triggers 
the dimerization of subunit p85 with p110, leading to the kinase’s activation. Finally, the PI3 
kinase phosphorylates the lipid PIP2 to generate PIP3. This molecule acts as a “second 
messenger” and interacts with other proteins involved in processes such as tumorigenesis, cell 
survival, cell growth and proliferation, cell repair, migration and angiogenesis. PI3KCA, an 
isoform of PI3K, has shown to be constitutively active in colorectal cancer, regulating the 
function of downstream proteins such as PDK-1 and Akt/PKB, which play an active role in 
modulating apoptosis, gene transcription and cell cycle progression (Wasif and Chu, 2010).  

1.3. Sequencing of cancer genomes 

In order to understand the molecular mechanisms that trigger the development and 
progression of cancer, it has been necessary to identify the genes associated to the 
pathogenesis of the disease in various tumor types. Initial cancer research focused on 
candidate gene recognition techniques through the use of transforming viruses and cell 
transfection techniques (Collier and Largaespada, 2006). These methods were suitable for 
detecting genes with oncogenic functions and enabled the discovery of the first proto-
oncogene (c-src) in 1911 (Stehelin et al., 1977). At the same time, cytogenetic studies 
expanded the knowledge of how cancer mutations could be present in the genome, revealing a 
variety of chromosomal aberrations that seemed specific to certain cancers. Direct 
identification of cancer genes was made possible by screening assays, which allowed 
sequence analysis of the altered gene (Collier and Largaespada, 2006). The first mutation 
acknowledged to cause cancer was detected in 1982 in the HRAS oncogene, commonly 
mutated in bladder and thyroid carcinomas. This alteration caused a glycine-valine change in 
the Ras peptide, leading to structural changes in the protein and alteration of its dependent 
down-stream signaling pathways (Wong-Staal et al., 1981).  

During the last thirty years, numerous novel techniques have been exploited for cancer gene 
identification. Furthermore, the completion of the human genome project has made the “raw 
material” available in order to identify novel candidate cancer genes more easily. The 
development of microarrays, for example, has allowed the comparative study of gene 
expression between cancerous and normal tissues belonging to the same patient. (Collier and 
Largaespada, 2006). 

Despite all the methods that have allowed further understanding of oncogenesis, DNA 
sequencing has been the first tool for analyzing cancer genomes (Stratton et al., 2009). The 
amplification of numerous cancer genes by PCR and its subsequent sequencing has allowed 
the identification of a wider number of point mutations that are responsible for oncogenesis 
(Mardis and Wilson, 2009). This strategy was first performed through the “Sanger 
sequencing” method, developed in 1977 (Sanger et al., 1977). 

1.3.1. Sanger sequencing 

Sanger sequencing is a ‘first generation sequencing’ method by which complementary DNA 
is synthesized using 2´-deoxynucleotides (dNTPs) and DNA polymerase (Figure 2). With the 
help of a primer, this enzyme is capable of extending the oligonucleotide sequence and 
replicating the DNA. In order to finish the synthesis, a low concentration of 2´ 3´-
dideoxynucleotides (ddNTPs) is incorporated into the reaction. Since the DNA polymerase is 
unable to extend the DNA strand each time a ddNTP is incorporated, terminated DNA 
fragments of all sizes will result at the end of the synthesis reaction. Size-separation of these 
fragments through electrophoresis will then provide the order of the ddNTPs that have been 
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incorporated, determining the sequence of the synthesized fragment complementary to the 
original DNA strand (Sanger et al., 1977). 

As reviewed by Metzker (2005), the basic Sanger sequencing technique has been adapted in 
the past years to facilitate the detection of the incorporated nucleotides. Some alternatives 
include the use of fluorescent labeled primers (Smith et al., 1986) and fluorescent dyes for 
ddNTPs (Ju et al., 1995) as well as the use of capillary array electrophoresis (CAE) 
(Takahashi et al., 1994) for optimum nucleotide detection. 

 

Figure 2. Sanger sequencing. a) The first step in Sanger sequencing consists in the dissociation of the DNA 
molecule into its two single strands, which will enable the annealing of radioactive or fluorescently labeled 
primers (1). Four separate reactions are performed, each containing deoxynucleotides (dNTPs) and one type of 
dideoxynucleotide (ddNTP) base. DNA elongation is performed by the DNA polymerase until one ddNTP is 
incorporated (2). After various elongations, DNA molecules of all sizes will be available and will allow the 
discernation of the DNA sequence. This step is performed in separated lanes of an agarose gel (3), which is then 
read from the bottom up. The obtained sequence results complementary to the sequenced DNA strand. b) A 
variant of traditional Sanger sequencing includes the use of different fluorescent labeled ddNTPs, which can be 
added in a single reaction and then read by a spectrophotometer (Modified from: Kotrla, 2007). 

 

Sanger sequencing has shown high accuracy in point mutation recognition. This is due to the 
long read lengths that can be detected (up to 1000 bp) with the technique, therefore becoming 
a preferred gene analysis method at the present (Mardis and Wilson, 2009). However, cancer 
research has shown during the past decades that the mechanisms behind this pathology are 
still not completely known and that techniques that only detect point mutations are not 
sufficient to further understand oncogenesis. The need for highly sensitive and parallel 
massive sequencing platforms has led to the development of “next-generation sequencing” 
(NGS) technologies. 

 

 



9 
 

1.4. Next-generation sequencing 

Next-generation sequencing (NGS) technologies comprise a group of methods that prepare 
and sequence data in platforms that allow high throughput of information at a lower cost per 
base than “first-generation” technologies such as Sanger sequencing. The ability of NGS 
technologies to sequence several genomes in a single run not only allows large-scale studies 
comparing organisms, but also makes possible the re-sequencing of human genomes in order 
to understand further the molecular mechanisms that trigger the development of various 
diseases (Metzker, 2010).  

The strategies used by “second generation” technologies consist of an initial preparation of a 
DNA library that is fixed to a solid support followed by various types of sequencing methods.  
Currently, four NGS platforms are commercially available: Roche/454 FLX, Illumina/Solexa 
Genome Analyzer, Applied Biosystems SOLiD™ System and Pacific Biosciences SMRT 
(Mardis, 2008). Each of these platforms has preferred techniques for library preparation and 
the sequencing reactions are based on different chemical principles. Illumina, 454 and SOLiD 
sequencing, for instance, obtain their initial libraries by annealing “linkers” to the DNA 
fragments of interest, which can later be selectively amplified by PCR. Illumina and 454 
platforms perform the incorporation of the nucleotides by synthesis, in which the DNA 
polymerase adds each nucleotide at a time. On the contrary, SOLiD sequencing is done by 
ligation, with the DNA ligase mediating the nucleotide insertion (Meldrum et al., 2011). 

The advantage of “second generation” platforms, especially the Roche 454 sequencer, is that 
they are continuously approaching the read lengths conventional Sanger sequencing can offer. 
The Illumina® platform has shown a higher output capacity (about 600 Gb per run) when 
compared to other sequencers, and is therefore the method of choice for large projects, such as 
those involved in cancer genomics (Meldrum et al., 2011). This was the sequencing method 
of choice in this study and is described in the next section.  

Helicos and Pacific Biosystem platforms do not require a previous PCR amplification step, 
since they are based on “single molecule” sequencing. More specifically, the initial template 
is randomly fragmented and “adaptors” are added to both of its ends, allowing the resulting 
molecule to hybridize with its respective primer fixed in the solid support. This PCR-free 
protocol has led to the classification of Helicos and Pacific Biosystem sequencing methods as 
“third generation” technology.  

1.4.1. Illumina Genome Analyzer 

Illumina® sequencing is performed in three steps: genomic library preparation, bridge 
amplification of the template DNA and the sequencing reaction itself. Initially, the genomic 
DNA is fragmented and subject to repair and adenylation. This last modification allows the 
binding of “adaptor” molecules to both DNA strands, generating the fragments that comprise 
the genomic library to be sequenced. 

Afterwards, the template DNA is fixed in a “flow cell” containing eight channels with 
immobilized primers. This process occurs through the binding of these oligonucleotides with 
the adaptors found on each DNA fragment, allowing the hybridization of each primer with its 
respective template molecule. 

Once the DNA fragments are hybridized with their respective primers, the elongation of the 
oligonucleotides is promoted enzymatically by the use of a DNA polymerase. This will result 
in the creation of multiple copies of the same template molecule. After several reaction 
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cycles, the DNA polymerase will have amplified the same DNA fragment many times. This 
event is known as “bridge amplification” and generates approximately one million in situ 
copies of each template DNA molecule and over a billion clusters in the flow cell (Figure 3). 

 

Figure 3. Illumina solid-phase amplification. Sequencing in the Illumina® platform takes place in solid support 
or flow cell where the template is fixed via primers. The first step consists in the initial priming of the DNA 
template (5 µg), where the adaptor primers are added. This will allow the sample to be immobilized in the flow 
cell. Posterior addition of the dNTPs and DNA polymerase will enable extension of the template through bridge 
amplification. Over the course of sequencing cycles, one original DNA molecule will have formed one million in 
situ copies and 100-200 million total molecular clusters in the flow cell, which can be read by the platform’s 
optical equipment (Modified from: Metzker, 2010).  

 

For the sequencing reaction itself, all four types of nucleotides are added together with the 
DNA polymerase and are incorporated one at a time per sequencing cycle (Mardis, 2008). 
These nucleotides are dye-labeled for detection purposes and contain the fluorophore in the 
3´-oxygen of the 2´-deoxyribose sugar. To guarantee unique incorporation events, 3´-blocked 
reversible terminators are used (Figure 3). Specifically, a blocking group, generally 3´-O-
azidomethyl, is incorporated in the 3´end of the nucleotide so that posterior elongation cannot 
occur (Metzker, 2010). 
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Figure 4. Modified nucleotide used in Illumina next-generation sequencing method. Sequencing in the 
Illumina® platform is based on the use of 3´-blocked reversible terminators. These nucleotides are fluorescently 
labeled for individual recognition in each sequencing cycle. The black arrow indicates the site of cleavage 
between the fluorophore and the nucleotide. In order to guarantee unique incorporation events by the DNA 
polymerase, the nucleotides are also modified with blocking groups, in this case 3’-O-azidomethyl (shown in 
red). After each sequencing cycle, the incorporated nucleotide is modified and a –OH group is added at the 3’end 
of the base. This modification, repeated after every cycle, leads to the accumulation of residual chemical 
structures shown in blue (Modified from: Metzker, 2010). 

 

In order to continue sequencing, the 3´blocking group and the fluorophore are removed from 
the incorporated nucleotide (Figure 5) (Mardis, 2008). The restoration of the nucleotide is 
chemically promoted using tris(2-carboxyethyl)phosphine (TCEP), a reducing agent that 
regenerates the 3´-OH group in the base and enables the incorporation of a new nucleotide by 
the DNA polymerase (Metzker, 2010). 
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Figure 5. Reversible termination methods employed in Illumina sequencing. The first step in Illumina® 
sequencing is the incorporation of all four fluorescently labeled nucleotides. Due to its modifications, only one 
nucleotide is incorporated by the DNA polymerase every cycle. Posterior steps include washing for residual 
nucleotide removal and color imaging for detection of the incorporated base. Subsequently, dye and blocking 
groups are removed in order to reverse the nucleotide’s natural condition. After another washing step, 
incorporation of the next labeled nucleotide in a second cycle is enabled. The steps are repeated as many cycles 
as desired (Modified from: Metzker, 2010).  

 

Finally, and after every sequencing cycle, the optic equipment of the Illumina® platform 
gathers images of the recently incorporated nucleotides, which allows discerning the sequence 
of the newly synthesized DNA strand. 

The appearance of Illumina® and other NGS platforms in the market has allowed the 
sequencing of whole individual genomes, allowing a detailed view of the alterations 
(including copy number variations and chromosomal aberrations) that are present in an 
affected patient. Nevertheless, as promising as it sounds, it is also a fact that the cost of whole 
genome sequencing (WGS) remains high, especially with regard to data storage and analysis 
requirements. For this reason, sequencing and analysis of the genome have been restricted to 
regions that are targeted in order to answer a particular biological question. This approach, 
defined as “targeted DNA sequencing”, is based on the development of methods that enrich 
the amplification of genomic regions of interest prior sequencing and analysis.  The current 
targeted enrichment methods include Fluidigm Access Array, RainStorm, MIP, TruSeq 
Amplicon and Hybridization Capture, with the last two procedures being those compatible 
with the Illumina® sequencing platform (Meldrum et al., 2011).  
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 Enrichment by hybridization is based on the use of probes that hybridize with target 
DNA regions prior sequencing. This technique allows the “capture” of several genes per 
reaction and therefore is practical for massive sequencing assays. This technique represents 
the biggest capture size capacity available in the market (42-62 Mb), but still provides less 
specificity (70-80% on target) than normal PCR procedures. For this reason, a method that 
allows the amplification of many DNA targets with high specificity is optimal for minimizing 
the target enrichment procedures prior to massively parallel sequencing assays (Meldrum et 
al., 2011). 

