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Abstract

Advances in the study and analysis of patients with glioblastoma (GB) have made it possible to
determine the main challenges imposed on physicians to obtain a good prognosis. The lack of a
100% effective treatment in patients with GB is due to the fact that this tumor is very heteroge-
neous, making GB to be considered one of the most deadly tumors. Given the high urgency to
implement new measures to combat these challenges, there has recently been an increase in the
use of computational epigenetics as a crucial tool for the identification of potential biomarkers and
for the advent of new personalized therapeutic approaches.

The purpose of this work is to respond to the need for the evolution of this field in the field
of medicine, more precisely in the area of molecular oncology, through the development of an
integrative meta-analysis of DNA methylation and gene expression to identify the main genes
epigenetics in glioblastoma, using bioinformatics.

The developed algorithm integrates, in a first phase, the download of DNA methylation and
gene expression data from the TCGA database, selecting only primary samples of glioblastoma
and normal samples. After pre-processing the data, it was possible to identify about 12427 differ-
entially expressed genes (DEGs) among the different samples, including 5783 positively regulated
genes and 6644 negatively regulated genes. Then, all samples were randomly divided into two,
sets, training set (n = 69) and test set (n = 69). Subsequently, the survival analysis of the train-
ing set was carried out using the Kaplan-Meie estimate. In the future, performing the analysis
of Pearson’s correlations between positively regulated DEGs and negatively regulated methylated
survival genes, as well as negatively regulated DEGs and positively regulated methylated survival
genes, will allow the construction of a prognostic risk model based on methylation genes , provid-
ing health professionals with the identification of biomarkers for a better prognosis and treatment,
in order to increase the survival rate of patients with GB.
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Resumo

Avanços no estudo e na análise de pacientes com glioblastoma (GB) têm permitido determinar
os principais desafios impostos aos médicos para obtenção de um bom prognóstico. A falta de
um tratamento 100% eficaz em pacientes com GB deve-se ao facto deste tumor ser muito het-
erogéneo, fazendo com que o GB seja considerado um dos tumores mais mortíferos. Dada à
elevada urgência de implementação de novas medidas para combater estes desafios, recentemente,
verificou-se um aumento da utilização da epigenética computacional como uma ferramenta crucial
para a identificação de potenciais biomarcadores e para o advento de novas abordagens terapêuti-
cas personalizadas.

O propósito deste trabalho vem no sentido de dar resposta à necessidade de evolução deste
campo na área da medicina, mais precisamente na área da oncologia molecular, através do de-
senvolvimento de uma meta-análise integrativa de metilação de ADN e expressão gênica para
identificar os principais genes epigenéticos no glioblastoma, recorrendo à bioinformática.

O algoritmo desenvolvido integra numa primeira fase o download dos dados de metilação
de ADN e de expressão genética do banco de dados TCGA, selecionando apenas amostras de
glioblastoma primário e amostras de tecido sólido normal. Após o pré-processamento dos da-
dos, foi possível identificar cerca de 12427 genes diferencialmente expressos (DEGs) entre as
diferentes amostras, incluindo 5783 genes regulados positivamente e 6644 genes regulados neg-
ativamente. Em seguida, recorreu-se à divisão aleatória de todas as amostras em dois conjuntos,
conjunto de treino (n = 69) e conjunto de teste (n = 69). Posteriormente, procedeu-se à realização
da análise de sobrevivência do conjunto de treino utilizando a estimativa de Kaplan-Meie. Futura-
mente, a realização da análise das correlações de Pearson entre DEGs regulados positivamente e
genes metilados para sobrevivência regulados negativamente, bem como DEGs regulados negati-
vamente e genes metilados para sobrevivência regulados positivamente, permitirá a construção de
um modelo de risco de prognóstico baseado em genes de metilação, proporcionando aos profis-
sionais de saúde a identificação de biomarcadores para um melhor prognóstico e tratamento, de
forma a aumentar a taxa de sobrevivência de pacientes com GB.
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“Maybe we not have been able to do the best, but we strive for the best to be done.
We are not what we should be, we are not what we will be .. but thank God, we are not what we

were.”

Martin Luther King
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Chapter 1

Introduction

Glioblastoma (GB) is one of the most deadly tumors worldwide. This corresponds to the most

malignant form of gliomas (grade IV) and is the most common malignant brain tumor in adults.

GB patients have a very short survival period (an average of only 15 months after surgery), as

this is a very heterogeneous and treatment-resistant type of tumor. Another significant reason for

patients to have a reduced time of passage, after the surgery, is the fact that the diagnosis is very

late. This is due to the fact that the images obtained by magnetic resonance imaging (MRI) reveal

the presence of GB only when it is already at a very advanced stage. Therefore, this cause also

influences the treatment of patients, since, if the tumor is already very advanced, it will hinder the

development and application of an appropriate therapy to the phenotype of that tumor. As all tu-

mors are genetically, epigenetically and phenotypically different from others, GB is no exception.

Therefore, there is an urgent need to create new strategies for a clinical diagnosis and personalized

treatment of this tumor. However, a major challenge for researchers in the discovery of new thera-

pies is to determine the cellular origin of GB, since it is extremely difficult to create a GB treatment

that is successful without first finding out what type of cell is responsible for the appearance of

this tumor. As epigenetic modifications, enzymes and non-coding RNAs are often unique to each

cell type, it makes these cellular elements the first to be explored to identify the cell of origin.

However, determining these changes becomes a very complex and difficult process, as the cells

that acquire a mutation (mutation cell) may not be the same as the source cell. That said, recently,

biomedical engineers are relying on the use of personalized epigenetics as a potential weapon in

the identification of epigenetic biomarkers in the treatment of cancer. In addition to this being a

relatively new area, its use allowed to observe a rapid evolution in cancer research. Personalized

epigenetics is the combination of epigenetics with personalized medicine. Epigenetics refers to the

hereditary changes in gene expression that result from changes in the chromatin structure, with-

out any involvement of changes in the genetic information stored in the DNA [18], on the other

hand personalized medicine consists of a medical model that suggests the customization of the

services of health, that is, the appropriate choice of medical decisions, practices, and products for

the body of each patient. One way to learn more about this concept is to carry out integrative ana-

lyzes of disparate heterogeneous data to generate global interpretations and biological knowledge
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2 Introduction

[19]. The appearance of the epigenome is due to interactions between different epigenetic mech-

anisms, including discrete biomolecules and chemical modifications, thus forming an elaborate

combinatory complexity [18]. These epigenetic marks are crucial to understand the diverse nature

of the data resulting from epigenomic studies on many diseases. The meta-analysis of each of

these brands requires the involvement of specific techniques and workflows, resulting in different

types of data. Throughout the studies, the data present a high heterogeneity, thus emerging a set

of challenges for computational analysis and information management, similar to those produced

by other complex systems. Great advances in the field of bioinformatics provide a new panorama

of a set of possibilities for the massive generation of biological knowledge. The development of

databases, such as TCGA (The Cancer Genome Atlas) and GEO (Gene Expression Omnibus), and

the use of specialized computer software for the creation of dynamic algorithms and simulations

allows to obtain integrative and more effective analyzes of clinical data, allowing to expand the

final frontiers for a better understanding of the epigenetic changes involved not only in cancer,

but also in other diseases. Through these meta-analyzes, the identification of fundamental units,

with genes or proteins, responsible for the appearance or progression of the tumor, allow the de-

velopment of crucial biomarkers in preventing the prognosis and in increasing the survival rate in

infected patients, thus contributing to a more personalized medicine.

1.1 Objectives

Different subtypes of GB have an enormous diversity of gene pathways, genomic aberrations and

gene expression profiles, contributing to an increase in intratumoral heterogeneity. So far, no gen-

uine biomarker has been developed, which would significantly contribute to the increased survival

of patients with GB. Recently, epigenetic changes have emerged as a common feature of cancer,

including GB. There are several epigenetic marks, but DNA methylation is considered to be one

of the central elements in epigenetic alteration. DNA methylation has the function of regulating

genomic function and is one of the most important characteristics that interfere in carcinogenesis.

DNA methylation plays an important role in several cellular processes, such as cell differentia-

tion, genome stability and gene printing. The observation of biological processes, such as changes

in DNA methylation, can allow the identification of potential biomarkers for the early diagnosis

and prognosis of GB, thus constituting an important basis for the development of new ideas for

future clinical applications. Therefore, the main objective of this work is to carry out an integra-

tive meta-analysis of DNA methylation and gene expression to identify the main epigenetic genes

in glioblastoma, using bioinformatics. In other words, we intend to build an algorithm using the

Rstudio software [20], which is a free software from an integrated development environment for

R, and open data from the GDC (Genomic Data Commons) of DNA methylation and gene ex-

pression of patients with GB in the TCGA database [21]. Tasks such as determining differentially

expressed genes (DEGs) and methylated sites, univariate and multivariate Cox regression analysis

of methylation sites obtained from GB, as well as correlation analysis of DEGs and methylated

survival genes are some of the final objectives of this dissertation. However, through the discovery
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of the main epigenetic genes or tumor suppressor genes of GB, it is possible in a future work to

develop personalized therapies in order to obtain a better prognosis and personalized treatment in

the near future.

1.2 Methodology and Structure

Regarding the application used in the present dissertation, its theoretical demonstration goes

through a discerning and exhaustive search obtained from information and materials that allow

the determination and construction of the different chapters and the respective state of the art sur-

rounding each one, consisting mainly of the GB tumor, epigenetics, including DNA methylation

and gene expression, that is, the specific concepts, the problems that are imposed and, finally, an

idealization of possible measures to combat these problems. As a form of action, these steps will

be the subject of careful reflection, the results of which will be translated into a descriptive and

comparative meta-analysis, which deals with facts from past work as the foundation of the current

performance of the different actors. The concepts approached and the implementation of new solu-

tions defended by several authors, and reproduced in documents of varying order, were processed

according to a conjunctural view, described and reflected throughout the dissertation. As for the

documentation listed above, this was obtained through access to different sources, namely through

an extensive online search of books and articles that report the works produced. The relevant

bibliography related to the theme is explored and classified as of added value for research.

That said, the following document is divided into 6 chapters. The second chapter, Personal-
ized Medicine, refers to the use of a more personalized medicine for oncological diseases, includ-

ing the use of biomarkers, technologies based on OMICs and liquid biopsies for a better monitor-

ing of a certain pathology in a patient. The third chapter, Glioblastoma Multiforme, exposes the

basic principles of GB tumor, including statistics (its incidence and mortality), how heterogene-

ity influences the diagnosis, how the diagnosis is made, including MRI, tumor and liquid biopsies,

how to collect information about the cells surrounding this tumor, as well as the epigenetic changes

in GB and the evolution of personalized epigenetics in it. This chapter describes part of the prob-

lem addressed in this paper in the current reality. The fourth chapter, Epigenetics and molecular
biology of cancer, covers the concept of epigenetics and its epigenetic changes, that is, aberrant

DNA methylation and modifications in histones, as well as epigenetic processes, including inacti-

vation of the X chromosome and genomic imprinting . In addition, it also includes epigenetics in

cancer and personalized epigenetics linked to bioinformatics, these topics being very recent and

with a huge impact in the biomedical area. The fifth chapter, Integrative meta-analysis of an
epigenetic study, reveals the entire construction step by step of the meta-analysis algorithm used

to identify the main epigenetic genes. Subsequently, all the experimental results obtained in this

work and their respective analysis and discussion are observed.

Finally, the sixth chapter, the conclusions of this dissertation are highlighted with a summary

and critical discussion of the most important results obtained. A vision is also presented for future

work to be carried out in order to create a fully customized system.
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Chapter 2

Personalized medicine

2.1 Overview

Personalized medicine (PM) consists of a medical model that suggests better personalization of

health services, that is, the practice of better medical decisions and better products suited to the

needs and the organism of each patient. This makes use of the individual’s phenotypic and geno-

typic characterization, based on sociodemographic, environmental and lifestyle data, clinical and

medical image information and genetic profiles, in the assessment of individual capacity for a

given pathology [22]. This contrasts with traditional medicine, in which care is only based on a pa-

tient’s family history, social circumstances, environment and lifestyle. This type of medicine has as

main objective to use the right medicine in the right dose, with minimal or no toxicity, for the right

patient at the right time, thus presenting a better cost-benefit ratio, a better treatment efficiency

and less toxicity [23]. The growing investment of a new generation of technological innovations

in PM seeks to customize medical practice with the focus on the individual, based on the use of

genetic tests, identification of biomarkers and development of new medications [24]. Investments

in the implementation of PM have been made mainly in the area of oncology and rare diseases.

