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ABSTRACT

Colorectal cancer (CRC) is a major health burden with large numbers of new cases
worldwide and high disease-specific mortality, despite great advances made towards
improving patient clinical outcomes. It arises through the gradual acquisition of particular
genetic and epigenetic alterations within normal cells, giving them selective advantage in
driving malignant transformation. As such process takes over a decade, early cancer
detection actions should strongly impact reducing morbidity. Identification of reliable CRC
biomarkers is a permanent challenge for improving CRC management. Thanks to the
emergence of new powerful technologies and the advances in the knowledge of the
mechanistic bases of the disease, recent genetic and epigenetic markers are becoming
promising candidates for early detection, risk stratification, prognosis, and prediction of
treatment response. In this doctoral thesis, we have addressed mechanistic and clinical
aspects of colorectal tumorigenesis: the deregulation and function of FOXD2 and FOXD2-
AS1 in CRC tissues and cell lines (study 1) and the role of precancerous mutations in normal
colorectal mucosa (study II).

In study I, we characterized the transcriptomic and epigenetic profiles of FOXD2 and
FOXD2-AS1 genes in normal and tumor colorectal samples. As bidirectional genes in head-
to-head disposition, they showed a strong correlation at the transcriptomic level.
However, in tumors they displayed an unbalanced bidirectional expression, whereas
FOXD2 was strongly downregulated in association with higher methylation levels outside
the promoter region. Interestingly, when we induced overexpression of such genes in CRC
cell lines, FOXD2 behaved as a tumor suppressor by reducing migration and colony
formation, while FOXD2-AS1 increased migration rates. Overall, our findings suggest the
involvement of major mechanisms rewiring cancer, responsible for an altered bidirectional
transcription of FOXD2 and FOXD2-AS1.

In study Il, we focused on the characterization of somatic mutation in normal colorectal
mucosa of individuals with and without CRC, using an ultra-deep sequencing technology,
CRISPR-Duplex Sequencing. We identified coding mutations in normal colon of most
individuals on the 4 cancer genes included in the panel: BRAF, KRAS, PIK3CA, and TP53.
However, TP53 and KRAS driver mutations were commonly found in normal colon of CRC
patients, often displaying clonal expansions in early onset CRC. Additionally, we developed
a primary and integrative mutational model based on the mutational analysis of normal
biopsies with potential for CRC risk prediction. Overall, our results support a model where
somatic evolution contributes to the expansion of mutated clones in the normal colon
tissue, but this process is enhanced in young individuals with cancer.
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Introduction |

1. Colorectal Cancer

1.1. The large intestine, a short introduction

The large intestine is the final section of the gastrointestinal tract extending from the
terminal ileum to the anal canal, comprising the cecum, colon, and rectum. Its principal
function is to absorb water and electrolytes, converting the digestive residues into feces
and transporting them to the anus.

Differentiated - @] @
cells "!J @
. =@
ransi
amplifying cells @
Stem cells C:-

Figure 1. Colonic crypt. Representation of a normal colonic crypt. Stem cells have self renewal capacity and
give rise to transit-amplifying (TA) cells with limited proliferation capacity. After a few rounds of duplication
TA cells migrate to the top of the crypt becoming differentiated cells.

Histologically, four main layers make up the wall of the colon: mucosa, submucosa,
muscularis mucosa, and serosa. Focusing on the mucosa, it is comprised of a single layer
of epithelial cells followed by connective tissue and muscle. The epithelial cells constitute
a barrier between the lumen gut and the host tissue and are folded into millions of
invaginations, named crypts (Figure 1). The adult epithelium has about 15 million crypts
(Boman and Huang 2008), each composed of a clonal population of 2000 cells (C. S. Potten
et al. 1992). Towards the base of each crypt, there are about four to six intestinal stem
cells —ISCs— with self-renewal capacity that give rise to progenitor cells, also known as
transit-amplifying (TA) cells. TA cells occupy the middle compartment of the crypt and have
a limited proliferation capacity, undergoing up to five rounds of cell division (Barker et al.
2009) and being able to migrate up to the top of the crypt, finally becoming fully
differentiated intestinal cells (Gehart and Clevers 2019; Christopher S. Potten 1998)
(Figure 1). Differentiated cells, which are colonocytes (absorptive cells), goblet cells
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(mucus-secreting cells), entero-endocrine cells, and Paneth cells (present only in the
ascending colon) (Humphries and Wright 2008), are continually extruded into the lumen.
Therefore, the crypt is a dynamic structure that is constantly self-renewed and replaced
every five days (Radtke and Clevers 2005).