 1.4.1.1. HaloPlex selector technology 

A multiplexed PCR amplification method with high target DNA specificity was developed by 
Dahl et al. in 2005. This technique is based on the use of “selector” probes, which hybridize 
with target DNA and promote their circularization. The resulting construct, containing all 
desired regions, can then be amplified by PCR and analyzed in any massive sequencing 
platform (Dahl et al., 2005).  

As shown in figure 6, the method requires a ≈ 80 nt selector probe for each target region that 
one wants to amplify and one ≈ 40 nt vector oligonucleotide. Each probe contains two 
sequences at both ends (≈ 20 nt in length), complementary to the target DNA sequence and 
connected by a sequence motif common for all probes. The vector oligonucleotide, on the 
other hand, is complementary to this motif.  

The first step in the method is to combine digested DNA with each selector probe in one tube. 
The hybridization of each probe to their respective target region will lead to a circular 
complex than is then “closed” by action of a DNA ligase. Finally, PCR amplification of the 
circular products can be performed using a pair of universal primers. This will allow 
enrichment of the desired target regions prior to sequencing (Dahl et al., 2007).  
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Figure 6. Steps for performing the selector method. a) The selector technique is specific for target regions in 
the DNA molecule (shown in green, purple and red color). b) The first step in the method consists in DNA 
cleavage with restriction enzymes, separating the fragments of interest. c) After washing the residual DNA 
fragments, selectors are added for each target sequence. The selectors contain a vector and a probe. The probe is 
80 nt long and contains two ends (20 nt long) complementary to the target region’s sequence. These ends are 
linked by a sequence motif (in grey) that is common for all probes and that is complementary to the vector’s (40 
nt) sequence. d) Hybridization of the selectors with the target regions will result in a circular DNA structure, 
which is used as sequencing template (Modified from: Dahl et al., 2007). 

As the described method shows, selector technology is valid for multiple gene sequencing 
needs and can also minimize the validation work required after sequencing with “second-
generation” technologies.  The HaloPlex PCR technology has been used in the cancer 
genomics field and has not only been proposed for the discovery of novel cancer mutations 
(Dahl et al., 2007) but has actually allowed the targeted re-sequencing of cancer genomes 
(Johansson et al., 2010).  

1.5. The discoveries of cancer genome sequencing 

The improvement of sequencing and data analysis techniques has led to the discovery of 
novel genes and pathways related to oncogenesis. In 2006, for instance, the coding sequences 
for breast and colorectal cancers became available (Sjöblom et al., 2006). The study covered 
the analysis of 13,023 genes in 11 tumors belonging to each cancer type and suggested a 
strategy for approaching genome-wide studies. The results showed that a single tumor 
contains an average of 90 mutated genes, with only a minority of these actually promoting 
neoplastic events. Furthermore, 189 of all genes were shown to be mutated in high frequency. 
The obtained data then showed that, at least for breast and colorectal cancers, many cellular 
functions (e.g. transcription, adhesion and invasion) were significantly altered (Sjöblom et al., 
2006). 
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In the year following the publication of this study, the “landscapes” of breast and colorectal 
cancer genomes were discerned (Wood et al., 2007). The greatest contribution of this study to 
cancer genomics was the illustration that the progression of these two types of cancers is 
driven by a large variety of less frequently mutated genes (that vastly vary in each tumor) 
instead of a smaller number of highly mutated genes. This study also showed that from 80 
total average mutations found in a tumor, less than 19% are actually responsible for leading 
the tumor´s progression. Also, the majority of altered genes showed to belong to a limited 
number of pathways involved in cell progression and the maintenance of genomic stability. 
The conclusions of this study suggest the importance of detecting the less frequently mutated 
genes in each patient´s tumor, perhaps contributing in a future with personalized cancer 
therapy (Wood et al., 2007). 

The use of NGS platforms and massively parallel sequencing has also allowed the recognition 
of novel somatic alterations, including point mutations that are also present in cancer. In 2008, 
for example, Campbell et al. identified novel chromosomal rearrangements involved in 
oncogenesis. In this case, DNA belonging to two lung cancer patients was sequenced on the 
Illumina® platform and later read from both ends.  After matching the obtained read pairs with 
the reference human genome, 103 somatic rearrangements were found between the two 
genomes. These modifications included deletions, tandem duplications and inversions within 
the same chromosome but also interchromosomal translocations. Most of the rearrangements 
resulted in aberrant transcripts and two of them created fusion transcripts (Campbell et al., 
2008).  

A similar study was recently performed with nine colorectal cancer patients. Whole-genome 
sequencing and reference sequence alignments revealed that 75 somatic rearrangements were 
present on average in each tumor. Furthermore, eleven of these translocations caused fusion 
proteins, due to the novel fusion transcript between VTI1A and TCF7L2. The function of the 
encoded chimeric protein is unknown; however it is indicated to be involved in cell growth 
biological processes. This function is implicated as TCFL2 encodes transcription factors 
required for the proliferation and differentiation of intestinal epithelial cells (Bass et al., 
2011). 

Global genomic analyses have also shown that identification of new pathways and processes 
altered in cancer is most effective when the patients´ genome is analyzed in depth using NGS 
technologies. In 2008, for example, an acute myeloid leukemia genome was sequenced with 
its respective normal counterpart. This study also led to the discovery of ten novel mutations, 
with eight present in all analyzed tumor cells. In this case, the alterations included nonsense, 
missense and indel non-synonymous somatic mutations (Ley et al., 2008). 

In 2010, the first catalogue of somatic mutations became available for a cancer patient. 
Specifically, a malignant melanoma genome was sequenced from one affected individual 
together with its normal counterpart, represented by a lymphoblastoid cell line. The results not 
only showed the insertions, deletions and substitutions present in the aberrant genome, but 
also the copy number variations, regions of LOH and chromosomal rearrangements  present 
due to ultraviolet-caused DNA damage (Pleasance et al., 2010). 

One of the biggest cancer genome-wide analysis was performed last year. The Cancer genome 
Atlas Research Network published a catalogue of all mutations involved in the development 
of ovarian cancer. In this case, all coding regions of 316 genomes were analyzed and results 
led to finding mutations in the TP53 tumor suppressor gene present in 96% of the tumors. 
However, the importance of this project relies on the fact that mRNA and miRNA expression 
were analyzed together with DNA copy number variations and promoter methylation status. 
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Novel copy number aberrations were found in the genes NF1, BRCA1, BRCA2, RB1 and 
CDK12 and promoter hypermethylation was detected in 168 genes. Finally, the study focused 
in analyzing main affected pathways in ovarian cancer, resulting NOTCH and FOXM1 
signaling defective in this type of tumors (The Cancer Genome Atlas Research Network, 
2011).  

Despite all the effort that has been put into sequencing and analyzing a great number of 
cancer genomes, few novel mutations have been reported in these large studies compared to 
an expected number of somatic alterations per tumor. This reflects the need of using re-
sequencing methods that focus on clarifying the unknowns of specific target regions. Targeted 
sequencing assays can then provide a better understanding of the mutated genes present in a 
specific type of cancer and the catalogue of mutations they present in various patients.  

2. Aims 

2.1. General aim of the project 

The aim of the project is to validate, by Sanger sequencing, potential genes associated with 
colorectal cancer. 

2.2. Specific aims of the project 

- Validate known mutations in the APC tumor suppressor gene in order to prove the 
effectiveness of the bioinformatic analysis and filtering used. 

- Amplify by PCR the genes potentially involved with the development of colorectal cancer, 
either due to the fact that they belong to novel signaling pathways involved with the 
pathology or because they present a high mutation density. 

 Amplify (by PCR) a group of genes that constitute epigenetic modulators and that 
present potentially novel alterations in colorectal cancer. 

 Amplify by PCR a group of genes with high mutation density, including genes 
involved in calcium signaling pathways and genes whose alteration leads to the 
formation of premature stop codons.  

- Sequence the obtained DNA fragments by the chain-terminator method (Sanger 
sequencing).  

- Analyze the obtained sequences for each genomic position of interest, comparing matched 
tumor and normal sample pairs 

-Investigate the functional role of the genes that presented true somatic mutations and their 
potential relationship with the development of colorectal cancer.   
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2. Results 

The bioinformatic filtering of all reads obtained by Illumina® sequencing allowed the 
determination of 15,392 putative novel mutations. These were present only in the tumor 
samples belonging to the 96 analyzed patients. The obtained list of somatic mutations 
comprised both intronic and exonic alterations, including synonymous and nonsynonymous 
mutations, stop gains, splicing variants, and disruptions in the 3´ and 5´ untranslated regions. 
These alterations were found in a total of 546 genes, involved in different signaling pathways 
and biological processes.  

In order to assess the effectiveness of the bioinformatic analysis and filtering, six mutations in 
the APC gene were chosen for validation. These mutations were originally detected by an 
independent Illumina® sequencing assay based on molecule barcoding, where it is possible to 
determine the number of times a DNA molecule has been read. These mutations were also 
later found by the Haloplex library prep used to find all the other mutations validated in this 
study. Some of these mutations were shown to be unique in fresh tissue, in FFPE tissue or in 
both. Considering that fresh tumor and normal samples were used in this project, only 
mutations present in both type of tissue or just in fresh tissue would be expected to be 
confirmed by Sanger sequencing. The six genomic positions chosen for validation are shown 
in Table 1.  

 
Table 1. Genomic positions in the APC gene chosen for validating the bioinformatic 
analysis. 

Tumor 
Sample 

Normal 
Sample 

Mutation Position 
Reference 

Allele Ratio* 

7 8 Frameshift chr8:112175957 0.60 

7 8 
Nonsynonymous  

(G>A) 
chr8:112173888 0.67 

7 8 
Nonsynonymous  

(A>G) 
chr8:112178208 0.73 

31 32 
Nonsynonymous  

(A>G) 
chr8:112174806 0.83 

39 40 
Nonsynonymous  

(C>T) 
chr8:112175639 0.81 

39 40 
Nonsynonymous  

(C>T) 
chr8:112128143 0.55 

*The reference allele ratio refers to the probability of the mutated base being the same as the wild-type. 
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The six genomic positions were amplified by PCR in the tumor and normal paired samples. 
The correct size of the purified products was shown by gel electrophoresis as seen in figure 7. 

 
Figure 7. Purified PCR products belonging to tumor and normal paired samples with alterations in the 
APC gene. All genomic regions of interest were amplified by PCR and purified using the SPRI-based protocol 
prior to sequencing. 
 

Sanger sequencing was able to confirm three out of four positions that were expected to be 
present in the tumor samples belonging to this project (Figure 8). 
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Figure 8. Genomic positions in APC validated by Sanger sequencing. Five out six genomic positions were 
analyzed after Sanger sequencing and three out of four expected mutations to be present in the tumor sample 
were validated. One of the somatic alterations includes a frameshift (shown in A) and the other two (shown in B 
and C) comprise nonsynonymous mutations that lead to a C>T base change. 
 