Personalized oncology appeared with the emergence of the main technologies and consists of per-

forming specific tests and decentralizing the care stage (PoC) (for example, self-monitoring), in

contrast to the traditional clinical diagnosis, Figure 2.1 [1]. However, these advances, especially

at the cellular and molecular levels, allow for advanced diagnostics and monitoring, reduce the

clinical burden using minimally invasive body fluids and provide results to the electronic records

of patients, and subsequently improve the patient’s well being [25].

2.2 Role of biomarkers in Personalized Medicine

A biomarker allows to obtain indications about the diagnosis of the patient, through measurements,

based on precision and reproducibility [26]. In 1998, a Working Group on Biomarker Definitions

from the National Institutes of Health defined a biomarker or biological marker as "a character-

istic that is objectively measured and evaluated as an indicator of normal biological processes,

5



6 Personalized medicine

Figure 2.1: Comparison of traditional clinical oncology with personalized oncology [1].

pathogenic processes or pharmacological responses to a therapeutic intervention [27]. Biomark-

ers can be of diagnosis, prognosis, prediction, pharmacokinetics/pharmacodynamics, stratification

and toxicity/efficacy. Diagnostic biomarkers are used to discriminate different pathological stages

of the patient’s condition, in order to critically determine whether a patient has a specific medical

condition for which treatment can be indicated [28]. Through a predictive diagnosis we can obtain

information about the probability that a treatment will work on a specific patient or on the prob-

ability that this treatment will cause an unwanted side effect [29]. However, these three types of

biomarkers are the most used and when applied in clinical practice they have different functions.

After the identification of biomarkers and properly validated during preclinical tests, it is neces-

sary to investigate whether they have diagnostic or prognostic capacity to indicate the presence of

a certain pathology or the progression of it in a patient. To this end, we must resort to specific and

rigorous measures, in order to assess the behavior of biomarkers before they are adopted in prac-

tice. Figure 2.2 shows the impact of biomarkers on PM. These impacts relate to the development

of a molecular diagnosis associated with the drug which tests or directs treatment to a sub-set of

the population with a specific genetic mutation. Such a change implies greater assertiveness of the

research, in order to assess whether the use of these biomarkers alters the clinical results, in order

to satisfy the needs of several interested parties [30]. However, biomarkers play a crucial role in

improving the process of early diagnosis, drug development, as well as in the field of biomedical

research. Advances in these molecular diagnostic technologies have been used mainly to detect

biomarkers of various diseases, such as cancer, metabolic disorders, infections and diseases of the

central nervous system.
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Figure 2.2: Impact of biomarkers in personalized medicine [2].

2.3 OMICS

To better understand the pathophysiology of most diseases, recently the main focus of research

has been on omics-based approaches. The word "omics" refers to the area of biological sciences

that ends with -omics, such as genomics, transcriptomics, proteomics or metabolomics [12]. This

set of terms allows obtaining specific data from dynamic interactions between the numerous com-

ponents of a biological system. The interactions are in-tended to analyze a set of networks, paths

and inter-active relationships that exist between the various components and processes of life (for

example genes, transcripts, proteins, metabolites and cells) [31]. Thus, the main objective of

“omics” is to identify, characterize and quantify all biological molecules involved in the structure,

function and dynamics of a cell, tissue or organism [32]. According to the World Health Orga-

nization (WHO), genomics is defined as the science that studies the structure, function, evolution

and mapping of genomes and the respective characterization and quantification of genes [33, 34].

A genome corresponds to a complete set of DNA in an organism, including all of its genes [35].

Regarding transcriptomics, it is defined as the set of all transcribed RNA molecules (mRNA, non-

coding RNA, rRNA and tRNA) produced by the genome [36]. This term appeared, for the first

time, when Schena et al. (1995) developed the “microarray” technology using the inkjet DNA

synthesizer, thus allowing to analyze a vast set of mRNA cells [37]. Epigenetics is the science

that addresses hereditary changes in gene expression or phenotype. These changes are made at the

level of histones that involve chromatin and DNA methylation [38]. As for proteomics, it studies

all proteins existing in human biology [39]. The research related to this term allows to obtain

important information about its biochemical properties and respective functions, thus helping in

the discovery of new biomarkers to identify and locate possible post-translational modifications,

as well as to understand the role of protein-protein interactions [40]. Finally, the metabolic allows

studying the cellular metabolism of living organisms, in real time [41]. This allows collecting

quantitative data on endogenous enzymes, cellular biochemical reactions and synthesis of cellular
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metabolites within a biological system [42]. That said, an important factor in systems biology,

which we must take into account, is data mining. The coordination and correct access of data

can become a somewhat complicated task, given the diversity of data managed by current high-

performance technologies [43]. With appropriate algorithms, this database can be extracted by

doc-tors, in order to make medical decisions based on personalized “omics” data with an appro-

priate interpretation, thus benefiting the understanding of all the physiological stages of health

and disease [44]. Therefore, we conclude that the "Omics" area is increasingly linked to cancer

studies. These studies reveal the molecular mechanisms that are involved behind various types

of cancer and help to identify biomarkers for early diagnosis and treatment. However, with the

rapid reduction in the cost of omics profiles, it is possible to anticipate a high number of person-

alized drug applications in many aspects of healthcare, in order to contribute to a better future of

precision medicine, thus providing personalized monitoring of health [45].

2.4 Liquid Biopsy

Liquid biopsies arecrucial tools for early diagnosis of the presence of a certain cancer. Liquid biop-

sies are personalized blood tests that aim to extract the tumor and study its heterogeneity and evo-

lution in real time [3]. These are minimalinvasive processes, when compared with tissue biopsies,

and allow the identification of the presence of biomarkers (Figure 2.3), such as, for example, cir-

culating tumor cells (CTCs), circulating cell-free tumor DNA (ctDNA) and RNA (ctRNA), circu-

lating microRNAs, proteins, tumor forming platelets (TEPs) and extracellular vesicles (EVs) [46].

CTCs are circular tumor cells that are eliminated from primary tumors or metastases (homotypic

or heterotypic clusters) and therefore spread in the bloodstream [47]. These present themselves as

metastatic precursor cells [48], which undergo transitions at the epithelial mesenchymal (EMT)

level. The appearance of these cells is due to the increase in tissue hypoxia that derives from tu-

mor growth [49]. After collecting the blood sample, using liquid biopsy, it is necessary to isolate

the CTCs. The isolation of these cells can be done through different processes, such as filtration,

chip technology, gradient or density centrifugation, electric field, sound waves and microfluidic

technology [50]. However, isolation of CTCs is quite difficult, since there is a large number of

cells in the blood of patients, which corresponds to approximately 1 in 109 cells [3]. However,

its extraction is very important, as it allows to obtain crucial information for the understanding of

the biological processes of the tumor and its molecular characterization also contributes to explain

how CTCs have a high capacity for resistance to treatments. With the advances in the re-search

of these cells, the cells of DNA and RNA in CTCs contribute to the determination of the degree

of heterogeneity and the degree of similarity of the cancer cells. Regarding cell-free nucleic acids

(cfDNAs), these are valuable markers in different diagnostic protocols, such as in the early diag-

nosis of genetic diseases and in the detection of tumors [51]. cfDNAs are fragmented molecules

that contain signals that can be of tissue or cellular origin. In patients with cancer, there is an

enormous amount of cfDNA formed by apoptosis and necrosis of tumor cells, where the release of

DNA from necrotic cells occurs only by phagocytosis [52]. However, according to the circulation
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Figure 2.3: The different components that can be found in a liquid biopsy (blood or cerebrospinal
fluid) of patients with glioblastoma. [3]

of the cells, the cfDNA molecules can be divided into: fragments of free DNA, DNA bound to

the vesicle and DNA-macromolecular complexes [53]. The fragments of free DNA present them-

selves with bare sequences, as they are not linked to any other molecule or surface. As for RNAs,

they are minimally unstable and susceptible to degradation induced by ribonucleases [54]. Cir-

culating cell-free tumor RNA (ctRNA) includes mRNAs, long noncoding RNAs (lncRNAs) and

mainly small ncRNAs, cellless mRNA (cf-mRNA) and tRNAs. However, all of these compounds

can be released into the extracellular medium with the function of regulating various signaling

pathways through the repression of multiple genes at the translation level [55]. Recently, extracel-

lular vesicles (EVs) have contributed to the development of important biomarkers for non-invasive

or minimal- invasive diagnosis and monitoring of cancer [56]. EVs are small closed spheres com-

posed of an external hydrophobic lipid bilayer around a hydrophilic aqueous nucleus [57]. These

have a diameter be-tween 40 and 1000 nm and are formed and secreted from different cells re-

sulting from complex and strongly regulated mechanisms [3]. Extra-cellular vesicles are classified

according to their biogenesis, in exosomes (40–200 nm), membrane-derived vesicles (40 to >1000

nm) and apoptotic bodies (100–5000 nm) [58]. EVs are present in various body fluids, namely

blood, CSF or urine, and their biomolecular composition is quite diverse [59]. These compounds

can transport portions of mRNA, miRNA, DNA, cellular proteins, lipids and metabolites, which

can be transferred to near-by or distant cells by direct contact with the membrane of EV cells, fu-

sion or internalization [3]. However, EVs are associated with tumor progression, interfering with

the transport of factors capable of controlling and deregulating processes, with proliferation, drug

resistance, migration, angiogenesis induction, and invasion.
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Chapter 3

Glioblastoma

3.1 Overview

The brain tumor is a rare tumor and is inserted in the type of tumors where the cure is practically

nonexistent [60]. It can be classified as primary or as metastatic [61]. Primary brain tumors

originate in the brain, whereas metastatic brain tumors originate from other organs. Gliomas

are a group of brain tumors whose origin is glial cells. These cells are part of the central nerve

system (CNS) and act as support cells for neurons [62]. However, gliomas can be classified as

astrocytomas, oligodendrogliomas and ependiomas. Within the astrocytoma we have four grades

(I, II, III, IV), where grade IV is called Glioblastoma (GB). GB is an aggressive malignant tumor,

and it is the brain tumor that occurs most frequently. It originates from primary brain tumors,

but over time it becomes a metastatic tumor. The survival rate is very low (an average of only

15 months after surgery), because this is a very heterogeneous and treatment-resistant type of

tumor [63]. The age groups most affected with this type of tumor are male groups in adult-hood

(between 65-69 years old) [64].

The initial diagnosis of GB is made through neuroimaging, followed by resection or biopsy

of tumor tissue to diagnose, classify and characterize the tumor [65]. Currently, tissue biopsies

are the most used technique for the diagnosis of GB. However, these biopsies are highly invasive,

putting patients at risk for life due to consequences such as the development of brain swellings or

due to consequences in terms of neurological functions [66]. As an alternative to tissue biopsies,

liquid biopsies are minimal-invasive and allow the detection of circulating biomarkers [67]. These

facilitate sampling and can monitor possible dynamic changes in the tumor throughout personal-

ized therapy. In addition to liquid biopsy, diagnosis based on “Omics” is also becoming a crucial

tool in the personalized diagnosis of GB.

3.2 Statistics

Globally, more than 241,000 people with brain or CNS cancer die each year, with glioblastoma

being the most common form of the disease [4]. According to the data obtained from Globocan (an

11
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Figure 3.1: Worldwide distribution of GB tumor in 2019 [4]

interactive platform that presents statistical data on all types of cancer existing worldwide) [4], it

was found that in 2018 in Europe there were about 64600 cases of GB (Figure 3.1). The incidence

rate of GB is estimated at 4.6 per 100,000 people [15], and this estimate varies according to the

region, with the development of the country and with the increase of age, being verified that as

the age of the person increases the probability of developing GB is also higher (the average age

of diagnosis is found at 64 years). As previously mentioned, the survival of patients with GB is

extremely reduced, although there is already a huge advance in diagnosis and treatment. Through

the studies, a survival rate of approximately 34% has been observed for patients who survive 1

year, 12% for those who survive 2 years, and less than 5% for those who survive 5 years, since the

date of diagnosis (Viegas, 2018) [64].