The intestinal epithelium gives rise to colorectal cancers, starting with an aberrant crypt
and progressing to a precursor lesion (polyp) that can eventually evolve into cancer. Given
the high self-renewal capacity of adult stem cells, ISCs have been proposed as the main
cell of origin for tumorigenesis initiation and development (Barker et al. 2009; Nassar and
Blanpain 2016). However, it is still under debate which cell type sustains the cancer-
initiation mutation.

1.2. Colorectal cancer incidence

Colorectal cancer (CRC) is the second and third most common cancer in women and men,
respectively, with an estimated 1.9 million new diagnosed cases worldwide in 2020
(GLOBOCAN 2020). Although most CRCs occur in individuals aged 50 and older, 10% of
new cases diagnosed in 2020 were in individuals younger than 50 years old, pointing out
the increased incidence in young individuals reported in recent years (Siegel, Miller, and
Jemal 2017). In 2020, as a result of CRC, about 1 million patients died, making it the fifth
leading cause of cancer-related deaths (GLOBOCAN 2020).

1.3. Etiology and risk factors

The etiology and pathogenicity underlying the development of CRC are complex and
heterogeneous. Most cases of CRC are sporadic (75-80%) and result from the progressive
accumulation of both genetic and epigenetic alterations that contribute to the
transformation from normal epithelial cells to neoplastic cells. Only a small proportion of
CRC are related to heritable factors or family history. One of the most common hereditary
syndromes is the Lynch Syndrome, also known as Hereditary Non-Polyposis Colorectal
cancer (HNPCC), accounting for 2-4% of all colorectal cancer cases (Heather et al. 2015;
Samowitz et al. 2001). It is an autosomal dominant syndrome characterized by early onset
colorectal cancer, as it has an earlier diagnosis age than the rest of CRC. HNPCC tumors are
caused by mutations in one of the DNA mismatch-repair genes MLH1, MSH2, and more
rarely MSH6, PMS2, and EPCAM. Another hereditary CRC is the Familial Adenomatous
Polyposis (FAP) that only accounts for 1% of all colorectal cancers and is caused by
mutations in the Adenomatous Polyposis Coli gene (APC), a tumor suppressor gene
involved in the B-Catenin/Wnt signaling pathway (see section 1.5.4).
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Apart from genetic predisposition, and given that the majority of CRC are sporadic,
environmental agents and lifestyle, as well as other biological characteristics (e.g., age),
are important risk factors associated with tumor development and progression (Figure 2)
(Dekker et al. 2019). Aging is one of the most well-known risk factors in cancer, as cancer
incidence steadily increases with age. Also, male sex and polyps have shown strong
associations with CRC incidence (Siegel et al. 2020; Click et al. 2018; Song et al. 2020). A
range of environmental lifestyle factors increase the risk of developing the disease, such
as smoking (Erhardt et al. 2002; Kikendall et al. 1989; Liang, Chen, and Giovannucci 2009),
high alcohol intake (Park et al. 2019; Zisman et al. 2006), overweight, obesity (Johnson and
Lund 2007), sedentary lifestyle (Cong et al. 2014; Namasivayam and Lim 2017) and high-
fat or low-fiber diet habits (Johnson and Lund 2007). To date, many other exposures have
been studied for their associations with the risk of developing CRC, but some have yielded
ambiguous results.

As the relevance of environmental risk factors to develop CRC has been proven by many
studies, it is not surprising that CRC is more predominant in developed countries as the
lifestyles harbor many of the risk factors mentioned above.

Genetic Environmental

Figure 2. CRC risk factors. Increased risk of developing colorectal cancer has been associated with genetic,
environmental and other risk factors.

1.4. Screening and staging

Most patients developing colorectal cancer will eventually present a series of symptoms,
being rectal bleeding, change in bowel habits, and abdominal discomfort/pain, the most
specific ones. Other general symptoms may appear, like bodyweight loss, fatigue and
fever. However, the presentation of symptoms in colorectal cancer often depends on the
tumor site and extent of disease, being patients in an early CRC stage often asymptomatic.
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The diagnosis of colorectal cancer can be assessed as a result of a symptomatic patient or
a screening test. In apparently healthy people, screening programs for CRC aim to detect
tumors at early stages, enabling successful treatment and improving survival rates. There
are different tests for CRC detection: stool-based tests such as fecal occult blood test
(FOBT) and fecal immunochemical test (FIT), which are the non-invasive techniques
frequently used for first-line screening. Other structure-based screening tests are applied,
being colonoscopy and flexible sigmoidoscopy the most common in clinical practice
(Davidson et al. 2021). Recently, epigenetic-based tests have been introduced as non-
invasive CRC screening (Okugawa, Grady, and Goel 2017; Yunfeng Zhang et al. 2021).