 
From the list of total filtered tumor-specific mutations, a subset of genomic positions was 
chosen for validation studies. The selection was prioritized to include novel pathways 
involved in the development of colorectal cancer as well as genes either showing somatic 
alterations with a potential functional effect or simply a highly recurrent mutation rate. 
Following these criteria, 23 genes containing 1,236 total genomic positions were chosen 
besides APC for analysis. The selected genes included 15 epigenetic modulators (ARID1A, 
DAXX, DNMT3A, DPF1, EP300, HDAC5, JMJD1C, MLL, MLL2, MLL5, MTOR, RICTOR, 
SMARCA4, SMARCA5 and ULK1), 3 highly mutated genes (CACNA2D1, FNDC1 and ITPR1) 
and 5 genes whose alterations included putative stop codons of interest (AKAP9, CYLD, 
KDM4B, PRKD1 and SOCS6). The somatic mutations present in these chosen genes are 
represented in figure 9 for 23 patients with known CRC clinical status. 
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Figure 9. Different somatic mutations 
present in patients with a known stage 
of colorectal cancer. In the plot, each 
column represents a patient and each row 
a mutated gene. The color of the squares 
indicate a specific type of mutation: red 
for nonsynonymous, green for 
synonymous, purple for stop gain, 
orange for splicing variant, dark blue for 
intronic mutation and light blue for 
alteration in the 3’ UTR. A number 
inside a colored square represents the 
quantity of mutations present per 
alteration type. At the end of each 
column and row, a total of alterations per 
patient and gene are shown respectively. 
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The list of novel somatic mutations obtained from the Illumina® data for these patients 
showed a highly heterogeneous distribution. Approximately 44.5 % of the individuals 
presented stop gains in the APC gene, while most of them showed at least one alteration in the 
highly mutated subset of genes. Interestingly, this group of genes presented different 
mutational patterns. For example, FNDC1 and DNMT3A presented mostly nonsynonymous 
mutations, while CACNA2D1 and ITPR1 also showed synonymous mutations, stop gains and 
intronic alterations in some patients. However, it seems that nonsynonymous mutations are 
predominant in this group of genes. Lastly, the epigenetic modulators also presented a high 
variety of mutations, characterized mostly by intronic alterations and nonsynonymous 
mutations. In terms of mutation rate, each patient presented an average of 12.3 ± 5.2 
alterations, which showed a tendency of becoming more complex with both the progression of 
the disease and the relapse status of the affected individual.  

In order to validate the identified mutations, genomic positions with a reference allele ratio 
between 0.2 and 0.8 were chosen for each of the selected genes. This filtering process resulted 
in a total of 90 positions, shown in the appendix 1. 

Before proceeding with the validation of the mutations, samples with low DNA concentration 
were whole-genome amplified (Table 2) with the purpose of obtaining an adequate template 
quantity for further amplification of the regions of interest.  
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Table 2. Tumor and normal samples subject to Whole Genome Amplification. 

Sample Tissue of Origin 
Initial Amount of DNA 

(µg) 
Overall Yield 

(µg) 

179 Tumor 0.05 23.60 

109 Tumor 0.05 19.50 

61 Tumor 0.05 23.01 

139 Tumor 0.05 28.00 

71 Tumor 0.05 24.05 

13 Tumor 0.05 26.50 

177 Tumor 0.05 26.50 

129 Tumor 0.05 24.50 

89 Tumor 0.05 27.75 

31 Tumor 0.05 25.25 

175 Tumor 0.05 29.75 

1612_T Tumor 0.05 23.93 

33 Tumor 0.05 35.00 

131 Tumor 0.05 36.00 

151 Tumor 0.05 18.00 

6289_T Tumor 0.05 27.50 

8528_T Tumor 0.05 23.20 

20061_T Tumor 0.05 26.00 

1 Tumor 0.05 24.15 

23 Tumor 0.05 24.00 

29 Tumor 0.05 22.75 

35 Tumor 0.05 25.00 

37 Tumor 0.05 24.25 

39 Tumor 0.05 28.00 

45 Tumor 0.05 29.00 

55 Tumor 0.05 > 50.00 

57 Tumor 0.05 30.50 

63 Tumor 0.05 35.50 

75 Tumor 0.05 > 50.00 

77 Tumor 0.05 > 50.00 

79 Tumor 0.05 > 50.00 

81 Tumor 0.05 > 50.00 

87 Tumor 0.05 > 50.00 
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101 Tumor 0.05 > 50.00 

121 Tumor 0.05 > 50.00 

123 Tumor 0.05 > 50.00 

135 Tumor 0.05 > 50.00 

137 Tumor 0.05 > 50.00 

147 Tumor 0.05 > 50.00 

149 Tumor 0.05 > 50.00 

153 Tumor 0.05 > 50.00 

163 Tumor 0.05 > 50.00 

167 Tumor 0.05 > 50.00 

181 Tumor 0.05 > 50.00 

124 Normal 0.05 26.10 

36 Normal 0.05 30.75 

38 Normal 0.05 29.50 

128 Normal 0.05 34.75 

140 Normal 0.05 35.00 

178 Normal 0.05 31.00 

26 Normal 0.05 34.75 

32 Normal 0.05 30.50 

152 Normal 0.05 23.73 

 

After performing WGA, all genomic regions of interest were amplified by PCR (Appendix 2) 
and the obtained products were purified and sequenced. 

A total of 166 Sanger sequencing reactions were performed with the purpose of validating the 
tumor-specific mutations. The confirmation of the obtained mutations was prioritized by 
genes with high mutation rate and potential alterations leading to stop codon gains, followed 
by the epigenetic modulators.  Despite the high number of genomic positions chosen for 
validation, only one novel mutation could be confirmed (Figure 10). However, re-analysis of 
the Illumina® sequencing design later revealed that a sample mix-up had occurred, with the 
result that the validations were performed on the incorrect DNA sample. Nevertheless, it is 
important to mention that the mutated genomic position we validated was found, by chance, 
on the correct tumor sample. 
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Figure 10. Novel mutation confirmed in the first set of Sanger sequencing validations. A nonsynonymous 
mutation leading to a C>T change -found in exon 7 of the ARID1A gene- was validated by comparison of the 
tumor and normal paired sample sequences belonging to the same affected individual. In this case, some alleles 
belonging to the tumor sample present the mutant base and are therefore detected in the sequencing reaction. The 
reference sequence (obtained from NCBI public database) was used as a control for the normal sample’s 
sequence. In this case, the base change occurs in position 2,318 of the coding sequence and it leads to an amino 
acidic change of proline to leucine in position 773 of the translated peptide. 

 

In order to confirm the correct tumor-specific mutations, 140 new genomic positions were 
chosen for validation. The positions with the reference allele ratio closest to 0.5 were chosen 
for each of the epigenetic modulators and the highly mutated genes. For the genes presenting 
potential stop codon gains, only the position with the lowest reference allele ratio was 
selected for further analysis (Table 3).  

Table 3. Novel genomic positions chosen for Sanger sequencing validation. 

Gene 
Tumor 
Sample 

Normal 
Sample 

Mutation Position 
Reference 

Allele 
Ratio 

AKAP9 179 180 Exonic: Stop Gain chr7:91645536 0.90 

ARID1A 
 

185 186 Exonic: Nonsynonymous  chr1:27088709 0.37 

99 100 Exonic: Nonsynonymous  chr1:27106741 0.75 

103 104 Exonic: Nonsynonymous  chr1:27101220 0.79 
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CACNA2D1 
 

8528_T 8528_N Exonic: Nonsynonymous  chr7:81714123 0.89 

129 130 Exonic: Nonsynonymous  chr7:81714123 0.83 

131 132 Exonic: Nonsynonymous  chr7:81714123 0.90 

CYLD 153 154 Exonic: Stop Gain chr16:50816268 0.93 

DAXX 
 

99 100 Exonic: Stop Gain chr6:33287972 0.63 

125 126 Exonic: Nonsynonymous  chr6:33289625 0.72 

668_T 668_N Exonic: Nonsynonymous  chr6:33288180 0.77 

DNMT3A 
 

8528_T 8528_N Exonic: Nonsynonymous  chr2:25468924 0.87 

129 130 Exonic: Nonsynonymous  chr2:25468924 0.85 

131 132 Exonic: Nonsynonymous  chr2:25468924 0.88 

DPF1 39 40 Exonic: Stop Gain chr19:38713082 0.79 

EP300 
131 132 Exonic: Nonsynonymous  chr22:41574647 0.71 

19 20 Exonic: Nonsynonymous  chr22:41548217 0.67 

FNDC1 

8528_T 8528_N Exonic: Nonsynonymous  chr6:159653738 0.89 

129 130 Exonic: Nonsynonymous  chr6:159653738 0.88 

131 132 Exonic: Nonsynonymous  chr6:159653738 0.90 

HDAC5 
83 84 Exonic: Nonsynonymous  chr17:42163946 0.50 

185 186 Exonic: Stop Gain chr17:42162480 0.78 

ITPR1 
 

8528_T 8528_N Exonic: Nonsynonymous  chr3:4725969 0.82 

129 130 Exonic: Nonsynonymous  chr3:4725969 0.88 

131 132 Exonic: Nonsynonymous  chr3:4725969 0.81 

JMJD1C 
 

123 124 Exonic: Nonsynonymous  chr10:64975437 0.59 

131 132 Exonic: Nonsynonymous  chr10:64974485 0.60 

8528_T 8528_N Exonic: Nonsynonymous  chr10:64960405 0.79 

45 46 Exonic: Nonsynonymous  chr10:64960300 0.68 

137 138 Exonic: Nonsynonymous  chr10:64974395 0.69 

23 24 Exonic: Nonsynonymous  chr10:64957263 0.71 

5 6 Exonic: Nonsynonymous  chr10:64928301 0.74 

81 82 Exonic: Nonsynonymous  chr10:64974717 0.74 

6289_T 6289_N Exonic: Nonsynonymous  chr10:64943303 0.23 

KDM4B 20061_T 20061_N Exonic: Stop Gain chr19:5119803 0.82 

MLL 
 

35 36 Exonic: Nonsynonymous  chr11:118343634 0.59 

21 22 Exonic: Nonsynonymous  chr11:118376803 0.73 

85 86 Exonic: Nonsynonymous  chr11:118374218 0.76 

95 96 Exonic: Nonsynonymous  chr11:118362014 0.77 

131 132 Exonic: Nonsynonymous  chr11:118343107 0.78 

MLL2 
 

89 90 Exonic: Nonsynonymous  chr12:49446088 0.47 

85 86 Exonic: Nonsynonymous  chr12:49426346 0.79 

71 72 Exonic: Nonsynonymous  chr12:49420661 0.79 

31 32 Exonic: Nonsynonymous  chr12:49434415 0.80 

177 178 Exonic: Nonsynonymous  chr12:49437155 0.54 

45 46 Exonic: Nonsynonymous  chr12:49427125 0.41 

45 46 Exonic: Nonsynonymous  chr12:49434466 0.61 

37 38 Exonic: Nonsynonymous  chr12:49446124 0.67 

99 100 Exonic: Nonsynonymous  chr12:49434750 0.74 

151 152 Exonic: Nonsynonymous  chr12:49445272 0.75 

33 34 Exonic: Nonsynonymous  chr12:49426564 0.78 

MLL5 151 152 Exonic: Nonsynonymous  chr7:104752750 0.59 

MTOR 
 

167 168 Exonic: Nonsynonymous  chr1:11217330 0.69 

85 86 Exonic: Nonsynonymous  chr1:11288915 0.62 

139 140 Exonic: Nonsynonymous  chr1:11190804 0.36 

16266_T 16266_N Exonic: Nonsynonymous  chr1:11190804 0.61 

12792_T 12792_N Exonic: Nonsynonymous  chr1:11269506 0.71 

31 32 Exonic: Nonsynonymous  chr1:11186807 0.73 

5 6 Exonic: Nonsynonymous  chr1:11307914 0.78 
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PRKD1 1612_T 1612_N Exonic: Stop Gain chr14:30107744 0.68 

RICTOR 
 

121 122 Exonic: Nonsynonymous  chr5:38960546 0.71 

3 4 Exonic: Nonsynonymous  chr5:38947448 0.80 

69 70 Exonic: Nonsynonymous  chr5:38957806 0.80 

SMARCA4 
 

45 46 Exonic: Nonsynonymous  chr19:11170775 0.58 

131 132 Exonic: Nonsynonymous  chr19:11101829 0.59 

105 106 Exonic: Nonsynonymous  chr19:11132500 0.63 

12792_T 12792_N Exonic: Nonsynonymous  chr19:11134234 0.71 

33 34 Exonic: Nonsynonymous  chr19:11144081 0.71 

39 40 Exonic: Nonsynonymous  chr19:11141493 0.72 

85 86 Exonic: Nonsynonymous  chr19:11132434 0.72 

137 138 Exonic: Nonsynonymous  chr19:11145693 0.76 

SMARCA5 
129 130 Exonic: Stop Gain chr14:144465902 0.65 

15 16 Exonic: Nonsynonymous  chr14:144442586 0.76 

SOCS6 79 80 Exonic: Stop Gain chr18:67993416 0.88 

ULK1 
 

45 46 Exonic: Nonsynonymous  chr12:132395310 0.51 

89 90 Exonic: Nonsynonymous  chr12:132401998 0.42 

69 70 Exonic: Nonsynonymous  chr12:132400483 0.62 

69 70 Exonic: Nonsynonymous  chr12:132394341 0.72 

133 134 Exonic: Nonsynonymous  chr12:132404056 0.73 

137 138 Exonic: Nonsynonymous  chr12:132393332 0.74 

123 124 Exonic: Nonsynonymous  chr12:132399946 0.74 

 

All the genomic regions of interest were amplified by PCR and the purified products were run 
by electrophoresis in order to check appropriate product size and quality prior to sequencing. 
The obtained results, sorted by tumor and normal pairs belonging to each gene type, are 
shown in figures 11 and 12. 
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Figure 11. Purified PCR products belonging to tumor and normal paired samples with alterations in epigenetic modulators. PCR products belonging to each tumor 
(T) and normal (N) paired samples were run in a 1.5% agarose gel and grouped per gene. Samples showing and asterisk (*) presented a low DNA concentration and, in 
consequence, were taken in a higher volume for the Sanger sequencing reaction.
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Figure 12. Purified PCR products belonging to tumor and normal paired samples with alterations in 
highly mutated genes or genes with potential stop gains. PCR products belonging to each tumor (T) and 
normal (N) paired samples were run in a 1.5% agarose gel and grouped per gene. 