3.3 Classification and Morphology

According to the World Health Organization (WHO), tumors associated with the brain and the

CNS are grouped according to their morphological similarity, immunohistological profile, differ-

entiated brain cells and cytoarchitecture. In 2016, WHO updated the classification criteria for these

tumors [68], where they are now based on the tumor’s genotype and phenotype. Glioblastomas,

according to this classification, are inserted in diffuse atrocitary and oligodendroglial tumors, and

are subdivided into three types (Table 3.1):

• Glioblastoma HDI-wildtype - These are called primary glioblastomas and represent about

90% of all glioblastomas. They are characterized by their high mitotic activity, vast cellularity and

the presence of necrosis or microvascular proliferation [69].
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• Glioblastoma HDI-mutant - Corresponds to approximately 10% of cases and is called sec-

ondary glioblastomas. GB associated with point mutations in isocitrate dehydrogenase 1 or 2

(HDI1/2), are linked to most glioblastomas resulting from a diffuse astrocytoma (WHO grade II)

or anaplastic astrocytoma (WHO grade III) [70].

• NOS glioblastoma - These glioblastomas are so named, since there is no information on the

presence of some type of diagnosed mutation [64].

In addition to the morphological division, brain tumors, according to WHO, are also subdi-

vided according to their grade-I, II, III and IV (Table 4.2), this subdivision being associated with

the rising order of malignancy [71]. As previously mentioned, GBs correspond to the highest grade

(IV) gliomas, and can be classified as primary or secondary, according to their origin. Primary or

“de novo” glioblastomas correspond to approximately 85 to 90% of glioblastomas and develop

without precursor damage [72]. As for secondary glioblastomas, they arise from a pre-existing

glioma of lesser degree [64] and correspond to approximately 10% to 15% of all glioblastomas.

Table 3.1: Classification of glioblastoma in relation to tumor diffusion, according to the adaptation
of the WHO table [14]

Diffuse astrocytic and oligodendroglial tumours
Difusse astrocytoma, IDH-mutant 9400/3
Difusse astrocytoma, IDH-mutant Gemistocytic astrocytoma, IDH-mutant 9411/3
Diffuse astrocytoma, IDH-wildtype 9400/3
Diffuse astrocytoma, NOS 9400/3
Anaplastic astrocytoma, IDH-mutant 9401/3
Anaplastic astrocytoma, IDH-wildtype 9401/3
Anaplastic astrocytoma, NOS 9401/3
Glioblastoma, IDH-wildtype 9440/3
Giant cell glioblastoma 9441/3
Gliosarcoma 9442/3
Epithelioid glioblastoma 9440/3
Glioblastoma IDH-mutant 9445/3*
Glioblastoma NOS 9440/3
Diffuse midline glioma, H3 K27M-mutant 9385/3*
Oligodendroglioma, IDH-mutant and 1p/19q codeleted 9450/3
Oligodendroglioma, NOS 9450/3
Anaplastic oligodendroglioma, IDH-mutante and 1p/19q codeleted 9451/3
Anaplastic oligodendroglioma, NOS 9451/3
Oligoastrocytoma, NOS 9383/3
Anaplastic oligoastrocytoma, NOS 9382/3

Usually, the origin of GB occurs in the brain, and these tumors are located mainly in the sub-

cortical white matter of the cerebral hemispheres [73]. The sites that are most affected are the

temporal (31%), parietal (24%), frontal (23%) and occipital (16%) lobes, being the most common



14 Glioblastoma

Table 3.2: Classification of glioblastoma according to the degree of glioma of the tumor, according
to the adaptation of the WHO table [15]

Gliomas Degrees
Diffuse astrocytomas and oligodendrogliomas

Diffuse astrocytoma, IDH-mutant II
Anaplastic astrocytoma, IDH-mutant III
Glioblastoma, IDH-wildtype IV
Glioblastoma, IDH-mutant IV
Oligodendroglioma, IDH-mutant and 1p / 19q-codeleted II
Anaplastic oligodendroglioma, IDH-mutant and 1p / 19q-codeleted III

Other Astrocytomas
Pilocytic Astrocytoma I
Subependymal giant cell astrocytoma I
Pleomorphic Xanthoastrocytoma II
Anaplastic pleomorphic xanthoastrocytoma III

Ependymomas
Subependymoma I
Mixopapillary ependymoma I
Ependymoma II
Anaplastic Ependymoma III

frontotemporal region, Figure 3.2 [74]. The progression of this tumor is very fast, except when the

development of GB occurs within an astrocytoma, which is the most common tumor of the cen-

tral nervous system [75]. Regarding its morphology, GB corresponds to 50% of all gliomas, and

represents a set of variations in the tumor cell and tissue structure. The formation of this tumor is

based on small cells, characterized by polymorphism, anaplasia and significant anisocariosis [14].

The cells that are part of its constitution are polygonal and fusiform and have an acidophilic cy-

toplasm and common cell borders. The increase in cytoplasm induces the development of nuclear

polymorphism. Binuclear and multinucleated cells can also be present in GB, namely necrotic

cells, lymphocytes, macrophages and neutrophils [5].

Glioblastoma multiforme is one of the tumors with the highest vascularization rate. The newly

formed vessels are morphologically composed of endothelial cells (phenotypically different from

normal endothelial cells), and their surface is covered by a layer of pericytes (cells that normally

line blood vessels) [76]. In GB, it was also verified the presence of regions of necrosis with

neoplastic cells in pseudo palsy [77]. Histologically, there are two types of necrosis present in

the tumor, which depend on the location and size of the necrotic area. The first type results from

insufficient blood supply in all primary glioblastomas, and the second type is more common in
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Figure 3.2: Geographic representation of the tumor percentage in each brain region [5]

secondary glioblastomas, where they have necrotic foci surrounded by pseudopalisated regions

formed by glial cells. However, when we look at this tumor microscopically, the center of the

tumor’s necrotic tissue is usually encircled by a gray border and a yellowish gray texture, which

is surrounded by the white substance. In microscopic view, it is also possible to observe black

hemorrhagic lines and thrombosed vein [78].

3.4 Etiology

The development process of GB is very fast, and the manifestations of the presence of this tumor

depend a lot on the location, the tumor volume and the ability to spread. Approximately 1%

to 5% of GB are of hereditary origin. GB presents itself as a spontaneous tumor and its cause

is unknown in most cases. Genetics, epigenetics, bacterial infections, and many other factors

influence GB oncogenesis [60]. Regarding genetics, it contributes to glioblastoma as follows:

tuberous sclerosis [79], Turcot syndrome [80], multiple endocrine neoplasia type IIA [81] and

neurofibromatosis type I, NF1 [82]. The development of GB is related to the dysregulation of

the G1/S checkpoint in the cell cycle and the occurrence of many genetic disorders in glioma

cells, such as the amplification of the EGFR (7p12) gene, mutations in the TP53 gene and the

loss of chromosome 10 [83]. Traumatic brain injuries can also be the cause of glioblastoma, as

well as exposure to organic solvents and pesticides [84]. Nevertheless, signs such as hemiparesis,

loss of sensory signals and loss of vision, are often linked to the location of the tumor. One of

the very common symptoms in patients with GB is the presence of headache [85], at the time

of diagnosis. Another symptom that can also be associated with this type of pathology is the

presence of cognitive difficulties and the constant changes in personality, which are sometimes

confused with psychiatric illnesses, especially because it manifests more in the elderly [85]. In
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addition, about 10% of all gliomas are caused by irradiation, these occurrences being rarer. These,

usually, appear because complex genetic abnormalities combined with unknown environmental

factors, dispose individuals to the development of gliomas [86].

3.5 Heterogeneity

The heterogeneity of a tumor corresponds to the diversity of tumor cells present in a given tu-

mor. These cells induce distinct morphological and phenotypic lesions, with different cell mor-

phologies, gene expression, metabolism, microenvironment, proliferation and the possibility of

metastatic lesions [87]. Heterogeneity can be called intertumoral or intratumoral heterogene-

ity [88]. Intertumoral heterogeneity arises when there is any type of genetic alteration in the

different tumors located in the same organ. While the intratumoral heterogeneity corresponds to

the diversity of existing cells within a given tumor. The existence of different population groups,

which have the same genetic characteristic (called clones), in the same tumor are the main cause

of the failure of therapies that are applied in the treatment. This is mainly due to the characteristics

of tumorigenesis responsible for progression, resistance, metastatic potential and tumor renewal.

The evolution of the origin of intratumoral heterogeneity can be explained in four stages. The

first stage (Figure 3.3, a)) concerns the model of clonal evolution, which is based on the division

of tumor cells under selective pressure and exhibits genetic or epigenetic mutations [87]. This

stage occurs when there are environmental changes, that is, when there is an alteration induced

by chemotherapy or radiotherapy, thus observing, again, the growth of a group of dominant cells.

More recently, the second stage (Figure 3.3, b)) corresponds to the theory of cancer stem cells

(CsC). This theory consists of a hierarchical model that is based on the existence of groups of

biologically distinct cells, with a high tumorigenic capacity [6]. This group of cells is called

CSCs and they are grouped in specific anatomical-functional sites, where they are in direct contact

with the different types of cells and the respective extracellular matrix. When asymmetric division

occurs, CSCs originate a cell like itself (self-renewing capacity), while the most differentiated cells

undergo successive divisions and give rise to daughter cells with non tumorigenic properties [89].

The marked manifestation of specific carrier proteins [90] (for example P glycoprotein and BCRP)

correspond to yet another characteristic of CSCs. The third step (Figure 3.3, c)) consists of the

heterogeneity formed by cellular plasticity in response to microenvironment signals [91]. As the

microenvironment is not homogeneous and the differences in oxygen pressure, density of blood

vessels, factors of growth and composition of the extracellular matrix are the main consequences

of the phenotypic and genetic differences observed in tumor cells as a new source of CSCs. In

addition, they also promote angiogenesis through pro-angiogenic growth factors, such as vascular

endothelial growth factor (VEGF), endothelial migration and tube development. Tumors with

CD133 + have more necrosis, hemorrhages and have a high rate of vascularization, whereas tumors

C133- do not [92]. Regarding the last stage (Figure 3.3, d)), this corresponds to a very recent

perspective and depends on the clonal evolution of the tumors through the growth of a tree [93, 94].

As the tree grows, the various regions of the tree play a crucial role in the development of the
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Figure 3.3: Schematic representation of the four stages of the evolution of the heterogeneity of a
given tumor: (a) clonal evolution, (b) hierarchical model, (c) the role of CSCs in the evolution of
heterogeneity and (d) model of the “tree structure” of a tumor [6].

tumor. The stem corresponds to the original clone that carries “controlled” mutations, and which

are responsible for the initiation of malignant transformation and tumor growth. The branches

that leave the trunk are the clones that originate from the accumulation of new mutations, these

representing the heterogeneity that exists in a tumor) [6].

3.5.1 GB heterogeneity

GB is characterized by its high tumor heterogeneity, hence it is called glioblastoma multiforme. It

presents an enormous genomic and phenotypic intratumor heterogeneity, which contains charac-

teristics with invasive infiltrative properties, high proliferation capacity, microvascular hyperpla-

sia, nuclear atypia and necrotic spots surrounded by pseudo palisated cells [95]. The primary GB

can be subdivided into four subgroups according to their order of heterogeneity, that is, it can be

mesenchymal, classic, neural and proneural [96, 7] (Figure 3.4), with the secondary GB it is also

inserted in the latter. The presence of CSCs in the GB has a fundamental role in understanding

this heterogeneity, namely in explaining how the GB’s CSCs exhibit an iron elimination mecha-

nism normally seen in liver cells, and how this iron uptake promotes tumor proliferation[97]. The

increased expression of the gene that encodes transferrin (Tf) in the CSCs of glioblastoma, during

RNA sequencing, positively influences the regulation of the ferritin stored iron transporter. Tf is a

protein typically secreted by the liver that aims to eliminate iron from the blood and maintain nor-

mal brain activity. However, if CSCs capture more iron than non-CSCs, there is a significant loss

of iron, thus contributing positively to tumor differentiation and progression [97]. Nevertheless,

cellular plasticity also plays an important role in the heterogeneity of GB, since it corresponds to

the process where brain tumor cells acquire different phenotypes. This process occurs due to fac-

tors such as the presence of acidity and hypoxia microenvironments, as well as the stress caused
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Figure 3.4: Schematic representation of the sequencing of the successive genetic changes observed
in the pathogenesis of different GB subtypes. Mutations in normal brain cells cause the growth
of a population of tumor-initiating cells (TICs). The agglomeration of TICs with genetic and
epigenetic alterations results in the appearance of brain cancer spreading cells (BCPC). [7]

by chemotherapy and radiation, thus influencing the state of GB cells [97]. This process occurs in

the presence of certain conditions, such as the existence of acidic and hypoxia microenvironments,

as well as the stress propitiated by chemotherapy and radiation, thus influencing the state of GB

cells [97]. However, there are other examples that explain the high heterogeneity of the tumor. For

example, the appearance of particular changes, such as the p53 mutation in low-grade gliomas or

the MGMT expression in GB [98], or the amplification of the EGFR gene [99], which is usually

surrounded by a mutation in the similar protein, and gives rise to a frequently constitutive receptor

called EGFRvIII, ∆EGFR or EGFR [83].