Colonoscopy is considered the current gold standard test to detect both adenomatous
polyps and cancer, being the most complete screening procedure. Although invasive, in
addition to asses a high accurate diagnostic, it allows biopsy sampling to confirm the
diagnosis histologically and for molecular profiling (Kuipers et al. 2015), as well as it offers
the potential for direct removal of precursor lesions. In clinical practice, colonoscopy is a
method of detection usually applied when a patient is symptomatic and when the FOBT
was positive. Also, it is the recommended procedure for people with a history of previous
polyps or colorectal cancer and people with elevated risk (e.g., positive family history). The
colonoscopy approach has demonstrated a significant impact on decreasing CRC incidence
and mortality (Doubeni et al. 2018).

After a colorectal tumor is diagnosed, it is crucial to determine the stage of cancer in order
to design an appropriate treatment plan. The TNM system of the American Joint
Committee on Cancer (Frederick L et al. 2002) is the current strategy to classify tumors and
determine the prognosis of the disease and the treatment management. It is assessed
according to the extent of the tumor (T), the spread to nearby lymph nodes (N), and the
distant metastasis (M) (Table 1A and 1B).

Table 1A. TNM staging according to AJCC.

AJCC stage TNM stage
Stage 0 Tis, NO, MO
Stage | T10T2,NO, MO
Stage II-A T3, NO, MO
Stage II-B T4a, NO, MO
Stage II-C T4b, NO, MO
Stage llI-A T107T2,N1, MO
Stage I1I-B T3 0T4,N1, MO
Stage III-C any T, N2, MO
Stage IV any T,any N, M1
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Table 1B. TNM staging according to AJCC.

TNM classification

Primary tumor Regional lymph Nodes Metastasis
Tis  Tumor confined to mucosa NO No regional lymp nodes MO Distant metastases not
affected present
Tl  Tumorinvades submucosa N1 Methastasisto 1to3 M1 Distant metastases
regional lymph nodes present
T2  Tumor invades muscularis N2 Methastasis to 4 or more
propria regional lymph nodes
T3  Tumor invades subserosa or
beyond

T4  Tumor invades adjacent
organs or perforates the
visceral peritoneum

Different types of exams and tests can be done to determine the tumor stage, like physical
exams, biopsies, and imaging procedures. Sometimes after surgery, definitive cancer
staging can be better defined. Furthermore, other molecular analyses are being
introduced into the classification of CRC to better stratify patients, such as
immunohistochemistry, PCRs, and microarrays (Shia et al. 2012).

1.5. CRC pathogenicity

1.5.1. Cancer evolution

The traditional model of how cancer emerges is based on a Darwinian evolutionary process
that typically occurs over decades, whereas cells gradually accumulate somatic mutations
and evolve by selection and clonal expansion (Nowell, 1976). DNA sequencing efforts have
revealed high variability rates of somatic mutations in adult cancers, from hundreds to
thousands of single nucleotide substitutions to smaller numbers of insertions, deletions,
and chromosomal alterations (Alexandrov and Stratton 2014). While most mutations are
believed to be passenger (neutral), a modest but undefined number can affect key genes
and confer a selective advantage compared to their neighboring cells, giving rise to the
well-known driver mutations (Figure 3). The constant cell exposure to environmental
factors and cell-intrinsic damage (e.g., replication, deficient DNA repair) can result in DNA
alterations already present in healthy tissues that generate sub-clones, leading to tissue
heterogeneity (Kennedy, Zhang, and Risques 2019).
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Figure 3. Somatic evolution in cancer. DNA mutations accumulate through life due to several intrinsic and
environmental factors. Acquired mutations might be deleterious (X), neutral (light grey) or might confer a
selective advantage to clonally expand (colored cells). Tumor suppressor mechanisms are critical to restrain
potential premalignant clones to further expand. However, a minority will bypass these mechanisms by the
accumulation of additional mutations that will acquire malignant properties leading to cancer. Adapted from
Kennedy et al 2019.