 

Sanger sequencing reactions were performed for all the 140 genomic positions. In this case, 2 
tumor-specific mutations were actually confirmed. One of them resulted in a nonsynonymous 
mutation (G>A) located in exon 18 of the ARID1A gene (Figure 13).   
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Figure 13. Validated tumor-specific mutation in ARID1A. The somatic alteration was visually detected after 
Sanger sequencing and consists of a nonsynonymous mutation located in exon 18 of this gene. The base change 
of G to A occurs in position 4,502 of the coding sequence and leads to the amino acidic change of arginine to 
glutamine in position 1,501 of the translated peptide. 

 

The second alteration also consisted in a nonsynonymous mutation (A>C), this time found in 
exon 39 of the gene MLL2 (Figure 14). 
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Figure 14. Validated tumor-specific mutation in MLL2. The somatic alteration was visually detected after 
Sanger sequencing and consists of a nonsynonymous mutation located in exon 39 of this gene. The base change 
of A to C occurs in position 11,363 of the coding sequence and leads to the amino acidic change of glutamine to 
proline in position 3,788 of the translated peptide. 

 

Additionally, 10 positions found in a total of 14 paired samples resulted unclear for visually 
determining if the alteration was present or not. These positions are listed in table 4. 
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Table 4. Genomic positions that could not be fully confirmed by Sanger sequencing. 
 

Gene Position Mutation Base Change 
Aminoacid 

Change 
MTOR 

(Exon 30) 
chr1:11217330 Nonsynonymous  

T>G 
(c.4348) 

Y>D 
(p.1450) 

ITPR1 
(Exon 28) 

chr3:4725969 Nonsynonymous  
G>A 

(c.3431) 
G>E 

(p.1144) 
FNDC1 

(Exon 11) 
chr6:159653738 Nonsynonymous  

A>C 
(c.2194) 

T>P 
(p.732) 

ARID1A 
(Exon 20) 

chr1:27106741 Nonsynonymous  
G>T 

(c.5701) 
V>F 

(p.1901) 
ULK 

(Exon 19) 
chr12:132400483 Nonsynonymous  

C>T 
(c.1657) 

R>C 
(p.553) 

ULK 
(Exon 25) 

chr12:132404056 Nonsynonymous  
G>T 

(c.2724) 
E>D 

(p.908) 
JMJD1C 
(Exon 5) 

chr10:64974395 Nonsynonymous  
A>C 

(c.875) 
D>A 

(p.292) 
HDAC5 

(Exon 14) 
chr17:42163946 Nonsynonymous  

A>C 
(c.2047) 

T>A 
(p.683) 

MLL2 
(Exon 10) 

chr12:49446124 Nonsynonymous  
C>A 

(c.1342) 
P>T 

(p.448) 
MLL2 

(Exon 39) 
chr12:49426564 Nonsynonymous  

T>C 
(c.11924) 

M>T 
(p.3975) 

 

Considering the obtained number of confirmed positions in comparison to the original list of 
suspected tumor-specific alterations, it is still possible that the sample mix-up remains for 
some of the studied samples.  
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3. Discussion 

The aim of this project was to confirm potential genes associated with the development and 
progression of colorectal cancer. For this reason, tumor and normal paired samples belonging 
to 96 CRC patients were sequenced using the Illumina® platform and then a total of 166 and 
later 140 point mutations in 23 genes were chosen for validation using Sanger sequencing.  

Having a normal paired tissue section available for every tumor sample used in the 
sequencing assay confers an advantage on the bioinformatics analysis of the obtained 
alterations. In this way, mutations that are present also in the normal cells (e.g. germline 
mutations) can be identified as non-novel and can be filtered away during the bioinformatic 
analysis. If only tumor samples had been available, the recognition of real novel mutations 
would have required a more stringent statistical analysis and filtering. 

It is important to mention that a barcode mix up occurred during the library preparation that 
establishes one of the first steps in the Illumina® sequencing. Consequently, the wrong DNA 
samples were chosen for Sanger sequencing validation, explaining the high rate of false 
positives found when analyzing the obtained sequences. The sample mix up could be 
identified by correlating the sample numbering used in this study with a SNP array belonging 
to an independent assay performed on the same cohort of patients. Additionally, the detection 
of germline mutations present in the sequences helped to match the DNA samples with the 
correct patient. In this way, the only correct validations belonged to those samples that, by 
chance, contained the right numbering (as the barcode mix up did not occur in one lane of the 
96 well plates), including the sample pair from which the only somatic mutation was 
validated. 

In order to validate the bioinformatic analysis used for filtering the obtained mutations, 
known alterations in APC were chosen for Sanger sequencing validation. APC is a tumor 
suppressor gene whose protein product modulates different cellular processes by association 
with other proteins. One example is β-catenin, which together with APC regulates cell 
division, growth and migration. In consequence, mutations in APC lead to altered cellular 
functions that usually end in chromosomal instability, a hallmark for cancer. Somatic 
alterations in the genes encoding APC or β-catenin are an early event in oncogenesis, since 
they lead to a nonfunctional protein that is unable to suppress cell growth. Clinically, this is 
observed in the form of polyps that grow in the colon and become malignant. Over 800 
mutations have been reported for APC, most of them comprising nonsense or frameshift 
mutations that result in stop gains (Markowitz and Bertagnolli, 2009). In consequence, novel 
mutations for the gene are generally expected to consist of putative stop codons and therefore 
can be used to validate bioinformatic analysis of the initially sequenced samples.  

The validation of the selected positions in APC proved to be very effective. The only genomic 
position that could not be confirmed by Sanger sequencing was located on the end of the read 
and was difficult to confirm due to the background noise present. 

The fact that some mutations are only present in a type of tissue preserved in a particular way 
may be due to the DNA damage and shearing that occurs during formalin fixation. The 
differences observed between FFPE and frozen tissue may also be explained by tumor 
heterogeneity, as these sections come from different parts of the same tumor. It was recently 
reported by Yost et al. (2012) that, due to contamination with normal stroma cells belonging 
to the same tumor, samples might also present introduced alterations (generally mismatch 
mutations) when further sequenced.  
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Once the APC mutations were confirmed, the validation of tumor-specific somatic mutations 
was partly prioritized to 15 genes that act as epigenetic modulators in the cell. It is known that 
epigenetic modulators also contribute to both the silencing of tumor suppressor genes and the 
activation of oncogenes, which constitute key processes in oncogenesis. This has led to 
numerous studies focusing on how DNA methylation, histone modification and other 
epigenetic mechanisms then affect gene expression in cancer. The fact that these mechanisms 
are reversible has encouraged numerous drug design efforts targeting specific cancer genes 
that have become methylated or silenced by specific histone marks such as methylation or 
deacetylation. For this reason, it was interesting to confirm mutations obtained by Illumina® 
sequencing, aiming in the future to establish if such alterations lead to functional effects in the 
cell.  

Other targets for Sanger sequencing validation included 3 genes with high mutation density 
and a subset of 5 genes with alterations leading to premature stop codons. In this case, it is 
expected that genes containing numerous alterations are more prone to having a mutation that 
is actually present in the tumor samples. However, the high number of mutations observed in 
the same position of these genes may be an artifact introduced by the Illumina® sequencing, 
which is why it was important to confirm if these were really present or not. Interestingly, 
CACNA2D1 and ITPR1 –two highly mutated genes chosen for validation– have been 
associated with intracellular calcium flux. While CACNA2D1 acts a subunit of the voltage-
dependent calcium channel present in the plasmatic membrane of excitable cells, ITPR1 
encodes for an inositol receptor involved in the release of calcium from the endoplasmic 
reticulum. As reported by Yiang et al. (2009), some “calcium genes” constitute potential 
targets in anti-cancer therapy due to their biological function. In this study, for example, it 
was observed that Orai1 and STIM1, two proteins involved in the channels responsible for 
cellular calcium entry, are required for cell migration and tumor metastasis in mice with 
breast cancer. For this reason, it was interesting for this study to validate mutations in the 
chosen genes in order to determine their potential role in oncogenesis. Finally, a subset of 
genes presenting stop gains were selected because of the known biological effect of this type 
of somatic alteration, often leading to deleterious effects in the cell. AKAP9 and PRKD1, for 
example, are serine/threonine protein kinases that are involved in many signaling transduction 
pathways and therefore activate pathways -such as Ras-MEK-ERK- that may have an 
important role in oncogenesis if a truncated protein is encoded. 

When all the somatic mutations in the selected genes were shown for a number of patients, it 
became evident that a great variety of alterations were present in the tumor samples belonging 
to these affected individuals. Such heterogeneity illustrates an expected accumulation of 
mutations in tumor suppressor genes and oncogenes along the development of the disease, 
which ultimately leads to abnormalities in the cell cycle progression, DNA damage response, 
chromosomal segregation and all other biological processes involved in causing genomic 
instability. Alteration of these cellular activities is crucial for tumor development and 
therefore explains the acquisition and accumulation of such mutations within the clonal 
expansion of the tumor (Pino and Chung, 2010).  

It is also important to consider that solid tumors are heterogeneous and that not all the cells 
they contain are malignant (Nyberg et al., 2008). A tumor represents a complex “community” 
of extracellular matrix molecules, fibroblasts, immune, endothelial and carcinoma cells that 
together interact to provide the tumor self-sufficiency in growth signals, anti-sensitivity to 
anti-growth stimulus, accelerated angiogenesis, the ability to cause inflammation and 
ultimately the capacity to metastasize (Hanahan and Weinberg, 2011). As a consequence, the 
DNA isolated from tumor samples also includes molecules belonging to these cells that are 
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not necessarily malignant. The fact that all solid tumors contain a variable percentage of 
tumor cells, helped establish the criteria used in this study where potential genomic positions 
chosen for validation must differ at least in 20% between the tumor and normal sample 
belonging to the same patient.  In this way, genomic positions of interest with a reference 
allele ratio between 0.2 and 0.8 are considered possible true mutations, and therefore eligible 
for validated by Sanger sequencing. It is estimated that the solid tumor tissue used in this 
study contained at least 50% malignant cells (Zalanai, 2006). 

Another factor that might explain the heterogeneity observed in CRC patients is that each 
tumor sample is indeed a pool of different areas belonging to the same malignant tissue. 
Gerlinger et al. (2012) reported that sequencing of different regions belonging to the same 
tumor, in this case primary renal carcinoma, revealed intratumor heterogeneity. Actually, 69% 
of the mutations detected in this study were not present in all the regions belonging to the 
same malignant tissue. This leads to the possibility that different tumor DNA molecules were 
used as templates for the Illumina® sequencing, which would greatly increase the final 
outcome of the filtered tumor-specific mutations. 

Another interesting outcome of the mutational plot is that a CRC patient showed an average 
of 12.3 ± 5.2 somatic alterations in the selected 23 genes. This number seems to be high 
compared to recent sequencing studies, such as the one performed in 2011 by the Cancer 
Genome Atlas Research Network. In this study, genome sequencing of ovarian carcinoma 
patients was performed targeting approximately 18,500 genes. The results revealed a total of 
19,356 somatic mutations, equivalent to an average of 61 mutations per tumor. Considering 
the initial amount of targeted genes, it is evident that the number of somatic alterations 
obtained by Illumina® sequencing per tumor sample in this project is high and therefore might 
include a significant number of false positive mutations. 