3.6 Diagnosis

The main diagnostic methods used today to identify the presence of GB necessarily depend on

neurological tests and neuroimaging methods [100, 101]. Usually, these tests are done when

glioblastoma is already in an advanced stage, since the late diagnosis is due to the slowness of the

dissemination processes typical of brain tumors and the absence of clinical manifestations [102].

In 2007, Kleihues et al. revealed that the diagnosis of GB consisted of a tissue pattern with anaplas-

tic cells, which present mitotic activities and vascular proliferations [103]. Currently, computed

axial tomography (CAT) and magnetic resonance imaging (MRI), with or without contrast, are

the main diagnostic tools used in the detection of GB. The use of contrast in MRI (for example

gadolinium particles) facilitates the diagnosis, thus making it possible to differentiate the differ-

ent peripheral hypercellular areas of the tumor (Figure 3.5) [7]. Nevertheless, during diagnosis,
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Figure 3.5: Brain nuclear magnetic resonance of a patient with GB: (A) without contrast, with
poor lesion delimitation, and (B) with contrast, where the heterogeneity of the tumor can be seen,
with the necrotic lesion being well marked [8]

tumors have different diameters, with a tumor diameter of approximately 4 cm being the most

common [104]. In 1993, studies by Simpson et al. demonstrated that in 56% of the tumors can

have diameters between 5 to 10 cm, 38% correspond to diameters smaller than 5 cm, and with a

smaller percentage (6%) the tumors can acquire diameters larger than 10 cm [105].

Furthermore, doctors also take samples of abnormal tissue, called biopsies. Depending on the

location of the glioma, a biopsy can be performed with a needle prior to assigning treatment to

the patient or as part of an operation to remove the brain tumor. Normally, for biopsies they use

stereotactic needles to detect gliomas in difficult to reach areas or very sensitive areas inside the

brain that can be injured by a more extensive operation. Usually, this type of surgery is accompa-

nied by computed tomography or magnetic resonance imaging. After surgery, the biopsy sample

is analyzed under a microscope to determine whether it is malignant or benign. That said, biopsy

is the only way to definitively diagnose a brain tumor and provide a prognosis to guide treatment

decisions. Based on the characteristics of the tissue, the cancer doctor can determine the degree of

the glioma as well as what stage of the brain tumor the patient is in.

Several laboratory techniques can also be used to differentiate primary tumor from secondary

tumor. These techniques can be through immunohistochemistry, hybridization with fluorescent

probes in situ (FISH), pyrosequencing, and direct sequencing by methods based on the poly-

merase chain reaction (PCR). Typically, the FISH, pyro-sequencing and PCR techniques are very

complex and time-consuming and, therefore, are not as used as immunohistochemistry, which is

fast and more economical [7]. However, immunohistochemistry is more suitable for screening

tests. Tissue biopsies are invasive and ineffective processes [106], since they only remove small
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regions of the tumor and, therefore, there is an enormous probability that GB will reproduce. In

addition, there is still a great difficulty in having access to brain tumors, thus making it difficult

to extract tumor samples, in addition to the fact that the invasion of the process confers high risks

to patients [9]. Often, patients with glioblastoma after tumor removal by surgery are subjected

to successive chemotherapy and radiation therapy sessions. Nevertheless, these treatments have

a very low efficiency rate because this tumor is very heterogeneous, has a high recurrence rate

and the diagnosis is late. To this end, recently, doctors have been engaging on using more per-

sonalized diagnoses and treatments, namely those based on omic properties and liquid biopsy to

identify possible effective biomarkers. With an early diagnosis, patients are able to obtain a higher

survival rate.

3.6.1 Conventional ways of Diagnosis

3.6.1.1 OMICS

To better understand the pathophysiology of GB, recently the focus of the research has been on

omics-based approaches (Figure 3.6) [107]. Through these approaches we can understand and

study the biodiversity and behavior that complements GB, namely, mutations that occur at the

level of DNA and RNA, changes in proteins, epigenetic changes such as DNA methylation, tran-

scriptome analysis and DNA sequencing/RNA of the complete genome [107]. However, advances

in the era of omics in GB are still very few, due to the late diagnosis of the disease in the patient,

the genetic heterogeneity and the intrinsic molecular complexity of the tumor [108]. However,

progress has been observed in this area, namely studies on genomics, which have allowed the

development of bioinformatics techniques. These techniques have provided new opportunities in

molecular analysis and, therefore, have contributed positively to the understanding of gene expres-

sion, identification of CTCs and regulatory RNA, metabolomic changes and immunomodulation

approaches in GB. Cancer research based on omics will play a key role in the early diagnosis,

treatment and monitoring of patients with GB, thus providing greater stability to patients.

3.6.1.2 Liquid biopsy

Recently, advances in precision oncology and liquid biopsy have made it possible to identify im-

portant biomarkers genetic and epigenetic for diagnostic and prognostic purposes. The success

of the liquid biopsies used in GB depends on its location. GB cells are usually located in the

blood-brain barrier (BBB). This barrier separates the blood that circulates in the CNS from all

the rest of the blood that circulates in the bloodstream, and its function is to regulate the access

and exchange of nutrients, vitamins and other molecules in the brain. The proteins that have the

scaffold function (claudin-3, claudin-5, claudin-12) [109] are the main ones for maintaining brain

stability, so a mutation at the level of these proteins contributes to explain the GB tumor pro-

gression [110]. GB produces pro-angiogenic factors (angiogenesis), thus inducing an inflamed

environment [111]. This induction leads to a decrease in tight junctions between adjacent en-

dothelial cells, where they are responsible for forming a barrier that prevents the passage of most



3.6 Diagnosis 21

Figure 3.6: Schematic representation of OMICs applied to GB tumor cells [9]

toxic blood ions and molecules to the brain. However, as previously mentioned, through liquid

biopsy we can extract biological components (Figure 3.7) [10], such as CTCs, circulating cell-free

DNA (cfDNA), circulating tumor DNA (ctDNA), circulating tumor RNA (ctRNA), mRNAs, ex-

tracellular vesicles (EVs), proteins, metabolic and platelets [106]. These cells are developed from

the tumor tissue and promote the real time manifestation of glioblastoma. In addition, the rapid

renewal of GB tumor cells is due to the constant release of nucleic acids and vesicles derived from

CTCs, which are separated by neoplasia and meet the bloodstream [112, 113]. The CTCs present

in GB are mostly formed from primary tumors, and CTCs developed from metastases are rare

due to the high rate of tumor renewal or the possibility of tumor growth outside the CNS by the

system immunological or by the BBB, since the presence of the BBB pre-vents the entry of cells

into the circulation [114, 115, 116]. Studies done to explain the role of CTCs in GB, have shown

that the possibility of using genomic analyzes of single cells to detect the presence of collective

mutations found in CTCs and tumor tissue, in order to verify that CTCs arose from GB. After

analyzing these studies, it was concluded that GB CTCs had more mesenchymal phenotype. This

phenomenon explains the rare events of unusual cases of extracranial metastases in GB. However,

there is still very little information about the presence of CTCs in GB, which also makes it difficult

to understand the influence of these cells on glioblastoma.
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Figure 3.7: Schematic representation of GB tumor cells present in the bloodstream. (a) A
schematic representation of the biomolecular transport of a tumor through the BBB to the cir-
culation. (b) Representation of a tumor cell leak [10].

3.7 Epigenetics in GB

Recently, epigenetic studies have shown that epigenetic changes in the genome, including DNA

methylation, histone modifications and microRNA synthesis are essential mechanisms for various

physiological and pathological processes in the brain. DNA methylation is a fundamental pro-

cess during brain development, and in some genomic sites it is possible to verify the variation

of methylation levels in different regions of the brain [117, 118]. In addition, DNA methyltrans-

ferase enzymes are also essential in the development and function of the CNS. Methyltransferase

DNMT1, a maintenance enzyme, has a high rate of expression in the mammalian brain [119, 120],

including in post-mitotic neurons. The methylation of DNA and the trimethylation of histone H3

K27 mediated by polycomb (H3K27me3) have the function of regulating neuronal differentiation,

where DNA methylation contributes to suppress pluripotency in neural progenitors compromised

with the strain [121].

In humans, the manifestation of several neurodevelopmental disorders is due to the appear-

ance of mutations in genes that encode proteins involved in epigenetic mechanisms. An example

of this is Rett’s syndrome. Doctors consider this pathology to be one of the most serious neu-

rodevelopmental disorders. It arises from mutations in the MECP2 gene that encodes a protein

that can bind to methylated DNA and regulate the expression of the gene [122]. Nevertheless,

the dependence of the CNS on epigenetic regulation depends not only on DNA methylation and

DNA methyltransferases, but also on mutations in genes that encode other epigenetic regulatory

proteins and, as a consequence, trigger neurodevelopmental disorders. Another example is when

mutations of the JARID1/SMCX genes occur, which encode a histone demethylase containing

the JmjC domain, and the mutation of these causes a form of mental retardation linked to the X

chromosome [122]. Therefore, these examples not only allow us to realize the importance of epi-
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genetic control of gene expression in the development and function of the CNS, but also contribute

to a better understanding of the role of epigenetic regulation in tumors arising from CNS cells.

As previously mentioned, the origin of glioblastoma multiforme (GB) occurs at the level of

astrocytes. The treatment of patients with GB is multimodal aggressive and consists of surgery,

radiation and chemotherapy. However, the prognosis of GB is extremely poor [123, 124], since

health researchers characterize GB as a tumor that presents a diversity of genetic alterations, af-

fecting genes that control cell growth, apoptosis, angiogenesis and invasion. The identification

of a set of procedures underlying the development of GB has become one of the main objectives

for the development of new treatments. The explanation for the causes and consequences of the

different types of epigenetic dysregulation in GB and cancer in general continue to be a strongly

investigated area, where there is already some progress in understanding the consequences. Epi-

genetic changes affect the expression of genes associated with the tumor alone or in combination

with genetic mechanisms [125]. In the GB cell lines there was also a marked decrease in the ex-

pression of DNMT1 and a decrease in the expression of DNMT3a, with the decrease in DNMT3a

inducing hypomethylation of Sat2 in the subpopulation of tumor stem cells [126]. It is assumed

that an initial genetic or epigenetic abnormality can induce tumorigenesis and cause subsequent

genetic and epigenetic changes. In the glioma, there is an association of the combined deletion

of chromosomes 1p and 19q with the epigenetic silencing of the tumor suppressor gene WNK,

lysine deficient protein kinase 2 (WNK2) [127]. This protein has the function of indirectly in-

hibiting MEK1, thus increasing the signs of growth promotion through EGFR [128]. That said, it

is plausible that there is a huge involvement between the epigenetic silencing of WNK2 and the

genetic alteration of EGFR signalling, a common abnormality in glioblastomas. Recently, a GB

has been observed with a point mutation only in WNK2 [129], and commonly occurring cancers

usually show point mutations in all four WNK genes. However, of the diverse epigenetic changes,

aberrant methylation of gene promoters is the most widely studied alteration and occurs during

oncogenesis.

DNA methylation has become a crucial tool in the classification and subgroup of tumors with

distinct differences in prognosis and potentially contributes to improving diagnosis. Given the

enormous variety of tumor clones and transcriptomic expression profiles previously described in

GB tumors, there is an urgent need to understand and characterize the heterogeneity of intratu-

moral DNA methylation and how it affects biomarkers and classification based on methylation.

Heterogeneity increases the complexity of GB treatment, as the response to treatment using

radiation and chemotherapy varies depending on the number of gliomas as well as the degree of

them in the tumor. Currently, treatment for patients with GB is surgical resection followed by

concomitant and adjuvant temozolomide (TMZ) and radiotherapy, which still results in only an

average survival of 15 months. The 6-methylguanine-DNA methyltransferase (MGMT) is a DNA

repair enzyme that neutralizes the damage induced by TMZ. The MGMT gene can be silenced by

methylation at the promoter, and a survival benefit has been demonstrated for patients with methy-

lated MGMT. However, this gene has been considered the main mechanism of patients’ resistance

to treatment. DNA methylation can also be used to determine the age of tissue methylation, which
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is accelerated in tumors and to predict mortality in healthy individuals. The heterogeneity of inter-

tumoral DNA methylation in GBM has been demonstrated by the existence of different subclasses

of GBM with a different prognosis, as well as for gliomas of different degrees based on the isoci-

trate dehydrogenase 1 (IDH1) mutation and on the glioma with CpG island methylating phenotype

(G-CIMP). Knowledge of the intratumoral heterogeneity in GBM at the level of DNA methyla-

tion is essential to obtain future improvements in tumor classification and biomarkers based on

methylation, in order to avoid diagnostic errors due to tumor heterogeneity and sampling bias.