Passenger changes have a weak or neutral effect on the neoplastic process, being the
majority of mutations accumulated in cancer cells. They provide information on mutagenic
events that cells have experienced in the past, as well as information about the specific
patterns of mutations across the genome. A clear example is the case of melanomas or
lung cancers in smokers. As the skin is exposed to UV-light and smokers to tobacco
carcinogens (Nik-Zainal et al. 2015), tumors arising from these tissues can accumulate
large numbers of mutations, which are considered passengers as they do not confer a
selective advantage (Bert Vogelstein et al. 2013). Interestingly, TP53 mutations in skin
cancers carry a large number of C>T substitutions, while in cancers arising in the lung of
smokers, TP53 are often C>A (Nik-Zainal et al. 2015). Therefore, studying the type and
distribution of passenger mutations can help us understand the underlying processes
involved in mutagenesis.

Driver mutations are defined as mutations under positive selection within a population of
cells that promote the cell growth to the next step of cancer disease. Cancer genes carrying
drivers are classified as tumor suppressors and oncogenes, which by inactivation or
activation respectively, have the ability to gain malignancy. Accumulation of driver
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mutations is observed in a range of healthy tissues, as well as in cancer; however, they
require the bypass of tumor suppressor mechanisms such as senescence and immune
surveillance to further progress (Kennedy, Zhang, and Risques 2019) (Figure 3). It is
believed that multiple driver mutations affecting key genes are needed for a cell to gain
malignancy.

1.5.2. The adenoma to carcinoma sequence

Colorectal cancer is a complex multistep disease driven by genetic and epigenetic
alterations that lead to the activation of key genes that provide a selective advantage to
neoplastic cells. As previously mentioned, most colorectal carcinomas are believed to
develop from polyp lesions through a long process, often taking ten or more years to
develop. Fearon and Vogelstein first described the classic model of colorectal
carcinogenesis in the 1990s as a transition from normal colonic epithelium to adenomas
(benign neoplasms), followed by invasive carcinomas that can lead to the formation of
metastases (B Vogelstein et al. 1988). This classic “adenoma to carcinoma” sequence has
served as a paradigm for solid tumor progression. Since then, the molecular classification
of CRC has evolved with the purpose of understanding the underlying mechanisms in the
multistep carcinogenic process and predict the biological behavior of a particular tumor.

1.5.3. Genomic and epigenomic instability

The multiple mutations found in human cancer exceed the baseline mutation rate of
normal cells. Almost 40 years ago, a “mutator phenotype” was proposed stating that the
acquisition of multiple mutations observed in cancer cells is driven by genomic instability
(Loeb, Loeb, and Anderson 2003). To date, three different mechanisms have been
proposed for colorectal carcinogenesis according to the global genomic and epigenomic
status: chromosomal instability (CIN), microsatellite instability (MSI), and CpG island
methylator phenotype (CIMP) (Figure 4). CIN, MSI, and CIMP molecular subtypes may
overlap by sharing similar molecular events. Thus, single events such as driver mutations
in key cancer genes and aberrant signaling pathways are also useful classifiers for
colorectal cancer and are reviewed in the next section (section 1.5.4).

cl

Chromosomal instability is recognized by the presence of aneuploidy, a hallmark of cancer.
Aneuploidy is a state with an abnormal number of chromosomes or multiple structural
aberrations that promotes carcinogenesis by copy number gains of common oncogenes
and loss of tumor suppressors. The mechanisms driving CIN are still poorly understood,
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but defects in chromosomal segregation, DNA damage repair, telomere function, and
specific mutations in key cancer genes have been discussed (Pino and Chung 2010; Tariq
and Ghias 2016).

CIN is the most common form of genomic instability in colorectal carcinomas, accounting
for ~85% of CRC. CIN tumor progression, also known as the adenoma-carcinoma sequence
(B Vogelstein et al. 1988), arises via progressive accumulation of mutations in several
genes. Inactivation of the APC gene is common during the early stages of progression, from
normal epithelium to early adenoma, followed by KRAS mutations from early to late
adenoma transition. Other mutations in genes such as TP53 and PIK3CA take place during
later stages to carcinoma progression (B Vogelstein et al. 1988), generating a malignant
tumor that can lead to local and distant invasion (Figure 4A).

From a clinical point of view, CIN tumors typically arise in the left colon, with a well-
differentiated phenotype. They usually display poor prognosis as there is a high tendency
to invade local lymph nodes and produce distant metastases.