One of the first steps required for validating the genomic positions of interest was to whole-
genome amplify the tumor and normal samples for which the initial quantity of DNA was 
insufficient for analysis. This step involved cloning an initial DNA template by the use of 
ϕ29, an isothermal DNA polymerase. The WGA reaction is carried out by multiple 
displacement amplification, in which multiple primer hexamers are initially used for template 
annealing. This allows the DNA polymerase to extend and synthesize the new DNA strand, 
displacing it from the template during the elongation process. The final product consists of a 
DNA network that contains multiple copies of the initial molecule (Shoaib et al., 2008). Even 
though it is possible that the DNA polymerase can introduce point mutations during the 
elongation of the DNA strands, its proofreading activity confers high fidelity in this step of 
the reaction. Additionally, the error rate of the enzyme is 1 in 106 bases (Hutchison et al., 
2005), which is significantly lower compared to the 1 in 90,000 bases error rate inherent to 
the Taq DNA polymerase used in PCR (Tindal and Kunkel, 1988). Any possible artifact 
caused by MDA was additionally avoided by performing five different reactions with DNA 
belonging to the same sample. If any point mutation was introduced to the genome, then it 
would become less evident when the five reactions were finally pooled to constitute a single 
tumor sample, i.e. it would essentially be “diluted out” of the final product. Finally, this study 
is based on the confirmation of somatic alterations with known positions and MDA is not a 
method for initial screening of mutations. This reduces any reservations we may have towards 
possible false positives introduced with this method. 

Validation of the tumor-specific mutations detected by Illumina® sequencing was carried out 
by Sanger sequencing. This strategy is the most commonly used when confirming somatic 
alterations detected by any next-generation sequencing platform. The reason is that, even 
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when Sanger sequencing can only provide a maximum of a 10 × read depth, it still remains 
the most accurate method for point mutation detection. Actually, this chain terminator 
sequencing method has an error rate of 1 in 10,000 bases in contrast to next-generation 
sequencing strategies, whose rate remains around 1 in 1,000 bases (Mir, 2009). However, its 
limitations in read depth still prevent validating all the somatic mutations that are detected 
with the novel technologies, especially when actual sequencing assays can even target one 
single cell. In this way, mutant alleles with very low frequency can be covered by the 
background noise that is inherent in this method. It is almost impossible to visually detect the 
peak corresponding to the mutant base in some genomic positions. This problem has been 
reported in various studies that require the confirmation of alterations previously detected by 
next-generation sequencing. One example includes a study by Ng et al. in 2010, where exome 
sequencing of 10 individuals revealed 43 somatic mutations in the gene MLL2 correlated to 
the development of the Kabuki Syndrome. The genomic regions containing these alterations, 
including nonsynonymous mutations and frameshifts, were amplified by PCR and subject to 
Sanger sequencing validation. The results showed that only 26 of these 43 total mutations 
could actually be detected by the method. Zang et al. (2012) reported a similar result in an 
exome sequencing assay targeted to 15 patients with gastric adenocarcinoma. The sequencing 
results showed a total of 216 alterations in the genes TP53, PIK3CA and ARID1A that were 
chosen for validation. As expected, Sanger sequencing confirmed only 198 of these 
mutations.  

In this study, the number of mutations that could actually be validated by Sanger sequencing 
was very low, but as mentioned, it remains unclear if this is due to sample mix up or a high 
number of false positives generated by the NGS sequencing technology. It is expected that 
validations with the correct samples will show a much lower number of false positives, as 
indicated by the APC validations. 

Interestingly, the novel somatic alterations that could be confirmed constituted 
nonsynonymous mutations located in exons 7 and 18 of the gene ARID1A and exon 39 of 
MLL2, both acting as epigenetic modulators in the cell.  

ARID1A is the gene that encodes the AT-rich interactive domain-containing protein 1A. This 
protein, ARID1A, is a member of the SWItch/Sucrose Non-Fermentable complex 
(SNF/SWI), which acts as an ATP-dependent chromatin modeler. Specifically, ARID1A 
interacts with other proteins with helicase and ATPase activity in order to regulate the 
accessibility of the transcription machinery to the promoter regions of specific genes. To 
accomplish this, ARID1A contains a DNA-binding domain that recognizes AT-rich 
sequences in the DNA and a C-terminal domain that regulates the activation of target genes 
responding to the stimulation of the glucocorticoid nuclear receptor (Nagl et al., 2005). 

Alterations in ARID1A have been recently described and confirmed to be present in cancer 
genomes. Guichard et al. (2012) reported an exome-sequencing assay targeting 24 patients 
with hepatocellular carcinoma (HCC), which revealed mutations in ARID1A in 16.8% of the 
analyzed tumors. In a similar way, Jiang Zan et al. (2012) showed that this gene is also 
disrupted in gastric adenocarcinoma. In their study, 9 of 110 total analyzed tumor samples 
presented mutations in ARID1A, with this gene being altered in around 8% of the patients. 
These non-silent mutations were additionally observed to be inactivating in both alleles of the 
gene, possibly leading to microsatellite instability in the cell. In this study, ARID1A 
inactivating mutations were correlated with tumor samples containing activating mutations in 
PIK3CA. In this way, it is thought that both events could possibly synergize to promote 
cellular transformation by the alteration of this key signaling pathway in cancer. Finally, 
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knock down and re-expression of ARID1A in the SNU5 and CC6 gastric adenocarcinoma cell 
lines revealed a correlation between the presence of the gene and suppression of cell 
proliferation, suggesting a growth-inhibitory function in the cell. 

Alternative functions for ARID1A have been suggested, with one of these being the negative 
regulation of the cell cycle (Rechem et al., 2009). It has actually been observed that the 
chromatin modeling effects of ARID1A repress the expression of known oncogenes such as 
MYC and other genes regulated by the family of E2F transcription factors (Nagl et al., 2006). 
On the other hand, it has been observed that Fas-mediated apoptosis is also inhibited when 
ARID1A’s expression is knocked down with shRNA (Luo et al., 2008). All the previously 
described evidence then suggests that ARID1A acts as a tumor suppressor gene in the cell. 
This idea was initially proposed by Wiegand et al. in 2010 when observed that a two hit 
inactivation of ARID1A was a common event in ovarian cell carcinoma.  

One of the mutations found in ARID1A was a nonsynonymous mutation that would lead to an 
amino acid change of proline to leucine. It is less likely that the activity of the translated 
protein is affected by this substitution, since both amino acids have side chain residues with 
no polarity or electrical charge. However, the second nonsynonymous mutation found for this 
gene could indeed have a protein effect. In this case, the alteration leads to an amino acid 
change of arginine to glutamine. Even when both amino acids have polar side chain residues, 
the arginine´s positive electrical charge is lost by this change, which leads to a neutrally 
charged amino acid. It is important to study the amino acid substitutions that occur in the 
translated peptides since it is the interaction between these that drive the structure of the 
proteins and their interaction with other molecules. In this way, electrostatic interactions 
established between arginine and other amino acids will be broken and the tertiary structure of 
ARID1A can be altered, possibly leading to its inactivation. 

The two mutations found in ARID1A were additionally present only in one allele of the gene. 
If these alterations have a potential suppressive effect on the gene’s expression, then one 
mutant ARID1A allele must be enough to silence the gene. Haploinsufficiency is a mechanism 
that could explain such functional event. In this way, the mutations that were found in 
ARID1A might then lead to a reduced expression of the gene. Even though one allele would 
still remain functional, its generated expression levels would not be enough to reach what is 
needed for normal cellular function (Weinberg, 2007). Consequently, these expression levels 
would also be insufficient to regulate the target genes this epigenetic modulator normally acts 
upon. Other authors have suggested that haploinsufficiency is a highly probable operating 
mechanism for inactivating ARID1A. Evidence supporting this is that mice that are 
heterozygous for ARID1A mutations are not viable at an embryonic stage (Gao et al., 2008). 

 Haploinsufficiency has also been reported for other tumor suppressor genes, including those 
who encode other core proteins of the SWI/SNF complex. Roberts et al. studied in 2000 the 
effects of inactivating mutations in the gene hSNF5 -encoding for the Snf5 or integrase 
interactor 1 protein- on the development of malignant rhabdoid tumors (MRTs). As 
mentioned previously, Snf5 is part of this chromatin-modeling complex, responsible for the 
regulation of gene expression. Using a mouse model, it was shown that the homozygous 
knockout of Snf5 would result in embryonic lethality at the seventh day of the animal’s 
development. This evidence, together with the fact that most MRT cell lines sustain 
inactivation of the gene in both alleles, suggests that hSNF5 has a tumor suppressor role in the 
cell. However, the authors also observed that even though heterozygous mice (Snf5+/-) are 
born with an apparently normal phenotype, these develop MRTs at least 5 weeks after being 
born. These results then indicate that haploinsufficiency in  hSNF5 might be and operating 
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mechanism, leading to the silencing of the gene and contributing to the formation of these 
tumors.  

In 2009, Kumar et al. also reported that Dicer1 acts as a haploinsufficient tumor suppressor 
gene in different mouse cancer models. This gene encodes a ribonuclease that is involved in 
the RNA interference and miRNA pathways, both triggering the repression of gene 
expression. In this study, it was observed that the deletion of one Dicer1 allele resulted in 
decreased survival compared to animals with the wild-type gene. Analysis of copy number 
variations in the human genome also showed that this gene is frequently deleted in cancer but 
that it is never subject to homozygous deletion. This data then suggests that Dicer1 is also a 
haploinsufficient gene in this disease.  

It then seems that haploinsufficiency is a mechanism that could be also operating for ARID1A. 
In this case, one of the detected mutations in this study might have led to the inactivation of 
one allele of the gene. The remaining allele would not be enough to support the normal 
cellular function of the gene, leading to possible defects in the cellular processes that 
negatively regulate oncogenesis. 

Another possible mechanism that could explain how the detected mutations can fully 
inactivate ARID1A´s expression is loss of heterozygosity. If this is the case, the initial cell 
would contain only one mutated allele of the ARID1A gene. During following cell divisions 
and mitotic recombination, chromosomes would replicate and genetic material would be 
exchanged between homologous chromosomes. This would result in daughter cells that have 
either chance of being heterozygous for ARID1A´s mutation or mutant for both alleles of such 
gene. If this last situation is the case, this would result in loss of heterozygosity that would 
completely avoid the translation of a functional protein. LOH can also occur due to errors in 
chromosomal segregation, leading to daughter cells that are also homozygous for the mutation 
(Weinberg, 2007). However, if LOH was the cause for inhibition of ARID1A’s expression, 
then one homozygous mutant peak would have been present in the electropherograms 
corresponding to the tumor sample of the affected patients. Instead, two peaks were detected 
in the studied cases. This then means that in the validated mutations loss of heterozygosity is 
not the mechanism that could lead to the repression of ARID1A’s expression. 

Despite the mechanism that inactivates the expression of ARID1A, the absence of the 
translated protein will lead to the expression of genes that should normally be repressed or at 
least expressed at low levels. Considering that these genes can include oncogenes involved in 
cell division, cell cycle progression would result to be highly up-regulated and oncogenesis 
would be promoted. 

A mutation in MLL2 could also be validated using the Sanger method. Alterations in MLL2 
have also been reported in cancer patients. This gene encodes for the enzyme MLL2, who acts 
as a histone-lysine N-methyltransferase belonging to the Trithorax-group proteins. This 
complex is responsible for establishing the H3K4me3 histone mark, which leads to promoter 
activation in specific genes transcribed by the RNA polymerase II (Van Ingen et al., 2008). In 
2010 Williams Parsons et al. performed an exome-sequencing assay targeting 22 
medulloblastoma patients, observing that 16% of these presented alterations in MLL2. Such 
mutations included nonsense and out-of-frame insertions and deletions that presumably 
inactivated the encoded enzyme.  

Another exome-sequencing study was performed by Lohr et al. (2012) targeting 55 diffuse 
large B-cell lymphomas (DLBCL). The obtained results showed mutations present in genes 
with unsuspected functional roles in this type of cancer, including MLL2. The somatic 
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alterations included non-synonymous and frameshift mutations that possibly inactivated the 
methyltransferase activity of MLL2. These authors additionally proposed MLL2 as a tumor 
suppressor gene in DLBCL.  

The interesting fact about MLL2 mutations in cancer is that these types of alterations have 
only being reported in medulloblastoma, multiple myeloma and leukemia (Parsons et al., 
2011). In this way, the validated MLL2 mutation in this study not only constitutes a novel 
alteration for the gene but also an event that has occurred in a solid tumor. This might lead to 
further investigations of potential functional effects of the enzyme in these particular types of 
tumors. 

It still remains unknown how alterations in MLL family genes can lead to tumor progression. 
However there is evidence supporting that MLL2 may regulate the expression of other genes 
such as OTX2, a known oncogene in medulloblastoma. It has also been observed that MLL2 
can interact with β-catenin, enhancing the expression of specific genes involved in the Wnt 
pathway (Lohr et al., 2012).  