The addition of methylation on the CpG Island causes hypermethylation and promotes car-

cinogenesis, silencing tumor suppressor genes. In turn, the loss of methylation causes hypomethy-

lation and increases the transcriptional activation of oncogenes, inducing chromosomal instabil-

ity [130, 131]. These two mechanisms in GB will be better explained below.

1. Hypomethylation of DNA in GB

In 1980, pioneering studies made it possible to observe a subset of GBs that showed a global

attenuation of 5-methylcytosine [132]. Follow-up studies have recently shown that primary

glioblastomas have a high frequency of hypomethylation (approximately 80%) [133]. In

the different GBs, a variation in the level of hypomethylation can be seen, which causes

a variation in brain levels and a possible demethylation of approximately 10 million CpG

sites per tumor cell. The most proliferative primary GBs are those that have a high rate

of hypomethylation, and these arise due to the demethylation and transcriptional activation

of the putative oncogene MAGEA1 [133]. A satDNA is defined as a repeated sequence

in tandem, that is, it presents in its constitution several units of the monomeric sequence,

which in turn, is organized in the genomes in a matrix tandem, that is, generally in hete-

rochromatic regions, highly repeated, and / or interchanged. The tandem repetition satellite

2 (Sat2) that is present in the justacentromeric regions of Chr 1, 9 and 16, and the D4Z4

repetition in the subtelomeric regions of Chr4q35 and Chr10q26, show a high rate of hy-

pomethylation in a variety of cancers [134, 135]. In addition, hypomethylation of these

sequences can also be observed in patients with immunodeficiency, centromere instability

and facial anomaly syndrome (ICF), which occurs due to mutations in the new DNA methyl-

transferase DNMT3b [136]. Thus, in primary GBs with severe hypomethylation, dramatic

Sat2 hypomethylation of a small percentage of the normal brain, and moderate D4Z4 hy-

pomethylation of approximately 70% to 85% of the brain [133] are observed. Samples of

GB with hypomethylated Sat2 that encompass changes in the number of copies of adjacent

euchromatic sequences, more specifically located in the pericentromeric region of Chr1,

revealed that a consequence of repetitive hypomethylated sequences in GB corresponds to

the predisposition of chromosomal break age. On the other hand, hypomethylation of DNA

in specific single copy genes can be observed. An example of this event is the specific

hypomethylation of loci in gliomas in the testicular cancer antigen gene, MAGEA1. Hy-

pomethylation was also observed in astrocytoma and GB [133, 137]. The MAGEA1 gene

belongs to the MAGE gene family, and corresponds to a group of germline-specific genes
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that are transcriptionally activated in various tumors, causing hypomethylation of the en-

tire genome and an increase in cell proliferation [133, 138]. Expression of the MAGEA1

gene in tumors causes recognition of tumor-specific genes on the cell surface by cytolytic T

lymphocytes and inhibits the function of p53 and the response to chemotherapy [139].

2. Hypermethylation of CpG promoter island DNA in GB

In GB, locus specific hypermethylation is observed, mainly in CpG island promoters (CGI).

CGIs correspond to regions of CpG nucleotides of approximately 500bp to 1kb. In GB,

hypermethylation of the CGI promoter is observed in genes that have several functions as-

sociated with tumorigenesis and tumor progression, which involve regulation of the cell

cycle, DNA repair, apoptosis, angiogenesis, invasion and drug resistance. An example of

this phenomenon is the retinoblastoma (RB), PI3K and p53 pathways that occur by hyper-

methylation of CGI promoters, including the CDKN2 / p16, RB, PTEN, TP53 and p14ARF

gene promoters [140, 141, 142]. In addition, in GB, hypermethylation of the CpG Island can

also be verified in genes that are not expressed in the brain. The treatment of glioma cells

with a DNA demethylation agent and that exhibit cell expression, allowed researchers to dis-

cover a candidate tumor suppressor called epithelial membrane protein 3 (EMP3). EMP3 is

a gene associated with myelin and causes cell proliferation and cell-cell interactions [143].

When primary gliomas provide hypermethylation, the EMP3 gene is silenced. Further-

more, in mice it was observed that the reintroduction of EMP3 in neuroblastoma cell lines

with EMP3 silencing caused an attenuation of colony formation in vitro and a decrease in

xenograft growth, suggesting tumor suppressor function [143]. In GBs, the regulation of the

transforming growth factor (TGF)-beta oncogenic signalling pathway and the proliferation

promoter is due to the hypermethylation of the promoter. Normally, a high concentration of

TGF-beta signalling levels is associated with a poor prognosis. TGF-beta signalling induces

proliferation, a consequence of the induction of platelet-derived growth factor (PDGF)-B.

However, the proliferative effects, which increase with TGF-beta signalling, can be elim-

inated by PDGF-B epigenetic silencing. Over the years, it has been found that hyperme-

thylation of the promoter can cause a sensitivity in the drugs used in the treatment and the

respective radiotherapy in patients with GB. The methylation of the O-6-methylguanine-

DNA methyltransferase (MGMT) promoter and the response to DNA alkylating agents are

the best known examples where this phenomenon is observed. MGMT encodes a DNA

repair protein whose function is to remove adults from alkyl at the O6 position of guanine

and, in some cases, at the O4 position of thymine [144]. During the expression of MGMT

the protection of normal cells from carcinogens is verified. In addition, the protection of

cancer cells from chemotherapeutic alkylating agents can also be verified. Methylation of

the MGMT promoter occurs for two reasons, the first of which has to do with expression

and decreased transcription factor binding in GB cell lines [145].

Transcriptional silencing is the main source of several primary human tumors, including

glioma, lymphoma, breast cancer, prostate cancer and retinoblastoma, silencing being the
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consequence of hypermethylation of the MGMT promoter [146]. In human colorectal can-

cer, methylation of the MGMT promoter occurs due to the addition of the G to A transition

mutations in TP53 and K-RAS [147]. In GB, methylation of the MGMT promoter is as-

sociated with the inability to repair incompatibility and a hypermutator phenotype [148].

Normally, MGMT hypermethylation is associated with the survival time of patients with

low-grade GBs and gliomas treated with radiation and alkylating agents, including temo-

zolomide [149, 150]. This hypermethylation is duo to increased proliferation and pseudo

progression of tumor and reduction of MGMT expression [151]. Pseudo progression is de-

fined as progressive and enhanced lesions that can be seen during MRI immediately after

the end of treatment, thus concluding that this result is not due to the actual progression of

the tumor, but rather to an effect of radiotherapy and treatment with temozolomide [151].

Nevertheless, these two mechanisms play a fundamental role in tumor progression. It is ob-

served that different subtypes of glioma and tumor degrees can exhibit various aberrant DNA

methylation profiles [152]. Secondary GBs typically exhibit a higher frequency of promoter

methylation when compared to primary GBs, mainly for p14ARF, p16INK4a, RB1, MGMT and

TIMP-3 [153] promoters. In low-grade gliomas and secondary GBs, methylation of the PTEN

promoter and activation of the PI3K pathway occurs due to phosphorylation of protein kinase B

(PKB / AKT). nevertheless, the origin of methylation of the PTEN promoter is rare in primary

GBs [154]. However, it is possible to verify the sharing of the same epigenetic changes in dif-

ferent types of brain tumors, even in different species. For example, inactivation of the SLC5A8

gene can occur in human oligodendrogliomas and astrocytomas and in mouse models of oligoden-

droglial tumors by an epigenetic mechanism, whereas aberrant epigenetic silencing of this locus

is common in mammalian gliomas [155]. In addition to gliomas, other CNS cancers may also

exhibit various methylation profiles, such as hMLH1, TIMP3, MGMT, p73 and THBS1, which

are regularly hypermethylated in schwannomas [156], and NF2 [157]. However, over time, the

progression of these tumors is due to several distinct epigenetic patterns.

Hypermethylation of DNA may also be one of the consequences of altering the differentiation

properties of the cell fraction in gliomas. These properties can be considered putative cancer

stem cells or also called tumor-initiating cells (TICs). The regulation process of normal astroglial

differentiation is carried out by bone morphogenetic protein (BMP) and by the ciliary neurotrophic

factor (CNTF), via Jak / STAT mediated. In a subset of glioblastoma ICTs, differentiation is

inhibited by epigenetic silencing of the BMP receptor 1B gene (BMPR1B) [158]. This silencing

comes from the zest 2 histone methyltransferase intensifier (EZH2) and DNA methylation, and

may arise due to treatment with a DNA demethylation agent, thus allowing the observation of

the blocking of a subset of human GB cells in differentiation by default in the BMP signalling

pathway. In addition, forced expression of BMPR1B can cause a potential differentiation of these

cells and, as a consequence, decrease tumorigenicity. The gene that encodes the cell surface

marker CD133 used in the enrichment and identification of GB TICs can be subject to epigenetic

regulation. In GB cell lines, a negative link is observed between methylation of the CG13 DNA of

the CD133 promoter and the expression of CD133 [159]. In addition, it is not possible to verify
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CD133 methylation in the normal brain. This process can only be observed in culture systems and

primary tumors, becoming a tumor-specific epigenetic marker.

Unlike DNA methylation, changes in histones in GB are still a poorly studied area. An aberrant

standard feature of histone modifications is epigenetically silenced loci. The addition of methyla-

tion and loss of acetylation of histone H3K9 silences promoters on the CpG Island. It is said that in

embryonic stem cells (ES), which present a double presence of methylation in inactivated histone

H3K27 and a methylation in histone H3K4 associated with activation, called bivalent domains,

there is the formation of a chromatin state " balanced "for genes regulated by development. The

formation of this phenomenon causes silencing in ES cells and subsequent transcriptional activa-

tion or repression in differentiated cells [160]. Hypotheses about the changes that take place at the

level of histones suggest that these changes occur due to tumor suppressor genes to DNA hyperme-

thylation and silencing of hereditary genes [161]. The gene that encodes BMI-1, an element that is

part of the complex of the polycomb group that regulates the methylation of histone H3K27, can

frequently undergo changes in the number of copies in low and high grade gliomas, and usually the

deletions of BMI- 1 are associated with a poor prognosis in patients [162]. GB shows epigenetic

changes in histones associated with the expression of some histone deacetylase (HDAC) proteins.

HDACs have the function of catalysing the deacetylation of lysine residues within the N-terminal

tails of central histones and in non-histone proteins. Typically, HDACs provide a closed chromatin

structure, inducing transcription. There are a total of about 18 HDACs known in humans. These

are divided into 5 main classes, with different target principles [163]. The set of Class I HDACs

(HDACs 1, 2, 3 and 8), Class IIA (HDACs 4, 5, 7 and 9), Class IIB (HDACs 6 and 10) and Class IV

(HDAC 11), have in place active zinc and can be inhibited by HDAC (HDACi) TSA inhibitors and

suberoylanilide hydroxamic acid (SAHA; Vorinostat). Unlike the previous set, Class III HDACs

(sirtuins) neither have zinc nor suffer from inhibition by TSA or SAHA. In GB, class II and IV

HDACs show a decrease in mRNA expression, when compared to low-grade astrocytomas and

normal brain. A high rate of histone H3 acetylation [164] is also observed in GBs. The cause of

the appearance of the involvement of many genes in mutations in epigenetic regulation, including

histone deacetylases HDAC2 and HDAC9, histone demethylases JMJD1A and JMJD1B, histone

methyltransferases SET7, SETD7, MLL, MLLD1 and protein binding domain 1 MLLD1 (MBD1

methyl-CpGG ) is due to the large-scale sequencing of genes encoding proteins in GBs [165].

These intriguing initial studies have led to the conclusion that changes in epigenetic mechanisms

in histones may be an important defect in GB.

In addition to the epigenetic changes that play an important role in explaining some early

stages of GB development, they can also function as biomarkers during the treatment of this tu-

mor, as is the case with histone deacetylase inhibitors (HDAC). The use of HDACi in cancer

therapy can be done in two ways. First, HDACi induces the formation of a more open or "relaxed"

chromatin, making the gene more available for transcription, and can therefore more easily allow

DNA damaging agents to chromatin, thereby increasing the sensitivity to death by these agents.