MsI

Microsatellite instability refers to the altered lengths of short tandem repeats in the DNA,
named microsatellites. Microsatellites are composed of 2-6 nucleotide repeats found
throughout the human genome, and due to their repetitive structure, they are prone to
accumulate errors during cell replication. DNA polymerase is not perfect; thus, some base
mismatches or indel loops can arise as a consequence of DNA polymerase slippage, and
the mismatch repair system acts to preserve genomic integrity by eliminating these
mistakes. Due to this, MSI mechanisms are driven by the functional loss of MMR genes,
increasing the rate of polymerase-generated errors and degrading the fidelity of DNA
replication.

MSI tumors account for approximately 15% of CRC and have been suggested as an
alternative mechanism to the CIN pathway, being MSI and CIN mutually exclusive. As
mentioned before, in the case of Lynch Syndrome, MSl is driven by germline mutations in
MMR genes. However, in sporadic CRC, MMR inactivation is caused either by promoter
hypermethylation or somatic mutations in MMR genes (Grady and Pritchard 2014) (Figure
4B), being MLH1 promoter DNA hypermethylation the most common cause of sporadic
MSI.

The accumulation of different driver mutations in MSI tumors has been reported, being
BRAF V600E the most frequently acquired mutation, which is also commonly mutated in
the serrated neoplasia pathway (Figure 4). In such cases, MSI tumors with BRAF V600E
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effectively exclude the possibility of Lynch syndrome (Grady and Pritchard 2014; Tariq and
Ghias 2016).

Unlike CIN, MSI tumors are usually located in the right colon, poorly differentiated, with
high levels of lymphocyte infiltration, but with a better prognosis.

A Chormosomal instability pathway

APC KRAS TP53
lefo]o/ — (alfefsl —

Normal Early Late

o Carcinoma
epithelium adenoma adenoma

B Microsatelite instability pathway
TFGPRRII
MMR genes BAX
—>
a0

Normal

. ) Adenoma Carcinoma
epithelium

C CpG island methylator phenotype pathway

—b—
DNA methylahon
Normal

) . Adenoma Carcinoma
epithelium

Figure 4. Adenoma to carcinoma sequence. Progression pathways from normal colon epithelium to
carcinoma: Chromosomal instability pathway, CIN (A); Microsatellite instability pathway, MSI (B) and CpG
island methylator phenotype pathway, CIMP (C).

CimMP

Epigenetic instability in CRC is characterized by a global DNA hypomethylation and
localized hypermethylation of gene promoters that contain CpG islands. Aberrant
methylation is present in most CRCs, but 20% of them display recurrent hypermethylation
of several CpG loci, a class named CpG Island Methylator Phenotype (CIMP). This
hypermethylation in promoters results in the transcriptional inactivation of key genes for
normal cell functioning.
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The mechanisms underlying CIMP are still unclear, but a strong association between CIMP
and BRAF V600E mutation has been established, as well as the correlation between BRAF
V600E and hypermethylation of MLH1, suggesting a link between sporadic MSI and CIMP
(Grady and Pritchard 2014) (Figure 4C). In addition, age-related promoter
hypermethylation of genes related to key pathways, such as WNT signaling and PI3 kinase,
has been shown to sensitize cells to BRAF V600E induced transformation in CIMP tumors
(Tao et al. 2019). Unlike CIN, APC alterations leading to WNT activations are typically seen
at later stages of CIMP tumor progression (Tariq and Ghias 2016).

1.5.4. Driver genes in CRC

Besides genomic and epigenomic instability, several mutations in key genes are relevant
in CRC pathogenesis. The most commonly mutated genes in CRC are involved in key
signaling pathways, including the WNT signaling pathway, RAS/RAF/MAPK pathway, the
PI3K pathway, and the TGFBI/SMAD pathway (Figure 5). Deregulation of the mentioned
signaling pathway leads to alterations in cell proliferation, differentiation, apoptosis,
angiogenesis, and invasion, common hallmarks in cancer (Grady and Pritchard 2014).
Below | summarize the most relevant aspects of key genes in CRC studied in this thesis.

Adenomatous Polyposis Coli (APC)

Mutations in APC inactivation occur in 70% of sporadic CRC. APC function is lost by point
somatic mutations, promoter hypermethylation, or loss of heterogenicity (LOH).
Importantly, most cases of FAP are associated with APC germline mutations.