The mechanism by which MLL2 is inactivated in cancer cells remains unclear. Nevertheless, 
there is evidence suggesting that suppression of this gene’s expression can also be due to 
haploinsufficiency (Lohr et al., 2012). In this way, an initial mutation would inactivate one 
allele of the gene and the expression of the remaining wild-type allele would not be enough to 
support normal cell function. This would further lead to disruption of processes that 
negatively regulate the development and progression of cancer. The alteration that was 
detected in this study was a nonsynonymous mutation located in exon 39 of MLL2. In the 
previously mentioned study by Lohr et al., it was reported that the majority of mutations 
found were also in this exon of the gene. Even though exon 39 does not encode a particular 
domain in the protein, all point mutations occurring at this point lead to a truncated 
polypeptide before the SET domain, responsible for the methyltransferase activity in MLL2. 
This SET domain is located from exons 51 to 53 at the end of the MLL2 gene (which 
comprises a total of 54 exons); providing a reason for which any stop gain mutation will occur 
upstream of this domain and affect the activity of the protein. 

Additionally, the point mutation that was detected in this study leads to an amino acidic 
change of glutamine to proline in the translated peptide. This represents a significant change 
in amino acid type, since glutamine contains a polar side chain and proline contains a 
nonpolar residue. Amino acids with polar side chains can form hydrogen bonds with residues 
belonging to other polar amino acids, which helps to establish the tertiary structure of the 
protein. The amino acid change that results from the detected mutation can therefore lead to 
changes in MLL2, leading to its partial or complete inactivation. If this is the case, the 
trimethylation of H3K4 could not be performed by this epigenetic modulator and the 
chromatin structure would not allow the transcription of other tumor suppressor genes that 
regulate cell cycle progression. This would ultimately lead to the development and 
progression of cancer itself. Interestingly, this mutation suggests that this mechanism may 
also be operating in solid tumors. 

It remains clear that epigenetic mechanisms are also deregulated in cancer, leading to both the 
silencing of genes with tumor suppressor activities and the activation of oncogenes. 
Furthermore, a genetic alteration may occur in a gene that encodes an epigenetic enzyme, 
leading to alterations in the epigenome that could potentially activate the expression of 
normally repressed genes. In this way, histone modifications have been previously related to 
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oncogenesis. The first evidence was the demethylation of histones present at the locus of 
ALL1/MLL1, shown in 80% of acute leukemia pediatric cases. This event would be the 
consequences of mutations in the MLL1 gene, which would eliminate the domain responsible 
for establishing the histone mark. As a result, the expression of genes that are necessary for 
correct cell functioning would be suppressed (Krivtsov and Armstrong, 2007). Nowadays it is 
known that other histone modifiers are implicated in cancer. The histone methyltransferases 
RIZ1 and EZH, for example, present inactivating mutations in liver, colorectal, breast and 
gastric cancers. This has been suggested to occur since RIZ1 blocks G2/M progression in the 
cell cycle and induces apoptosis in various cancer cell lines. On the other hand, EZH2 is 
responsible for establishing the H3K27 histone mark, associated to transcriptional repression. 
This enzyme has shown elevated levels in prostate, breast, colorectal and bladder cancer, 
possibly repressing the expression of various tumor suppressor genes (Bracken et al., 2010). 
This evidence and the obtained results in this study show that genetic and epigenetic 
alterations may have a synergistic effect in cancer (Dalvai and Bystricky, 2010), leading to 
the disruption of the complex interactions existent in the cell and promoting the progression 
of the disease. 

4. Conclusion  

After performing this study it can be concluded that Sanger sequencing is a method by which 
novel mutations present in colorectal cancer and previously detected by the Illumina® 
platform could be detected and validated.  

The effectiveness of the bioinformatic analysis and filtering could be proved by validating 
83.3% of the somatic alterations present in the APC gene that were selected for confirmation. 
This confirmed the suitability of using this strategy to further analyze tumor-specific 
mutations in other potential cancer genes.  

The pathway-oriented approach that was used in this study for sequencing colorectal cancer 
genomes allowed the recognition of 15 epigenetic modulators that possibly implicate novel 
pathways in the pathology of colorectal cancer. Additionally, 10 novel mutations were 
suggested to be present in 3 genes with high mutation density, including genes involved in 
calcium signaling pathways, and 5 genes whose alteration led to premature stop codons. 
These somatic alterations possibly lead to deleterious effects in the cell that contribute to 
tumorigenesis. 

The 306 genomic positions chosen for Sanger sequencing validation were successfully 
amplified by PCR, sequenced by this chain-terminator method and analyzed by comparison of 
matched tumor and normal samples. The reason behind the low number of confirmed 
positions that were obtained is more than likely due to the sample mix-up that occurred during 
the sequencing of the samples on the Illumina platform, although this remains to be 
confirmed.  

Sanger sequencing validation detected tumor-specific mutations located in exons 7 and 18 of 
the ARID1A and in exon 39 of the gene MLL2. These results indicate that the investigation of 
the functional role of such genes and their potential relationship with the development of 
colorectal cancer may be of interest in the future. The first two novel confirmed alterations 
constituted nonsynonymous mutations (G>A and C>T) that led to an R>H and P>L amino 
acidic change. These mutations could potentially affect the activity of the ARID1A protein, a 
chromatin modeler involved in the regulation of the transcription machinery’s accessibility to 
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specific genes. This gene has been shown to be disrupted in solid tumors, but its presence is 
novel for colorectal cancer. The second alteration confirmed was a nonsynonymous mutation 
(A>C) that led to a Q>P amino acidic change in the MLL2 protein. This methyltransferase is 
responsible for establishing the H3K4me3 histone mark, which leads to promoter activation 
of specific genes. Interestingly, this gene has only been shown to be altered in non-solid 
tumors, and is a novel alteration with regard to colorectal cancer. 

 Both ARID1A and MLL2 are epigenetic modulators proposed to act as tumor suppressor 
genes in the cell. The detected mutations could possibly inactivate the encoded protein by 
haploinsufficiency and therefore promote the expression of oncogenes, negating the 
transcription of other tumor suppressor genes that are necessary for regulating cell cycle 
progression. 
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5. Materials and methods 

5.1. Samples 

Both tumor and normal DNA samples belonging to 96 colorectal cancer patients were 
sequenced by Illumina® next generation sequencing technology. For each of these 192 
samples, a total of 600 genes implicated in cancer related pathways were targeted for 
sequencing. 

5.2. Bioinformatic analysis 

All reads obtained from Illumina® sequencing were subject to bioinformatic analysis and were 
filtered under certain parameters in order to select true tumor-specific mutations and discard 
as many false positives as possible. Alterations that were removed include single nucleotide 
polymorphisms reported in HapMap and dbSNP databases, mutations found in the 1000 
Genomes dataset, alterations found in the normal counterpart of each tumor sample and 
genomic positions having a reference allele ratio higher than 0.9 in tumor samples. 

5.3. Validation of the obtained mutations 

Validation of the obtained mutations was prioritized to genes acting as epigenetic modulators 
and putative stop codons. The remaining validations were performed in genes presenting high 
mutation density. 

5.4. Whole genome amplification 

Purified DNA was whole-genome amplified by multiple displacement amplification (MDA) 
using the REPLI-g® Mini Kit (Qiagen). This was done for 42 samples with low amounts of 
remaining DNA, to ensure that enough template remained for the Sanger sequencing 
validation. To make sure that all the genomic regions were represented, 50 ng of each of 29 
DNA samples were split into five replicates, each one containing 10 ng of the template and 
2.5 μL of denaturation buffer D1 (9 μL DLB buffer plus 32 μL of nuclease-free water). This 
gave a total of 145 reactions. Samples were then vortexed, briefly centrifuged and incubated 
for 3 minutes at room temperature. Following this, 5 μL of neutralization buffer N1 (12 μL of 
Stop Solution plus 68 μL of nuclease-free water) were added to each sample which was then 
vortexed and briefly centrifuged. Finally, a master mix (final volume of 40 μL) containing 
REPLI-g Mini Reaction buffer (29 μL), REPLI -g Mini DNA polymerase (1 μL) and 
nuclease-free water (10 μL) was prepared and added to each reaction tube. The samples were 
incubated in a water bath at 30 °C for 16 hours and then heated for 3 minutes at 65 °C in order 
to inactivate the polymerase. Sample concentrations were measured in the Qubit® 2.0 
Fluorometer (Invitrogen) to confirm efficient whole genome amplification. 

5.5. Primer design 

Most of the primers used in this study were originally designed by Wood et al. (2007). 
However, primers for some previously uncovered or unsuccessfully amplified genomic 
regions were designed using the Primer 3 open source algorithm. Specified parameters for 
primer pairs include a size between 18 and 22 bps, GC content between 40 % and 60 % and a 
product size of approximately 500 bps. Reference DNA sequences were obtained from the 
UCSC Genome Browser and NCBI public databases. In order to simplify the sequencing 
reaction, one of each primer pairs was tagged with M13 (5'-GTAAAACGACGGCCAGT-3). 
A list of used primers in this study can be seen in the appendix 3. 



42 
 

5.6. PCR Protocol 

In order to amplify the genomic regions of interest, a touchdown protocol with hotstart was 
used. Each PCR was performed in 10 μL reactions, containing: 1 × PCR buffer (166 mM 
NH4SO4, 670 mM Tris pH 8.8, 67 mM MgCl2 and 100 mM 2- mercaptoethanol), 1 mM 
dNTPs, 1 μM forward and 1 μM reverse primers, 6% DMSO, 0.05 U Platinum Taq 
Polymerase (Invitrogen) and 6 ng DNA. The touchdown PCR protocol was run in the 2720 
Thermal Cycler (Applied Biosystems) and consisted of: 1 cycle of 96 °C for 2 min; 3 cycles 
of 96 °C for 10 sec, 64 °C for 10 sec and 70 °C for 30 sec; 3 cycles of 96 °C for 10 seconds, 
61 °C for 10 seconds and 70 °C for 30 seconds; 3 cycles of 96 °C for 10 sec, 58 °C for 10 sec 
and 70 °C for 30 sec; 41 cycles of 96 °C for 10 sec, 57 °C for 10 sec and 70 °C for 30 sec; 1 
cycle of 70 °C for 5 min. 

5.7. Electrophoresis 

All PCR products were run in an electrophoresis chamber (Bio-Rad) in order to verify their 
quality and size. For this, a 1.5 % agarose gel was prepared using agarose (Sigma) and 1 × 
TAE buffer. For sample detection, SYBR® Safe DNA gel stain (10,000 × in DMSO, 
Invitrogen) was incorporated into the mix. Each DNA sample (5 μL) was then mixed with 1 
μL 6 × DNA Loading Dye (Fermentas). Samples were loaded in the agarose gel together with 
GeneRulerTM 1 kb DNA ladder (0.1 μg/μL, Fermentas) and were run for 20 minutes at 110 
V by using Electrophoresis Power Supply equipment (Pharmacia Biotech). Finally, gel 
images were captured by the Molecular Imager® Gel DocTM XR+ Imaging System TM 
(Bio-Rad) and analyzed using the ImageLab software (Bio-Rad). 

5.8. Purification of PCR products 

All PCR products were purified using the SPRI-based in-house developed protocol to remove 
unincorporated dNTPs and primer dimers.  

The first step involved the preparation of a magnetic bead buffer (40 µg/µL). This was done 
by mixing 5 mL of stock bead solution (Estapor® microspheres, Merck) with 40 mL of PBS 
(1 ×). This tube was then placed in a Dynamag magnet (4250 G) and the supernatant was 
decanted. Next, 40 mL of Tris-Acetate pH 7.8 (10 mM) were added to the tubes in order to 
wash the beads, decanting the supernatant and repeating the washing step three more times. 
Finally, the resulting solution was mixed with a binding buffer (20 % PEG 8000 and 2.5 M 
NaCl). 

For PCR product purification, 30 µL of the magnetic bead buffer (40 µg/µL) were added to 
each sample. Each tube was then incubated for 5 minutes at room temperature and then for 8 
minutes on a magnetic plate. Following this, the supernatant was removed and the beads were 
washed with 150 µL of 70 % EtOH for a total of three times. The samples were then removed 
from the magnet, let dry for 5 minutes, and eluted in 40 µL of MilliQ water. Finally, all tubes 
were replaced in the magnetic plate and the supernatant –containing the purified DNA– was 
transferred and kept in a new and clean tube. 