Second, HDACi prevents silencing of the aberrant epigenetic gene in GBs, providing an increase

in the cell cycle and apoptosis of agents that damage DNA [166]. As previously mentioned,
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HDACi have in their constitution several classes of compounds, including hydroxymates (SAHA,

TSA), cyclic peptides (depsipeptide), aliphatic acids (valproic acid, butyrate) and benzamides. No

HDACi is highly effective against all HDACs. Normally, HDACi cause an increase in acetylation

in histone and non-histone proteins, and p21 reactivation may occur, thus contributing to the rest

of the stomach cell cycle [167, 168]. As a rule, there is a greater resistance of cancer cells to

the effects of HDACi, however the reasons for this selective sensitivity are not yet clear [133].

HDAC inhibitors modify the expression levels of only a subset of genes expressed in transformed

cells [169, 170]. Recently, in a testing phase, SAHA was used as monotherapy or combined ther-

apy in 5 phase I or I - II clinical trials for gliomas. Pre-clinical studies of SAHA have found that

it sensitizes glioma cells in vitro, ex vivo and in vivo to chemotherapy and radiation [171]. Treat-

ment with SAHA induces increased acetylation of histone H3 in the p21 promoter in U87 glioma

samples [167]. Recently, they tested valproic acid against GB in combination with Temozolomide

and then applied radiation. The second test involves, again, valproic acid against neuronal tumors

and brain metastases in combination with etoposide. Valproic acid plays an active role against

Class I and IIA HDACs in millimolar concentrations, while the depsipeptide only plays an ac-

tive role against Class I HDACs in nanomolar concentrations. There are several HDACi that are

successful against cancer cells, but have not yet been tested for gliomas, including Panobinostat

(LBH589) [172] and Belinostat (PXD101) [173]. Nevertheless, the discovery and development of

new epigenetic compounds mainly in enzymes has proved to be a very active area of research in

the pharmaceutical industry, and this is mainly due to two reasons. First, some genes that require

DNA methylation or deacetylation of histones for silencing in normal cells can cause involuntary

activation by agents that inhibit DNMTs or HDACs. Second, cancer genomes can be characterized

by hyper and hypomethylation of DNA. Thus, the use of drugs that cause reactivation of silenced

tumor suppressors may suffer as a consequence of the unwanted activation of oncogenes through

hypomethylation. That said, there is an enormous need to solve these problems in order to obtain

a more complete understanding of the molecular events resulting from epigenetic based therapy.

3.8 Three-dimensional (3D) cell culture systems of GB

Cell culture is an essential in vitro tool to maintain live cells used in the laboratory, regardless of

the organism that formed them [30]. This technique helps us to better understand the biology of

cells, the development of engineering and tissue morphology, disease mechanisms and the action

of drugs. There are two types of cell cultures, the culture of two-dimensional (2D) or monolayer

cells and the culture of 3D or spheroid cells. 2D cell cultures represent the most widely used

drug discovery culture and is grown in monolayer for cell fixation and growth [11] (figure 3.8).

However, this has limitations mainly in the area of oncology, the main one being the fact that they

grow in monolayer or in petri dishes, thus not allowing to observe, in most cases, the heterogeneity

of tumors. In order to overcome these limitations, 3-dimensional cultures were developed (3D)

(Figure 3.8) [11].
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Figure 3.8: Simplified representation of 2D and 3D cultures [11].

The purpose of this type of cultures is to allow cells to explore the three dimensions of space

(x, y and z), thus increasing the cell-environment and cell-cell interactions. The culture of 3D cells

can be performed within a scaffold [174]. Typically, the types of scaffold used are hydrogels or

inert matrices. Regarding cultures without scaffolds, these only depend on the clustering of the

cells and can be made in low-adhesion plates, surfaces and in suspended drops. The liquid overlap

technique (LOT) represents the growth of 3D cells in low adhesion plates [175]. This is one of the

most used techniques in 3D cell culture. Here, cells are forced to group together due to the limited

adhesion of certain polymers or biomaterials. The use of these polymers allows obtaining artificial

matrices used for the formation of spheroids. An example of a polymer used is agarose, which is

extracted from seaweed that contains agar [176], has non-adhesive properties and provides cells

with adequate moisture and nutrition to keep cells alive. After obtaining the artificial matrix, cells

involved in culture medium are added to obtain a cluster of cells. In this process, it appears that the

aggregation of cells is due to the adhesive forces between the cells being stronger than the forces

that are established between the cells and the non-adhesive biomaterial [177]. Nevertheless, the

spheroids formed can be loose with irregular or firm surfaces, and have different dimensions from

culture to culture, since they vary depending on the number of cells that are cultured and the cell

type. These present a cellular heterogeneity inside, differential exposure to several factors, such

as oxygen and nutrients, and microenvironment conditions, such as hypoxia [177]. Therefore, the

development of spheroid cultures has allowed great advances to be made in the area of oncology,

since they have characteristics almost identical to cancer cells, thus allowing the development of

therapies for the medical screening of patients.

GB is a very resistant tumor and, in order to develop therapies to combat this problem, ex-

periments and research have been carried out over the last few years with 3D spheroid cultures of

GB cells. In 2015, Maria Vinci et al. developed a protocol to grow 3D glioblastoma cells [178],

since this tumor presents itself as one of the most deadly tumors in the world. They cultured a
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human glioblastoma cell line in a 96-well plate to check the level of resistance it has against epi-

dermal growth factor receptor (EGFR) inhibitors, when associated in a matrix. More recently, in

2019, M.E. Oraiopoulou et al. demonstrated by culturing 3D cells from the T98 GB secondary

cell line, that they exhibit 3D invasive and proliferative features and therefore can serve as con-

trol cell lines for the in vitro 3D study of primary GB cell cultures [178]. In the same year, D.

Sood et al. developed, in the scope of bioengineering, a 3D brain tissue platform, which integrates

microenvironmental clues from native ECMs derived from brain cancer cells, namely, pediatric

ependymoma cells and GB [179]. This platform also visualizes the cells live, thus allowing to

systematically evaluate the responses to brain tumors derived from patients. Therefore, nowadays,

the development of GB 3D spheroid cultures becomes a crucial tool for the biological monitoring

of GB patients, to reduce the mortality rate through the development of new personalized therapies

and high-throughput screening.



Chapter 4

Epigenetics and molecular biology of
cancer

4.1 Epigenetics

The authors James Watson and Francis Crick discovered the DNA double helix model [179], al-

lowing researchers, in the field of biology, to make great strides in explaining the “Central dogma

of molecular biology” in the transcription of genetic information inserted into DNA and RNA,

and their translation into proteins [180]. After half a century has passed, the term "central dogma

of molecular biology" remains the main interest of researchers, especially in the field of gene ex-

pression. Gene expression is essential to elucidate the interactions between the environment and

the genome. Genomic plasticity defines the ability of a given genotype to confer different pheno-

types, that is, different changes in the presence of different factors, such as DNA gain, loss or re-

arrangement. Epigenetic mechanisms control all of these changes through gene expression. Thus,

epigenetics refers to inheritable changes in gene expression that occur without modifying genetic

information, that is, the DNA sequence [181]. The word epigenetics first appeared in 1942 by

Conrad Waddington, referring to all the mechanisms necessary for the unfolding and development

of genetic processes [182]. In 1958, Nanney decides to extend this concept beyond developmental

biology, transmitting that the phenotype would be the product of two systems, one genetic and the

other epigenetic, the latter being structured by constituents other than nucleic acids [183]. That

said, the epigenetic designation has presented several definitions, and in general, all are exposed to

inheritable factors that do not harm the sequence of nucleotides and result in the regulation of gene

expression. According to the aforementioned concept, two types of mechanisms are established, a

trans action mechanism of self-propagation and another by molecular signatures of cis action phys-

ically associated with the DNA sequence that they regulate (Figure 4.1) [184]. The most common

type of trans epigenetic situations corresponds to the transcriptional states of self-propagation that

are preserved through feedback loops and transcription factor (TFs) networks [185]. When a TF

activates its own transcription (or represses antagonistic networks) it creates an epigenetic state

that is self-sustaining after the elimination of the original stimulus. After each cell division, the

31
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Figure 4.1: Trans and cis epigenetic signals. (A) The yellow circles correspond to trans epigenetic
signals that are transported by dividing the cytoplasm during cell division and maintained by feed-
back cycles. (B) The yellow flags represent the cis signals, where they are molecular signatures
physically linked to DNA and inherited via chromosomal segregation during cell division [12].

inherited TFs regain their trans function in the regulatory DNA sequences. However, cis epige-

netic signals are physically associated with the chromosome, which are then conducted to the next

generation through the segregation of chromosomes during cell division, such as, for example,

covalent modification of the DNA itself, DNA methylation, or through changes in the structure of

histones [184]. Histones are chromatin proteins and can transmit information from their primary

sequence in post-translational modifications which are often present in the terminal tails N and

C [186, 187]. In addition to the chromosome, cis epigenetic information can also be encoded in

chromatin through the stable association of non-histone proteins (higher order chromatin structure

and nuclear localization).

The most classic epigenetic marks are: DNA methylation, post-translational modifications in

histones, non-coding RNAs and positioning of nucleosomes. In eukaryotic beings, the nuclear

genetic material is compacted in a structure formed by DNA and proteins called chromatin, which

is composed of repetitive units called nucleosomes. Each nucleosome consists of eight histone

discs (octameter) H2A, H2B, H3 and H4 surrounded by 146bp of DNA [188]. The ordering of

nucleosome positioning is directly related to the accessibility of chromatin to regulatory elements

of gene expression [189]. This ordering can be controlled by other epigenetic marks, such as chro-
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matin remodeling factors and specific DNA sequences [190]. In 1998, Fire, Xu et al. described

the role of non-coding RNAs (ncRNA) in the regulation of gene expression [191]. Some steps are

proposed for these elements, among them, the recruitment of epigenetic marks linked to transcrip-

tional silencing, the blocking of transcription by preventing the binding of RNA polymerase II and

the decrease in the amount of messenger RNA [192]. NcRNAs act mainly on gene silencing, how-

ever they are also associated with the activation of some genes [193]. Nowadays, the epigenetic

marks that are most studied are DNA methylation and post-translational modifications of histones.

Both act in cooperation with the other epigenetic brands, but they are responsible for ultimately

forming all the essential steps for the establishment of epigenetic control.

4.2 DNA methylation

In 1975, Holliday and Pugh suggested that methylation in specific adjacent DNA sequences was

the main epigenetic marker responsible for controlling gene transcription [194]. Nowadays, it

is said that this process is responsible for silencing genes by inhibiting the binding of transcrip-

tion factors [195]. The DNA methylation process takes place at the level of cytosines (C), more

precisely in three different nucleotide sequences: CG, CHG and CHH (where H = C, T or A),

the last two being common in plants, but also found in mammalian stem cells [196]. This mark

occurs when a methyl group, consisting of a carbon atom attached to three hydrogen atoms, is

added covalently to the 5-carbon position of the cytosine ring in the genomic DNA by DNA

methyltransferase enzymes (DNMTs) [197]. Nevertheless, in humans, a large part of the DNA

methylation process occurs in the CPG islands (the "p" refers to the phosphate between nucleotide

bases), namely at the level of the CpG dinucleotides in somatic cells, with only a small part of

the methylation appearing in a non-CpG context in embryonic stem cells [198]. Typically, CpG

dinucleotides are within CpG clusters or islands, which are not methylated and are associated with

gene promoters. During the formation of the zygote, the DNA methylation process does not take

place, since it is removed. In mammals, DNA methylation performs several important functions

that are essential in normal development. These functions are genomic imprinting, inactivation of

the X chromosome and suppression of transcription and repetitive transposition of elements that,

when deregulated, contributes to diseases such as cancer [197, 199, 200, 201]. Normally for these

functions, the CpG islands present differential methylation, that is, one of the two chromosomes

is completely methylated in the sequence of the CpG island, and in opposition there is no methy-

lation of the same sequence in the other chromosome. CpG islands can have hundreds to tens of

thousands of base pairs along their length. The regions of the genome that are associated with

5mC (5-Methylcytosine), especially the promoter regions, present themselves in a transcription-

ally repressive state and are referred to as heterochromatin, when they are found together with

histones marked with repressive changes [202]. However, euchromatin refers to the process in-

volving regions that are associated with unmethylated cytosines and the respective activation of

successive changes in histones when they are in a permissive state of transcription [202]. When

DNA methylation occurs in the promoter region of a gene, there is an inversion in the correlation
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of the methylation level with the gene transcription, by means of an uncontrolled impediment, and

the chromatin is compacted, which physically prevents some proteins from DNA binding to reach

access to their recognition sequence (s). CG dinucleotides and CpG islands exhibit transcriptional

activity and can be located within genes [203]. The choice of the union site among CG dinu-

cleotides, present in the vicinity or in the sequences of the union site, may be influenced by the

methylation status, leading to the production of alternative isoforms in the transcript [204, 205].