APC s a large protein with multiple functional domains that acts as tumor suppressor gene
by negative regulating the canonical WNT signaling pathway, which controls the
coordinated cell proliferation and differentiation. APC protein disruption results in
pathway activation, specifically by increasing B-catenin levels in the nucleus that promote
cell proliferation, apoptosis, and cell-cycle progression(L. Zhang and Shay 2017). Mutations
in other genes of the pathway, particularly in B-catenin (CTNNB1), can also lead to WNT
signaling activation. Importantly, APC mutations are often found at the earliest stages of
neoplasia in CIN tumors (B Vogelstein et al. 1988); however, due to the large size of the
gene and the high diversity of inactivating mutations, analysis of APC mutations for early
cancer detection is not performed, except in families with FAP.
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Figure 5. Landscape of mutations in CRC. Top 15 mutated genes in CRC. Data source: www.intogen.org

Tumor suppressor transcription factor 53 (TP53)

TP53 is one of the most mutated genes in human cancers. Approximately 50% of all CRC
harbor mutations in TP53 and is generally believed to occur in the transition from late
adenoma to carcinoma, but it has also been reported to be an early event on CRC
development (Gerstung et al. 2020). They are more commonly found in cancers that arise
from the left colon and is frequently associated with the CIN subtype.

TP53 protein acts as a transcription factor by controlling the expression of a large number
of target genes. Its activation usually occurs upon stress signals and results in different
cellular outcomes, like proliferation prevention by cell cycle arrest, DNA repair, or
apoptosis (Liebl and Hofmann 2021). TP53 is located in chromosome 17 and the coding
region contains 11 exons. Its protein is structured in a transactivation domain (TAD), a
central DNA binding domain (DBD), and a tetramerization domain (TD). Most TP53
mutations in CRC are missense mutations that occur in 8 hotspot codons (175, 273, 248,
282, 245, 213, 196 and 306) (Tate et al. 2019), mainly clustering at the DBD, which is
responsible for recognizing specific p53-binding elements in the promoters of its target
genes. Of note, 17p LOH frequently occurs in CRC (70%) (Fearon 2011), usually associated
with somatic mutations in the TP53 remaining allele.

Most somatic mutations observed in TP53 lead to loss of function, frequently having a
dominant effect over the wild-type TP53. Nonetheless, there is increasing evidence that
gain of function TP53 mutations can also act as key driver mutations for cancer progression
(Pitolli et al. 2019).
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Regarding TP53 clinical use, the prognostic and predictive value of mutated TP53 has been
investigated, and it is still under debate. Some studies have associated TP53 mutations
with poor prognosis (lacopetta et al. 2006; Lattery 2002), but others have failed to
demonstrate it. Currently, TP53 mutations have no clinical applications in CRC.

Kirsten rat sarcoma viral oncogene (KRAS)

KRAS is the most frequently mutated oncogene in human cancers, being approximately
40% of CRC KRAS-mutated. Although mutations in KRAS usually occur after APC mutations
in the adenoma to carcinoma sequence, they are still considered an early event in tumor
progression (Gerstung et al. 2020; B Vogelstein et al. 1988).

The RAS proto-oncogene family includes HRAS, NRAS, and KRAS genes, being KRAS the
most commonly mutated. KRAS acts downstream the EGFR pathway, being a member of
the MAP kinase pathway (RAS/RAF/MAPK) that regulates cell proliferation, differentiation,
development, and apoptosis. It is a small protein activated by somatic mutations mainly in
codons 12 and 13, being codon 12 the most affected. KRAS mutations lead to activation of
the phosphoinositol kinase (PI3K) pathway, which inhibits apoptosis and activation of RAF,
which stimulates cellular proliferation(Armaghany et al. 2012).

Mutations in KRAS are established as predictive biomarkers for treatment with EGFR
inhibitors (such as cetuximab and panitumumab), being KRAS-mutated metastatic tumors
non-responders to the therapy. Therefore, KRAS is tested before starting anti-EGFR
treatment in patients with metastatic CRC.

V-RAF murine sarcoma viral oncogene homolog B (BRAF)

BRAF gene is mutated in approximately 5-10% of CRC and it usually occurs at early stages
of colorectal tumorigenesis. It is commonly mutated in tumors arising from the right colon
and associated with MSI and CIMP alterations.

BRAF is an oncogene, member of the RAS family that acts as a downstream effector of
KRAS in the MAPK signaling pathway, thus downstream EGFR pathway. BRAF and KRAS
mutations are mutually exclusive in CRC, suggesting that the activation of either one of
them can promote tumorigenesis affecting the same signaling pathways. The main
activation of the BRAF gene is V600E substitution which maintains the protein active,
independently of RAS activity, that results in MEK-ERK activation, accelerating tumor cell
proliferation, survival, and migration (X. Li et al. 2020).
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BRAF mutations tend to be associated with poor clinical outcomes, and even though some

studies have shown that BRAF'®%°t tumors have a worse response to anti EGFR therapies,
there is no sufficient evidence to use it as a prognostic biomarker in the clinical setting.

Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA)

Somatic mutations in the PIK3CA gene are found in approximately 15—25% of CRCs (Fearon
2011), promoting the progression from late adenoma to carcinoma in CIN tumors.

PIK3CA oncogene encodes for p110a protein, a subunit of PI3K. In CRC, PIK3CA mutations
mainly happen in codons 545 and 1047, leading to activation of the kinase activity. PI3K
pathway, which regulates several cellular functions, such as migration and proliferation,
and it is regulated by EGFR signaling in part via KRAS activation, is activated as a result of
both PIK3CA mutations or loss of PTEN tumor suppressor gene (Grady and Pritchard
2014),.

Some studies have reported evidence of PIK3CA mutations as predictive biomarkers for
some therapies. Nevertheless, as they are often found along with KRAS and BRAF mutation
and their incidence is low, it has been challenging to establish PIK3CA's role as a biomarker
in CRC.

2. Epigenetics

Identical genetic information is shared within all somatic cells from the same organism;
however, genetics is not sufficient to explain the diversity of observed phenotypes. The
concept of epigenetics refers to the layer of information beyond the DNA sequence
responsible for each cell-type unique gene expression pattern and biological function
(Berger et al. 2009). Therefore, epigenetics is considered to provide a link between the
genotype and the phenotype (Bell and Beck 2010).

The main mechanisms involved in establishing the epigenome include DNA methylation,
histone post-transcriptional modifications, and non-coding RNAs regulation (Figure 6).
Given the major role of epigenetics in gene expression regulation and chromatin
remodeling, epigenetic changes are gaining importance to explain the underlying
mechanisms in both normal physiological functions and disease conditions. Indeed, it has
become clear that epigenetics plays a significant role in tumorigenesis in addition to
genetic alterations.
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Figure 6. Overview of DNA packaging and epigenetic mechanisms. Chromosome, chromatin and DNA
structure representation. DNA methylation (A), non-coding RNAs (B) and histone modifications (C) play an
important role in gene regulation and chromatin conformation.

2.1. DNA methylation

So far, DNA methylation is the most well-known epigenetic mark. It consists of the covalent
addition of a methyl group to the C-5 position of cytosine, resulting in a 5-methylcytosine
(5mC), also known as the “fifth base” (Figure 7). In mammals, this phenomenon is almost
exclusive of the CpG dinucleotide, but a minority has been reported to be outside the CpG
context in specific cell types (Lister et al. 2009; Ziller et al. 2011).

The 5mC base is highly mutagenic by deamination, resulting in C>T transitions and
representing a high proportion of the point mutations detected in many cancer types
(Gehrke 1986; Poulos, Olivier, and Wong 2017). Thus, it is not surprising that CpG
dinucleotides show a fivefold underrepresentation in the human genome, considering that
there is a 42% GC content. It is worth noting that CpG dinucleotide distribution across the
genome is not random, being most CpG concentrated in genomic regions denominated
CpG islands (CpGi) and in repetitive sequences (e.g., Alus). CpGi are usually defined as
regions larger than 200bp with a GC content higher than 50% and with a ratio of
observed/expected CpGs equal or greater than 0.6 (M.Gardiner-Garden and M.Frommer
1987).
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CpGi are generally found at the 5’ regions of the genes, representing 60-70% of promoters,
often associated with housekeeping, developmental and tissue-specific genes (Deaton and
Bird 2011). Interestingly, promoter CpG islands are usually unmethylated during
development and in most cell types allowing gene transcription. However, some CpGi
become methylated in a tissue-specific manner leading to gene silencing. Indeed, this
major role of DNA methylation has been well-described in developmental processes, such
as X-chromosome inactivation and gene imprinting (Reik and Lewis 2005). The association
between promoter methylation and gene silencing is broadly accepted, and it has been
proposed that DNA methylation interferes with the binding of transcription factors (TF),
causing transcriptional repression. However, it is thought that DNA methylation acts in
maintaining gene repression rather than being an initiating event of repression itself
(Jones 2012).
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Figure 7. Cytosine and 5-methylcytosine structures. Two forms of cytosine bases in mammalian DNA. The 5-
position of cytosine is covalently methylated, resulting in 5-mC.