5.9. Sanger sequencing 

For sequencing the obtained PCR products, 18 μL reactions were prepared containing both 
the DNA template (20 ng) and the M13 primer pair used for its forward strand amplification 
(4 pmol). The samples were placed in 0.2 mL PCR-strips and were delivered for sequencing 
to the Uppsala Genome Center, Uppsala. 
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5.10. Analysis of the mutations 

The obtained sequences were finally aligned and analyzed using the Mutation Surveyor® 
DNA Variant Analysis software (SoftGenetics), in which mutations present in the tumor 
samples compared to the reference sequence can be detected. 
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Appendix 

Appendix 1. First selected genomic positions for Sanger sequencing validation. 

Gene 
Tumor 
Sample 

Normal 
Sample 

Mutation Position 
Reference 

Allele 
Ratio 

CYLD 
169 170 Exonic: Stop Gain chr16:50816268 0.64 

3949_T 3949_N Exonic: Stop Gain chr16:5081289 0.87 
95 96 Exonic: Stop Gain chr16:50783739 0.88 

KDM4B 

668_T 668_N Exonic: Stop Gain chr19:5119791 0.82 
31 32 Exonic: Stop Gain chr19:5119803 0.90 

20061_T 20061_N Exonic: Stop Gain chr19:5131425 0.89 
16982_T 16982_N Exonic: Stop Gain chr19:5137653 0.89 

PRKD1 
20061_T 20061_N Exonic: Stop Gain chr14:30107744 0.68 

123 124 Exonic: Stop Gain chr14:30046624 0.80 
9 10 Exonic: Stop Gain chr14:30396516 0.77 

SOCS6 6930_T 6930_N Exonic: Stop Gain chr18:67993249 0.85 

AKAP9 

169 170 Exonic: Stop Gain chr7:91645536 0.90 
3949_T 3949_N Exonic: Stop Gain chr7:91691641 0.90 

45 46 Exonic: Stop Gain chr7:91706292 0.88 
55 56 Exonic: Stop Gain chr7:91694706 0.85 

167 168 Exonic: Stop Gain chr7:91709455 0.89 
6930_T 6930_N Exonic: Stop Gain chr7:91722467 0.88 

57 58 Exonic: Stop Gain chr7:91630255 0.85 
149 150 Exonic: Stop Gain chr7:91651591 0.73 
79 80 Exonic: Stop Gain chr7:91726456 0.75 

6289_T 6289_N Exonic: Stop Gain chr7:91632079 0.74 

ARID1A 

179 180 Exonic: Nonsynonymous  chr1:27088709 0.37 
7 8 Exonic: Stop Gain chr1:27106861 0.72 

123 124 Exonic: Nonsynonymous  chr1:27106741 0.75 
109 110 Exonic: Nonsynonymous  chr1:27101220 0.79 

DAXX 
 

7 8 Exonic: Stop Gain chr6:33288687 0.51 
123 124 Exonic: Nonsynonymous  chr6:33287972 0.63 
95 96 Exonic: Nonsynonymous  chr6:33289625 0.72 

6289_T 6289_N Exonic: Nonsynonymous  chr6:33288180 0.77 
DPF1 35 36 Exonic: Stop Gain chr19:38713082 0.79 
EP300 

 
37 38 Exonic: Nonsynonymous  chr22:41548217 0.67 

149 150 Exonic: Nonsynonymous  chr22:41574647 0.71 

HDAC5 
83 84 Exonic: Nonsynonymous  chr17:42163946 0.50 

179 180 Exonic: Nonsynonymous  chr17:42162480 0.78 

JMJD1C 
 

127 128 Exonic: Nonsynonymous  chr10:64975437 0.59 
149 150 Exonic: Nonsynonymous  chr10:64974485 0.60 
61 62 Exonic: Nonsynonymous  chr10:64960300 0.68 

139 140 Exonic: Nonsynonymous  chr10:64974395 0.69 
29 30 Exonic: Nonsynonymous  chr10:64957263 0.71 

8528_T 8528_N Exonic: Nonsynonymous  chr10:64928301 0.74 
71 72 Exonic: Nonsynonymous  chr10:64974717 0.74 

18366_T 18366_N Exonic: Nonsynonymous  chr10:64943303 0.23 
13 14 Exonic: Nonsynonymous  chr10:64960405 0.79 

MLL 
 

39 40 Exonic: Nonsynonymous  chr11:118343634 0.59 
37 38 Exonic: Nonsynonymous  chr11:118376803 0.73 
77 78 Exonic: Nonsynonymous  chr11:118374218 0.76 
99 100 Exonic: Nonsynonymous  chr11:118362014 0.77 

149 150 Exonic: Nonsynonymous  chr11:118343107 0.78 

MLL2 
 

67 68 Exonic: Nonsynonymous  chr12:49446088 0.47 
177 178 Exonic: Nonsynonymous  chr12:49437155 0.54 
61 62 Exonic: Nonsynonymous  chr12:49427125 0.41 
61 62 Exonic: Nonsynonymous  chr12:49434466 0.61 
17 18 Exonic: Nonsynonymous  chr12:49446124 0.67 

123 124 Exonic: Nonsynonymous  chr12:49434750 0.74 
7 8 Exonic: Nonsynonymous  chr12:49437779 0.75 

129 130 Exonic: Nonsynonymous  chr12:49445272 0.75 
25 26 Exonic: Nonsynonymous  chr12:49426564 0.78 
77 78 Exonic: Nonsynonymous  chr12:49426346 0.79 
89 90 Exonic: Nonsynonymous  chr12:49420661 0.79 
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31 32 Exonic: Nonsynonymous  chr12:49434415 0.80 

MLL5 
129 130 Exonic: Nonsynonymous  chr7:104752750 0.59 

7 8 Exonic: Nonsynonymous  chr7:104702685 0.64 

MTOR 
 

77 78 Exonic: Nonsynonymous  chr1:11288915 0.62 
16266_T 16266_N Exonic: Nonsynonymous  chr1:11190804 0.61 

135 136 Exonic: Nonsynonymous  chr1:11190804 0.36 
175 176 Exonic: Nonsynonymous  chr1:11217330 0.69 

1612_T 1612_N Exonic: Nonsynonymous  chr1:11269506 0.71 
7 8 Exonic: Nonsynonymous  chr1:11270944 0.71 
31 32 Exonic: Nonsynonymous  chr1:11186807 0.73 

8528_T 8528_N Exonic: Nonsynonymous  chr1:11307914 0.78 

RICTOR 
105 106 Exonic: Nonsynonymous  chr5:38960546 0.71 

8764_T 8764_N Exonic: Nonsynonymous  chr5:38947448 0.80 
87 88 Exonic: Nonsynonymous  chr5:38957806 0.80 

SMARCA4 
 

61 62 Exonic: Nonsynonymous  chr19:11170775 0.58 
149 150 Exonic: Nonsynonymous  chr19:11101829 0.59 
107 108 Exonic: Nonsynonymous  chr19:11132500 0.63 

1612_T 1612_N Exonic: Nonsynonymous  chr19:11134234 0.71 
25 26 Exonic: Stop Gain chr19:11144081 0.71 
33 34 Exonic: Nonsynonymous  chr19:11141493 0.72 
77 78 Exonic: Nonsynonymous  chr19:11132434 0.72 

139 140 Exonic: Nonsynonymous  chr19:11145693 0.76 

SMARCA5 
131 132 Exonic: Nonsynonymous  chr4:144465902 0.65 

9 10 Exonic: Nonsynonymous  chr4:144442586 0.76 

ULK1 
 

61 62 Exonic: Nonsynonymous  chr12:132395310 0.51 
67 68 Exonic: Nonsynonymous  chr12:132401998 0.42 
87 88 Exonic: Nonsynonymous  chr12:132400483 0.62 
87 88 Exonic: Nonsynonymous  chr12:132394341 0.72 

151 152 Exonic: Stop Gain chr12:132404056 0.73 
139 140 Exonic: Nonsynonymous  chr12:132393332 0.74 
127 128 Exonic: Nonsynonymous  chr12:132399946 0.74 
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Appendix 2. PCR products belonging to the first genomic positions chosen for Sanger sequencing validation. PCR products to A) tumor and B) normal samples were 
run in a 1.5 % agarose gel. For each reaction, a positive ( + ) and a negative ( - ) control were included. In the first case, the PCR product represents exon 4 of the PRPS1 
gene. Finally, the initially prepared master mix without any template DNA constitutes the negative control. 
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Appendix 3. Primers used in the PCR amplification of the genomic positions of interest. 

Gene Primer Name Sequence (5’ -3’) 
Product 
Size (bp) 

ARID1A 

LM_ARID1A_1F M13-TCCCAGGATAAGGATGGAGAG 
366 

LM_ARID1A_1R GGACAGCCCTTCTCTCACAAG 
LM_ARID1A_2F M13-GTGAGCTGCAACAAAGTGGA 

497 
LM_ARID1A_2R CTCTAGGAAGCCCAGGAGGT 
LM_ARID1A_3F M13-ATGTACAGCGTGCCATACAGC 

599 
LM_ARID1A_3R GTGATTCTGCATGCTTGGTG 

DAXX 

LM_DAXX_1F M13-CATTCCTCTATAACCGGCAGC 
570 

LM_DAXX_1R CGCCTGTTAACCTCTGGGTAG 
LM_DAXX_2F M13-GAGTCCAGGTTGACTGATGGG 

401 
LM_DAXX_2R GAAAGGTTTCAAACAGGTGGC 
LM_DAXX_3F M13-GGGCTGGATGTTACTGAAACC 

460 
LM_DAXX_3R GGGTTAGTGGGAAAGAAAGGAC 
LM_DAXX_4F M13-ATGTCAGGTATGAGGCGGATG 

414 
LM_DAXX_4R CATCAGTCAACCTGGACTCCC 

DPF1 
LM_DPF1_F M13-ATCTGGATGGAGAAGACCCAC 

395 
LM_DPF1_R GTGGAATCTCTGGGAAACACC 

EP300 

LM_EP300_1F M13-TGCATGAGAAAGGGTGTTCAG 
344 

LM_EP300_1R CAATAATGGCAACTTCTGAGGC 
LM_EP300_2F M13-ACTCCTTCAGCAACAGATGGG 

616 
LM_EP300_2R CAAACGGCTACTGCACAGTTC 

HDAC5 

LM_HDAC5_1F M13-AGGAGATGTGTCTCCTGTCCC 
463 

LM_HDAC5_1R CTTTCAGGGTGCCTAAGGG 
LM_HDAC5_2F M13-CCCTGCTGAGGATCATGGTAG 

388 
LM_HDAC5_2R AAACAGGCTGCAAGGGATG 

JMJD1C 

LM_JMJD1C_1F M13-TAGGGATCCCAAGCTGATTTC 
393 

LM_JMJD1C_1R TGCTTGGGCACGTGTATAATG 
LM_JMJD1C_2F M13-TTGGTTAGCAGTTGAAATGGTG 

365 
LM_JMJD1C_2R GAACAGCGTTGACGTTTTGA 
LM_JMJD1C_3F M13-AGTACCTAGAGCTCTTAATGTCTTTGC 

482 
LM_JMJD1C_3R AACATGGAGACTCAAAGACTTACTCC 
LM_JMJD1C_4F M13-CCCTGGGATCAAATACAGGA 

325 
LM_JMJD1C_4R TGAAGTGTCTGAAGGCCAAA 
LM_JMJD1C_5F M13-CCTTGAAAGTTCTTGGTTTGCC 

493 
LM_JMJD1C_5R TGAGGCTGATGGGTGTAGATG 
LM_JMJD1C_6F M13-TCCAGCAGAATTGTCTCTTGTG 

389 
LM_JMJD1C_6R AAATACATGTTGGTGTTAATCTTTGG 
LM_JMJD1C_7F M13-GGAAACCTGAGGAGGATGAA 

538 
LM_JMJD1C_7R TGAGTTTTCCTGAGCCACCT 
LM_JMJD1C_8F M13-ATGCAGATCGAGCTAATTTGG 

506 
LM_JMJD1C_8R TTTACAAGTGCGCTTAATGGTG 

MLL 

LM_MLL_1F M13-CGGCGGTTTATAGAGGATGAG 
482 

LM_MLL_1R CCACCTAAATGTCGGTTCTCG 
LM_MLL_2F M13-CACAGAGTGTGGGAGGAACTG 

599 
LM_MLL_2R AAGCCTTGTTCTGCTCCAGTC 
LM_MLL_3F M13-AATTACAGGCACCACGGAAAC 

611 
LM_MLL_3R GATCACACTGTTCCTCCTCCC 
LM_MLL_4F M13-TGGTAAATGCAAGTCGAGGG 

617 
LM_MLL_4R GCACAAATAATACAATGCTGCTTATTC 
LM_MLL_5F M13-ATTGTACGACGGAGAGGAAGG 

375 
LM_MLL_5R TGTGGAGGTATCAACACTGGG 

MLL2 
LM_MLL2_1F M13-CTAAACGAGGAGATGCCACTG 

587 
LM_MLL2_1R AATGGTGGGAACAGACGAGA 
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LM_MLL2_2F M13-GCTGGCAAGTTATTTGATGGG 
526 