Intergenic DNA methylation is a common process and occurs in the presence of retrotransposon

elements, whose sequences tend to be rich in CG. Retrotransposon elements are genetic elements

that amplify themselves throughout the genome [206]. It is believed that the constant methylation

of CG-rich sequences eliminates the activity and its respective ability to transpose to other regions

of the genome, thus becoming catastrophic for a cell [207]. It is possible to verify the occurrence

of another intergenic methylation along the stimulating or insulating elements [208]. In that case,

methylation may be a signal to recruit proteins, such as proteins from the methyl binding domain

(MBD) that bind to DNA containing methylated CGs inserted in the recognition sequence [209].

Nevertheless, the methylation of CGs that is incorporated into the binding sequence can block

the binding process of proteins that have a more sensitive binding to methylation. If this process

described above takes place in a repressive element, greater transcription than normal can be seen,

thus representing a rarer phenomenon of DNA methylation which is positively correlated with

gene expression [210]. The DNA methylation process is coordinated by the enzymes DNMTs

(Figure 4.2): DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L [211]. DNMTs eliminate

the methyl group from donor SAM (Sadenosylmethionine) and bind it to cytosine [212]. DNMT1

is the enzyme responsible for maintaining DNA methylation in cell division, more precisely in the

S phase, where this methyl CpG dinucleotides in the new DNA sequence after replication [213].

The DNMT3A, DNMT3B and DNMT3L enzymes belong to the DNMT3 family. This family

differs from DNMT1, since they have N-terminal domains that are shorter than those of DNMT1

and need regulatory elements that give specificity to hemi-methylated DNA. Regarding DNMT3A

and DNMT3B, these are called new methyltransferases and are essential for the occurrence of

new methylation in the formation of gametes, in the acquisition of the methylation patterns of

imprinted genes (genes that are expressed only by one allele, while the other allele is methylated)

and during early embryonic development [214]. DNMT3L is catalytically inactive, but has the

function of co-regulating DNMT3A and DNMT3B. DNMT3A is located in the pericentromeric

heterochromatin, while DNMT3B is diffusely located in the nucleus [215]. As for the expression

of DNMT3A and DNMT3B, there is a greater expression of these enzymes in undifferentiated

embryonic cells, in relation to differentiated and adult tissues [216]. DNMT3L is more expressed

during gametogenesis [217]. However, DNMT2 corresponds to a methyltransferase homologue

that methylates cytosine at position 38 in the anti-codon loop of aspartic acid transfer RNA instead

of DNA.

Throughout the mammalian life cycle, there are two stages of demethylation, passive or active,

followed by remethylation, where the first occurs during cell division, that is, during the formation

of gametes, and the second, after fertilization. As one of the functions of the DNMT1 enzyme is
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Figure 4.2: DNA methylation. (A) Cytosine carbon-5 receives a methyl group by the action
of DNMTs in the presence of SAM. (B) The enzymes DNMT3A and 3B are responsible for
methylation back into DNA. (C) The maintenance of methylation is guaranteed by DNMT1, which
acts on hemi-methylated DNA (adapted from Turek-Plewa and Jagodzinski, 2005).

to actively maintain DNA methylation during cell replication, its inhibition or dysfunction causes

the newly incorporated cytosine to remain unmethylated and, thus, the overall methylation level

is reduced after each cell division. In addition to observing the demethylation of active DNA

in cells that have undergone division, this process can also occur in cells that have not undergone

division. However, this last process requires enzymatic reactions that modify 5mC, by deamination

or oxidation reactions, in order to revert it to a single Cytosine [218]. Regarding remethylation,

it starts first in the male germline, before birth, while in females it starts after birth [219]. After

the fertilization period, successive modifications to the chromatin occur in the zygote, mainly in

the genome. This phase, demethylation occurs by an active mechanism before DNA replication,

namely through the oxidation of methylcytosine [220]. On the other hand, the maternal genome

occurs through passive demethylation, through the absence of maintenance of methylation [219].

4.3 Changes in histones

The concept of changes in histones first appeared in 1964, by Allfrey, who described the role

of histone acetylation and methylation in the regulation of gene expression [221]. From this
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Figure 4.3: Schematic representation of the organization of genetic material. Nucleosomes are
represented by DNA (gray) wrapped around eight histone proteins, H2A, H2B, H3 and H4 (col-
ored circles). In histones H3 and H4, the tails of N-terminal histone (blue) can be seen [13]

moment on, new modifications were found in histones, also involved in the control of gene ex-

pression, giving rise to what became known as the “Hypothesis of the histone code” [222]. This

hypothesis proposes that the involvement of different combinations of histone modifications can

regulate the chromatin structure and the state of transcription [221, 223]. These modifications are

post-translational and aim to restructure chromatin in several ways, including phosphorylation,

ubiquitination, acetylation and methylation [224]. Nucleosomes are basic units of chromatin and

correspond to the junction of eight histones plus approximately 150 base pairs of DNA (Figure

4.3) [13]. Nevertheless, information such as the location of the nucleosomes in relation to the

place of the beginning of the transcription of a gene, together with specific combinations of sites,

types and extensions of histone modifications, allow to obtain an enormous complexity of the

histone code [225].

Acetylation and methylation are the modifications in histones that are most studied in epi-

genetic studies. The role of methylation in relation to the control of genetic transcription may

vary according to the addition of residues and methyl groups. The trimethylation of lysine 4 from

histone H3 (H3K4me3) is an example of methylation that is associated with eukromatin, while

the trimethylation of lysine 27 from histone H3 (H3K27me3) is associated with heterochromatin.

The chromatic decondensation is an acetylation mechanism [226]. The addition of these epige-

netic marks alter the biophysical properties of the nucleosome through neutralization or addition

of charge, inducing an increase in its mobility, modulating the contact between nucleosomes and

thus allowing an action by the chromatin remodeling proteins [227]. Over the years, several re-

searchers have identified different histone-modifying proteins and “readers” of the histone code.

Histones methyltransferases and histones demethylases are catalyst enzymes responsible for the

addition and removal of methyl groups from the amino acids lysine (K) and arginine (R). Methyla-

tion in a histone is read by proteins with chromium-like domains, MBT (Malignant Brain Tumor),

Tudor and PhD (Plant Homeodomain) [224]. Another group of histone-modifying proteins are

histones acetyl transferases (HAT) and histones deacetylases (HDAC), which are responsible for

verifying a balance between acetylation and lysine deacetylation, respectively. These enzymes are

not as specific as those involved in methylation and may have substrates other than histones [224].

During the histone acetylation process, the ε-amino group of the lysine residues at the H3 and

H4 terminals is associated with the promotion of transcription. Newly synthesized histones can
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receive acetylation either in the cytoplasm, by the action of a type B HAT (HAT B) as a newly

synthesized protein signal, or in the nucleus, which is associated with transcription and is per-

formed by type A HAT (HAT A) [228]. However, this process is too complex, since the chromatin

structure when acetylated can also allow access to transcriptional repressors. For example, some

factors containing bromodomains, such as BRG1 and Brd4, which are defined as protein domains

of approximately 110 amino acids that recognize monoacetylated lysine residues, and are present

in the histone N-terminal tails. Bromodomains target acetylated histones, where they can mediate

the formation of repressor complexes (or activators) [229]. Deacetylation of histones is associ-

ated with the process of CpG methylation and the inactivated state of chromatin. According to

yeast homology, HDACs are divided into four classes (I to IV). Classes I, II and IV are classified

as zinc-dependent, while class III is classified as NAD+ dependent. HDACI is present in the nu-

cleus and is widely expressed, while classes II, which transits between nucleus and cytoplasm, and

IV, which transits in the nucleus, have a tissue-dependent relationship [230]. In the inhibition of

HDACs, several molecules of natural or synthetic origin are related to this phenomenon, such as

hydroxamic acid (SAHA) and tricostatin (TSA). However, they are not able to inhibit all classes

of HDACs [231].

4.4 Epigenetic processes

4.4.1 X chromosome inactivation

Over the years, the inactivation of the X chromosome has become an important research model

and tool do study epigenetics. This is an essential mechanism that occurs in all somatic cells of

females. In organisms that have a chromosomal sexual determination, there is an imbalance of

genetic products between the sexes, allowing this phenomenon to establish a selective pressure

for the formation of a dosage compensation mechanism [232]. In humans, the X and Y sex chro-

mosomes indicate the sex of an individual. Women have two X (XX) chromosomes, while men

have one X and one Y (XY) chromosome. All Y chromosome genes are necessary for male de-

velopment, whereas X chromosome genes are necessary for both male and female development.

Women inherit two copies of many of the genes needed for normal functioning, and this is because

they are given two X chromosomes. However, extra copies of genes or chromosomes can trigger

abnormal development. An example of this is Down syndrome, which is caused by an extra copy

of part or all of chromosome 21. In female mammals, a process called inactivation X has evolved

to compensate for the extra X chromosome. In X inactivation, each cell ’turns off’ one of its X

chromosomes [233]. Inactivation of the X chromosome can be described in two forms: imprinted

and random. In imprinted form, the inactive X chromosome always has the same parental origin.

This occurs in all tissues of marsupials [234], and in extraembryonic tissues of mice [235] and

cattle [236], in which the paternal X chromosome is inactivated. On the other hand, random in-

activation occurs in embryonic tissues of eutheric mammals and also in extraembryonic tissues in

humans [237], where one of the two X chromosomes can be inactivated [238]. The X chromosome
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inactivation process can be divided into steps such as initiation, which includes pairing, counting

and choosing the X chromosome to be inactivated, propagating the inactivation signal, and finally

maintaining silencing in the descending cells [239]. In the initial phase of the inactivation process,

the relative number of X chromosomes is counted by autosomes in each cell, so that only one

X chromosome remains active per diploid genome. These counting and choosing steps occur si-

multaneously and involve elements of the X chromosome in the imprinted form [240]. To protect

the dosage of the gene, in women with two X chromosomes, from the formation of a potentially

harmful duplication, it is necessary to intervene with a silencing mechanism, which involves the

production of a long non-coding RNA (17 kb) called transcript specific inactive X (XIST), along

with DNA methylation. XIST has a positive regulation on the inactive X chromosome of a region

called the X inactivation center (XIC). It then lines the cis chromosome to initiate gene silencing.

During epigenetic reprogramming in early life development, DNA methylation plays an impor-

tant role in inactivating the X chromosome, since it occurs in the CpG islands of the promoter on

the inactive X chromosome [241]. Although there are multiple mechanisms for silencing the X

chromosome gene, only 25% of the genes in the inactive X are able to escape inactivation and are

expressed bialelically [242]. The promoter regions of the escaped genes are not methylated [243].

It is said that there is double the amount of methylation in the active X chromosome than in the

inactive X, and most of this methylation is inserted in the genes, promoting an increase in the

expression of these genes [244].

4.4.2 Genomic Imprinting

In DNA methylation, the expression of a distinct group of genes depends on the DNA methyla-

tion profiles and the gender of the parent from which each allele was inherited. These genes are

assigned the term genomically printed genes. Printed genes are responsible for regulating growth

and development, particularly during pregnancy [245]. The normal inactivation of an allele in a

group of genes implies that that group is vulnerable to the occurrence of possible genetic or epi-

genetic changes that silence the active copy or activate the silenced copy. This process is called

“loss of impression” and is associated with many malignant diseases [246]. In humans, there are

about 100 confirmed printed genes, although studies related to bioinformatics show that there are

many more [247, 248]. The determination of DNA methylation samples that establish and main-

tain the impression state of the genes occurs during gametogenesis [249]. During this process,

the DNA methylation profile of the previous generation is eliminated in the primordial germ cells.

Next, these profiles are repaired so that all subsequent spermatozoids and oocytes produced have

methylation profiles at these sites. These profiles are stable and, in some cases, are transmitted

by all subsequent cell divisions. Nevertheless, these profiles are also referred to as differentially

methylated regions (DMRs), since these in the same sequences differ between the chromosomes

derived from the parents. A large proportion of DMRs serve as print control regions (ICRs), which

exercise control over a particular group of printed genes. After fertilization, the new methylation

profiles inserted in the gametes are able to resist reprogramming, since it removes methylation
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marks throughout the genome. These profiles are then transmitted along the division of the so-

matic cells into the three germ layers and differentiated tissues during development.