Beyond promoter CpGi methylation as a silencing mechanism, other genomic contexts also
display variable DNA methylation. For instance, methylation in gene bodies can also lead
to transcriptional activation, playing an opposite role to promoters and leading to
transcript elongation (Jones 2012; Moore, Le, and Fan 2012). CpGs in repetitive regions in
the genome are heavily methylated, acting as a mechanism of protection from
chromosomal instability, translocations, and gene disruption prevention (Esteller 2007).
Also, it has been suggested the repressive role of DNA methylation on enhancers, which
are regulatory regions situated at variable distances from promoters that regulate gene
expression (Jones 2012).

2.1.1. DNA methylation regulators
DNA methylation patterns are established and maintained by a family of conserved
enzymes, named DNA methyltransferases (DNMTs), which catalyze the transfer of the
methyl group to DNA. There are five different types of DNMTs in mammals; however, only
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three have been determined to be active in generating DNA 5mC so far: DNMT1, DNMT3a,
and DNMT3b. While DNMT1 is mainly involved in maintaining DNA methylation patterns
during replication, DNMT3a and DNMT3b are responsible for de novo methylation
patterns.

Even though DNA methylation was initially considered an irreversible event, some
mechanisms have been recently reported mediating DNA demethylation. The ten eleven
translocation (TET) family of enzymes can reduce DNA methylation by oxidation from 5mC
to hydroxymethylcytosine (5hmC) and then to other oxidized variants of methylated
cytosine (Auclair and Weber 2012; Rasmussen and Helin 2016). DNMT1 might not
recognize these variants during cell division resulting in a passive loss of methylation in the
newly synthesized strand (Auclair and Weber 2012).

Other regulatory DNA methylation mechanisms include the role of methyl-cytosine-
binding proteins (MBPs), central readers of methylated CpG that can recruit chromatin
remodelers, histone deacetylases and methylases, typically causing transcriptional
repression (Du et al. 2015).

2.1.2. DNA methylation in cancer cells
With all the evidence of epigenetics’ fundamental role in proper cell functions, it is not
surprising that epigenetics takes part in tumorigenic development in intimate cooperation
with genetic events. Regarding DNA methylation alterations, a global loss of DNA
methylation, as well as a substantial gain of DNA methylation in specific regions, have been
reported in cancerous cells.

Global DNA hypomethylation was the first epigenetic alteration reported in cancer
(Andrew P and Bert 1983; Gama-Sosal et al. 1983), almost forty years ago. Cancer cells
have an estimated 20-60% less methylation levels than normal tissue (Esteller 2007).
Indeed, it has been suggested global hypomethylation is an early event in cancer. For
instance, in CRC, aberrant DNA methylation can already be detected in colon adenomas
and adenocarcinomas (Feinberg et al. 1988; Goelz et al. 1985; Qasim, Al-Wasiti, and Azzal
2016).

The pattern of loss of methylation was thought to occur mainly in repetitive regions, but
recent genome-wide methylation studies determined that it also affects gene bodies and
intergenic regions through methylation changes in large domains, named cancer-specific
differentially DNA-methylated regions, that cover up to half of the genome (K. D. Hansen
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et al. 2011). This loss of global methylation levels is associated with the reactivation of
oncogenes and retrotransposable elements.

Hypermethylation events mainly occur at specific genome sites, especially at CpGi
promoters of tumor suppressor genes and genes involved in DNA repair. This
hypermethylation acts as a mechanism of transcriptional repression, contributing to
cancer formation. Many genes have been reported to be silenced in several cancers
through promoter hypermethylation. In CRC, methylation levels of MLH1, VIM, and SEPT9
genes have been reported to occur at early stages and are used as early detection markers
(Lao and Grady 2011).

2.2. Histone modifications

The human DNA is a macromolecule of about 2 meters long, and, in order to fit inside the
nucleus, it is compacted into chromatin. Chromatin is a very dynamic structure consisting
of DNA wrapped around nucleosomes, an octamer core of histones, two of each: H2A,
H2B, H3, and H4 (Figure 6.C). Histone proteins are key regulatory players in coordinating
the heterochromatin (compacted, inaccessible, and transcriptionally inactive) and the
euchromatin states (uncondensed, accessible, and transcriptionally active) that lead to
transcription regulation (Felsenfeld and Groudine 2003). The particular disposition of
histones in the nucleosome leaves their N-terminal tail accessible for a wide variety of
post-translational modifications, such as acetylation, methylation, phosphorylation,
ubiquitination, sumoylation, is