LM_MLL2_2R CCTCCAACACTGACAATGCTC 
LM_MLL2_3F M13-GGCCCCTTCCTTAATACAGC 

322 
LM_MLL2_3R ACCAGCCTGTGTCCCATAAG 
LM_MLL2_4F M13-CACCTTCTCCTCCAAGTCACC 

568 
LM_MLL2_4R CTGCCTGAGGGAAAGTGAAAC 
LM_MLL2_5F M13-TGTTGTGTCTGCAGGGAAAG 

566 
LM_MLL2_5R AGGTGCAATGCCTCAGGA 
LM_MLL2_6F M13-AGGGGAATTCCACACTACCC 

227 
LM_MLL2_6R CTTCACCTCTAGGGCCTTCC 
LM_MLL2_7F M13-CTCATTGAAAGGGCCAAGAG 

213 
LM_MLL2_7R TGGGGAGTTCCTTCCTTTCT 
LM_MLL2_8F M13-CCTGAGGACTCACCTGCTTC 

499 
LM_MLL2_8R AGCCTGCGGAGATAGGTGT 
LM_MLL2_9F M13-TAGACCCAGCCGTTTCTTCA 

209 
LM_MLL2_9R TTGGACAAGCAGGAGTTGTG 
LM_MLL2_10F M13-GCAAGGAACAAAACACCGTA 

169 
LM_MLL2_10R GGAGTTGTGAGTCCCCAGAG 
LM_MLL2_11F M13-CTAGGGCAAAGAATGTGGAGG 

176 
LM_MLL2_11R TCACCCTCCTCATGACAGAAAC 
LM_MLL2_12F M13-TAACTTGGCTGTGCCTGAGAG 

604 
LM_MLL2_12R AAAGCTTCAGCAGACAGAGGC 

MLL5 

LM_MLL5_1F M13-ACCTTCCAGCCAATACTCAGC 
563 

LM_MLL5_1R GACCTTGGAGTCCTGTGGATG 
LM_MLL5_2F M13-TCTTATCTATAGTGTATCCACCTGCTG 

611 
LM_MLL5_2R TGCCGTTTCAAGCACAGTATC 

MTOR 

LM_MTOR_1F M13-GGAAACTTGCCTCTGGATGA 
365 

LM_MTOR_1R GAAGGATTGGGGTTTGAGGT 
LM_MTOR_2F M13-TGCGTACAGCAGCACATTAGG 

259 
LM_MTOR_2R GAAGTGAGAACTCCGTGTGGG 
LM_MTOR_3F M13-AGTCAGCCCATCTGTGGTTC 

356 
LM_MTOR_3R CTTGGCCACTCCTAAGCATC 
LM_MTOR_4F M13-TCACAGAGCTAGCCACAAACC 

249 
LM_MTOR_4R GCCAATCCCTAATTTACAGCC 
LM_MTOR_5F M13-CCCTGGAGGCAGAACACTAA 

346 
LM_MTOR_5R CCTCTGCTTGGATGTGATGA 
LM_MTOR_6F M13-TGTAGAATCCACAGTGCCCAG 

212 
LM_MTOR_6R GAGGAAGGATAAAGGGTTGGC 

RICTOR 

LM_RICTOR_1F M13-TTTCTTGCCATTTATCCCAATG 
445 

LM_RICTOR_1R ACACAAGGTGGAAACAGAGGG 
LM_RICTOR_2F M13-TGTGTTGCCAGTAAACAAGATGA 

368 
LM_RICTOR_2R GGTGCCCACCCTAAATTATGA 
LM_RICTOR_3F M13-CGTGTTGTTGCAAAGATTGTG 

437 
LM_RICTOR_3R CAATAGAACGAATACAGTCAACAGTTC 

SMARCA
4 

LM_SMARCA4_1F M13-AGGAGGAAGGCTCCGAATC 
531 

LM_SMARCA4_1R AGGTCAAGCCTCAGCTTTCC 
LM_SMARCA4_2F M13-TTTAGCGGTGAAGCATGTGAC 

473 
LM_SMARCA4_2R GAACAAAGCAAACACAGCCC 
LM_SMARCA4_3F M13-GCTCCAACTCGGTGAGTCAG 

378 
LM_SMARCA4_3R TGTAGCTGGTGCTCAACACG 
LM_SMARCA4_4F M13-TGGCTCCCAGAAAGCATAAAG 

515 
LM_SMARCA4_4R CAGGGCTTTACAGACCCAGTG 
LM_SMARCA4_5F M13-CTCTCCAGCTAGTGTCAGAGGC 

451 
LM_SMARCA4_5R CCCTTTACTCCAAAGGGATGC 
LM_SMARCA4_6F M13-GCTCTCAGAAGCAGGTGTTCC 450 
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LM_SMARCA4_6R ATGGAGATATGGGTGCAGCTC 
LM_SMARCA4_7F M13-GCTCCAACTCGGTGAGTCAG 

412 
LM_SMARCA4_7R TGTAGCTGGTGCTCAACACG 
LM_SMARCA4_8F M13-GGTGTTCTGGCTCTAGCGTG 

515 
LM_SMARCA4_8R AAAGGACCTGACCATCCCTG 

SMARCA
5 

LM_SMARCA5_1F M13-AACATCCTTCTTGATGATGATTTG 
487 

LM_SMARCA5_1R GCACCACTGAACTCCTGGTAAC 
LM_SMARCA5_2F M13-TGTATGGAGGCATGCTGAAAC 

360 
LM_SMARCA5_2R TATGGCTAAATCATGCCAAGC 

ULK1 

LM_ULK1_1F M13-TTGAGCTTGTCCAGTCTGTGG 
415 

LM_ULK1_1R TCATCCATGTCTTTCGTGACTC 
LM_ULK1_2F M13-CTCGAGGCTGTGGGATGG 

320 
LM_ULK1_2R GTGGATACCAGAACCACGTCC 
LM_ULK1_3F M13-GCTCCGTGTGGTAGCAGTG 

600 
LM_ULK1_3R CTTCCTCGGTCTTTGTTCAGG 
LM_ULK1_4F M13-ATACCTCCAGCAGCAAACAGC 

448 
LM_ULK1_4R ACATCAGCAAATGCAAGGAAG 
LM_ULK1_5F M13-TGAGTACCAGCTGCAGGAGAG 

462 
LM_ULK1_5R CTGTTACCCTGTCACCCAGG 
LM_ULK1_6F M13-GCTCTCCATCCGTGTGGC 

367 
LM_ULK1_6R GAGAGAAGCGTCAGGACCG 
LM_ULK1_7F M13-GAAGATGTCTCTGGGTGGAGG 

335 
LM_ULK1_7R AGCAAGGGCTTTAGACCAGG 

AKAP9 

AKAP9_E1236_F M13-GCCTTGCATCTAGGAGAATTATG 
458 

AKAP9_E1236_R GACAGCTCCAATTATATTCATATCACC 
AKAP9_E155_F M13-TGAGCAGCAAATTCATTCAAG 

475 
AKAP9_E155_R TGAATAATGGCACTGAAAGAGG 
AKAP9_E2246_F M13-CATGCATACTTTGTAAAGCTAATATAGCAC 

472 
AKAP9_E2246_R GCTGAGGCAGAATTGCTTGA 
AKAP9_2246n_F M13-GAACAGTTTAGAGAAGAACTGGAAAA 

252 
AKAP9_2246n_R TCAAGTTCTTGTAGGCGGGTA 
AKAP9_E262_F M13-CTCAGCCTTTCATGAACGTAAA 

498 
AKAP9_E262_R TTGATCGATTAGTAGATTCGACACC 
AKAP9_E2670_F M13-CAAATCCAACTTGAGGCAGTTC 

602 
AKAP9_E2670_R CCTGACCTCAAGATCCACCC 
AKAP9_E3139_F M13-TTCATGTTTCCTTTGAAGTAATCTCC 

445 
AKAP9_E3139_R GCATGTTACATTTCTCTATATTTGCAC 
AKAP9_E342_F M13-TTGCCAGAAGCTAAAAATGC 

252 
AKAP9_E342_R CTTGGTTCTTTTGCACAATCTG 

AKAP9_G1293_F M13-GAGAACAGGGAATAACTTAGAAGGG 
398 

AKAP9_G1293_R GAAATGCCAAAGGTCACTACG 
AKAP9_Q3395_F M13-CCCAGTTGTCAGAAGAACAAGG 

617 
AKAP9_Q3395_R TGATCAAAGGGCTGCAGTG 
AKAP9_R950_F M13-GGAGTATGCTTGCCTTCTCAAAG 

510 
AKAP9_R950_R GAAACTGATCCTTCAGCACCC 

CYLD 

CYLD_E573/580_F M13-GCAGTTAACCAAAGCCTACTTTCC 
403 

CYLD_E573/580_R GCAGATGGCAGTTTCTTTCAC 
CYLD_G44_F M13-TGGGACTGCCACTGAATTTATC 

574 
CYLD_G44_R TTCCGGAGACTGTCCTCTCTG 

KDM4B 

KDM4B_E415/419_F M13-CCGGACAGAGTGCACAGAC 
369 

KDM4B_E415/419_R CAGGCACTGGTTCCTTCTAGG 
KDM4B_E552_F M13-AGAAGAAGAGCTTCGGCCTG 

590 
KDM4B_E552_R ACAGTTCCCTGTGAAACCAGC 
KDM4B_R803_F M13-GTCACTTTGGTGGCTGCTAGG 

318 
KDM4B_R803_R GCGGTTATGTGGAGGTGATG 



58 
 

PRKD1 

PRKD1_C312_F M13-CCTGTCGAACTTTGATCACCC 
405 

PRKD1_C312_R CATGAAAGGGTCTTTGACTGTTATC 
PRKD1_C853_F M13-TCAGCGCTGTTAGAGTGGAAG 

434 
PRKD1_C853_R TCTGCAAGGCAAATGTTAAACC 
PRKD1_S68_F M13GGCTCTCGGAGAAAGAAGCTC 

587 
PRKD1_S68_R GAGAGGAGGATGAGCAACAGC 

SOCS6 
SOCS6_C504/E449_F M13-GAAGGGAAGCTAGCAAACGTG 

472 
SOCS6_C504/E449_R AAAGTGCAAGATGCAGGGTTC 

APC 

CCDS4107.1_6_-
105_M13_FWD 

M13-TGATTTGACATAACCCTGAGCTT 
 331 

CCDS4107.1_6_+99_REV CGGTATTTAAATTCTCTGAAAGAACA 
CCDS4107.1_15_76_FWD AATGCATGTGGAACTTTGTGG 

585 CCDS4107.1_15_623_M13_
REV M13-CTGTTGCTGGATGGTAGTTGC 

CCDS4107.1_15_1156_FWD GGAAGGCAAAGTCCTTCACAG 
579 CCDS4107.1_15_1697_ 

M13_REV M13-TGGCATTAGATGAAGGTGTGG 

CCDS4107.1_15_2310_FWD TCCAGATAGCCCTGGACAAAC 
514 CCDS4107.1_15_2786_ 

M13_REV M13-GTGATGACTTTGTTGGCATGG 

CCDS4107.1_15_4905_ 
M13_FWD M13-GACATCCCAAATAGGTGGGTC 

516 
CCDS4107.1_15_5383_REV TCTTCTTAAGGTTGGGCTTGG 

ITPR1 
LM_ITPR1_F M13-CCAAGGAAACCCATAGCAAG 

510 
LM_ITPR1_R ATATGCGGTGCCTACGAAAG 

DNMT3A 
LM_DNMT3A_F M13-GTAGTTGGCCTGCTTCTGGA 

449 
LM_DNMT3A_R AGCAAAGGTGAAAGGCTGAA 

CACNA2D1 
LM_CACNA2D1_F M13-CAAAAAGAATCGCGAGGAAG  

337 
LM_CACNA2D1_R TCATGGTCTCACAGCAGCAT 

FNDC1 
LM_FNDC1_F M13-CTGCCAGCTTGAATGACAAC  

418 
LM_FNDC1_R AGAAGAGACGGAGGAGGACA 

All primer pairs highlighted in green were designed using the Primer 3 open software. 

 