4.5 Epigenetic in Cancer

The change in the population’s lifestyle and the adoption of unhealthy lifestyles have become

relevant factors in the advancement of public health problems for both developed and developing

countries. Cancer is a multifactorial disease that encompasses both genetic and epigenetic changes,

being responsible for a large percentage of all causes of death in the world. The epigenetics of

cancer are genetic modifications that play an important role in the initiation and progression of

cancer [250]. These epimutations occur due to global changes in DNA methylation and histone

modification patterns, as well as altered expression profiles of chromatin-modifying enzymes. The

development and progression of these malignant diseases are the consequence of these epigenetic

changes, which result from the global deregulation of the gene expression profiles [251]. One con-

sequence of epimutations is the silencing of tumor suppressor genes independently. Epimutations

can inactivate tumor suppressors and can also promote tumorigenesis by activating oncogenes.

The events that trigger these epigenetic abnormalities are not yet fully understood. However, as

epigenetic changes and genetic mutations are mitotically hereditary, they can be selected from a

population of cancer cells that have rapid and uncontrolled growth.

4.5.1 DNA methylation in cancer

The first identified epigenetic changes, which induce cancer initiation and progression, occur dur-

ing DNA methylation [252]. Hypomethylation occurs throughout the genome, more precisely in

several genomic sequences, including repetitive elements, retrotransposons, poor CpG promoters,

introns and gene deserts [253]. During hypomethylation of DNA in repeated sequences, there is

an increase in genomic instability, due to the promotion of chromosomal rearrangements [254].

However, the hypomethylation of retrotransposons also triggers genomic instability, due to its ac-

tivation and translocation to other genomic regions [255]. An induction of genomic instability

by hypomethylation can be observed in patients with immunodeficiency, centromeric region in-

stability and facial anomaly syndrome, where it presents a germline mutation in the DNMT3B

enzyme, resulting in hypomethylation and later chromosomal instability [256]. In addition, DNA

hypomethylation can also trigger the activation of growth-promoting genes, such as R-Ras and

MAPSIN in gastric cancer, S-100 in colon cancer and MAGE in melanoma [257], and a loss of

impression in tumors [258]. Unlike hypomethylation, which increases genomic instability and

activates proto-oncogenes, specific local hypermethylation contributes to the silencing of tumor

suppressor genes. The discovery of hypermethylation of the CpG island of the Rb promoter, a

tumor suppressor gene associated with retinoblastoma [259], allowed researchers to discover sev-

eral other tumor suppressor genes, including p16, MLH1 and BRCA1, which suffer from tumor-

specific silencing by hypermethylation [260]. Nevertheless, the involvement of these genes in

cellular processes such as DNA repair, cell cycle, cell adhesion, apoptosis and angiogenesis, can
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trigger the development and progression of cancer. In addition to the direct inactivation of tu-

mor suppressor genes, DNA hypermethylation can also silence genes, transcription factors and

DNA repair genes. The methylation process of tumor-specific CpG islands takes place through a

sequence-specific instructional mechanism, where DNMTs are directed to specific genes associ-

ated with oncogenic transcription factors. An example of this process is aberrant hypermethylation

and silencing of specific gene promoters by the PML-RAR fusion protein in acute promyelocytic

leukemia [261]. Normally, hypermethylated regions in cancer are pre-marked with the polycomb

mark H3K27me3 on stem cells [262], where this process results in a link between regulation of

development and tumorgenesis. This phenomenon allows to partially explain the theory of the

’CpG island methylation phenotype’ or CIMP, which assumes that there is a coordination of the

methylation of a subset of CpG islands in tumors [263].

4.5.2 Modification of histones in cancer

Recent studies in high-throughput sequencing have enabled researchers to make major strides in

mapping the genome with respect to chromatin changes that occur during tumorigenesis. These

studies made it possible to verify an overall loss of lysine 16 in histone H4 acetylated (H4K16ac)

and of trimethylation of lysine 20 of histone H4 (H4K20me3) [264]. The loss of histone acetyla-

tion is a consequence of genetic repression. The operation of HATs in conjunction with HDACs

makes it possible to maintain histone acetylation levels. This functioning can in certain circum-

stances be altered by cancer. In leukemia, it is possible to verify the uncontrolled formation of

fusion proteins by means of HAT chromosomal translocations and genes related to HAT, such as,

for example, MOZ, MORF, CBP and p300 [265]. In addition to changes in histone acetylation,

generalized changes in histone methylation patterns can also be seen in cancer cells. The mecha-

nism for silencing aberrant genes in various forms of cancer is due to changes in the methylation

patterns of histones H3K9 and H3K27 [266]. This phenomenon is due to the deregulation of HMTs

responsible for repressive brands. For example, the enhancer of homologous zeste 2 (EZH2) is

a histone-lysine N-methyltransferase enzyme (H3K27 HMT) encoded by the EZH2 gene, it is

overexpressed in breast and prostate cancer [267]. On the other hand, lysine-specific demethy-

lases also play a crucial role in cancer progression. These work in coordination with HMTs to

maintain global histone methylation patterns [268]. Lysine-specific demethylase 1A (LSD1) can

eliminate the activation and repression marks of H3K4 and H3K9 methylation, respectively. It

is dependent on specific binding elements [269] and can act as a co-repressor or a co-activator.

After the discovery of LSD1, several other HDMs were discovered, including Jumonji C domain

proteins [270].

4.6 Personalized Epigenetics

In-depth investigations of epigenetic diseases allow us to provide not only possible solutions for

the etiology of the disease, but also to discover biomarkers for is diagnosis [271]. On the other

hand, there has been an increasing interest in the production of drugs with modes of epigenetic
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action used mainly for the treatment of these diseases [272]. This is due in particular to the fact

that these epigenetic marks have reversible mechanisms. Nowadays, cancer remains the biggest

challenge for doctors and researchers in the health field, with regard to the epigenetics of diseases.

In 1980, the first links between DNA methylation and cancer were established. However, over

the years this number of connections has been increasing. Recently, it has been found that most

current applications of epigenetic biomarkers predominantly involve DNA methylation [273]. In

the United States, clinics use nucleic acid-based tests, which are regulated and approved by the

Federal Drug Administration (FDA) as medical devices. Just as epigenetic biomarkers have been

also approved by the FDA. ColoGuard R© is one of these tests, usually used to screen for colorectal

cancer in adults over 50 years of age. It uses DNA methylation levels in BMP3 and NDRG4,

when bound to mutated KRAS and in an immunochemical assay for hemoglobin (Table 4.1). Dur-

ing the implementation of this test in the screening, it can be seen that it has a higher sensitivity

and a slightly lower specificity for colorectal cancer, when compared to the traditional screening

method, the fecal immunochemical test (FIT) [274]. Thus, more recent results have shown that

FIT is more effective and less expensive than ColoGuard R©, since the latter is very expensive for

patients [275]. This demonstrates the existence of economic barriers that these tests must over-

come in addition to demonstrating effectiveness and reproducibility. In addition to ColoGuard R©,

two more epigenetic tests are currently available in the United States. These are classified as

Laboratory Developed Tests (LDTs) and follow the protocol of the Clinical Laboratory Improve-

ment Amendments (CLIA). This means that these tests are only carried out inside the laboratory

where they were developed, and they must follow CLIA standards. These tests are ConfirmMDx,

for prostate cancer, and AssureMDx, for bladder cancer. In 1990, researchers first demonstrated

the hypermethylation of the glutathione S-transferase (GSTP1) gene promoter in prostate can-

cer [276]. GSTP1 together with APC and RASSF1 are part of the ConfirmMDx test composition

(Table 4.1). This test is used to treat false negative prostate biopsy problems [277]. The As-

sureMDx test for bladder cancer involves a set of analyzes of the DNA methylation levels of three

genes (TWIST1, ONECUT2 and OTX1) with the mutation of three others [278].

Table 4.1: Classification of US FDA-approved epigenetic drug classes according to mechanism of
action [16]

Product Proprietor/Launch year Disease Specimen Epigenetic Targets Regulation
Cologuard Exact sciences/2014 Colorectal cancer Stool DNA methylation of NDRG4 and BMP3 FDA

(plus other genetic markers)

ConfirmMDx MDxHealth/2012 Prostate cancer Tissue DNA methylation of GSTP1, RASSF1 and APC LDT/CLIA

AssureMDx MDxHealth/2016 Bladder cancer Urine DNA methylation of TWIST, ONECUT2 and LDT/CLIA
OTX1 (plus other genetic markers)

has not yet been approved. In both breast and ovarian cancer, hypermethylation of the BRCA1

promoter region is observed [279]. Normally, BRCA1 is used to epigenetically repress the ex-

pression of the oncogenic microRNA miR-155 through a process involving histone deacetylase

2 (HDAC2) [280]. Recently, Anjum et al. (2014) carried out a study, where they identified a

DNA methylation signature of blood cells in BRCA1, thus allowing to predict the risk of breast
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cancer several years before diagnosis [281]. That said, there is a great advance in the epigenetic

studies of non-cancer diseases. These studies have shown promising results, particularly with re-

gard to DNA methylation, including neurological disorders such as Alzheimer’s disease [282] and

Parkinson’s disease [283], autoimmune disorders such as systemic lupus erythematosus [284] and

psychiatric disorders such as schizophrenia and autism [285]. The heterogeneity of epigenetic

diseases has become the main challenge, with regard to monitoring reliable changes in epigenetic

patterns among individuals and the response to medical interventions. Recently, computational

epigenetics has become a crucial tool for identifying solutions to this challenge. Recently, there

has been a growing increase in computational analysis for DNA methylation patterns, modifica-

tions of histones and ncRNAs, as well as quantitative analysis of proteins, in order to identify

specific differences in epigenetic profiles between individuals, which are then applied to person-

alized medicine. These analyzes allowed researchers to discover potential individual epigenetic

biomarkers based on disease progression. In the basic nucleus of personalized epigenetics, at-

tention should be paid to inter-individual variability in a set of epigenetic marks, such as DNA

methylation, histone modifications and ncRNA. Variations in epigenetic signatures between cells

and asymmetric or allele-specific DNA methylation changes in an individual are some of the lim-

itations in personalized epigenetics. Despite these limitations, the characterization of differences

between individuals in epigenetics has made significant progress and continues to reveal the im-

portance of inter-individual epigenetic variability in medicine. On the other hand, computational

epigenetics has enabled researchers to analyze and understand the difficulties inherent in the use

of epigenomic information and how important these are in the diagnosis, prognosis and individual

therapy. The increase in the appearance of new epigenetic biomarkers and the respective knowl-

edge of the personalized epigenetic responses caused by these to drugs and environmental toxic

factors will continue to be the main challenges for the application of epigenetics in personalized

medicine.



Chapter 5

Integrative Meta-Analysis of an
Epigenetic Study in GB

5.1 Methodology

5.1.1 Download and separation of data from the TCGA database and Preprocess-
ing

To carry out the practical part of this dissertation, GB data on DNA methylation and gene ex-

pression from the TCGA database were used (https://cancergenome.nih.gov/) [21]. The selection

and collection of data from the TCGA database followed certain criteria. In the beginning, we

started by selecting all the DNA methylation and gene expression data corresponding to the brain

as the primary site and the TCGA-GBM project. Then, regarding DNA methylation data, data

from the “DNA Methylation” category and from the “Illumina Human Methylation 450” platform

were selected, obtaining 155 samples at the end. Regarding the gene expression data, only the data

belonging to the category “Transcriptome Profiling”, data type “Gene Expression Quantification”

and the workflow type “HTSeq-Counts”, resulting in the end of approximately 174 samples. Later,

it was also decided to use DNA methylation data from GEO (https://www.ncbi.nlm.nih.gov/geo/)

[286], where GEO accession is GSE41826. In each CpG, the beta value (β ) represents the DNA

methylation level, which can be calculated using the expression (M/(M + U)), where M corre-

sponds to the intensity of the methylated allele and U to the intensity of the allele not methylated.

Generally, beta values are observed in the range of 0 to 1, reflecting the fraction of methylated

alleles in each CpG in each tumor, so beta values close to 0 indicate low levels of methylation

and beta values close to 1 indicate high levels of methylation levels [287]. As a first step in the

pre-processing of the data, we started by selecting from the 155 samples only primary samples of

tumor and normal samples, and this step is also common in the pre-processing of gene expression

data. As a next step, it was decided to remove CpGs on sex chromosomes, X and Y, and keep

only cg probes, in order to avoid artificial false positives that are independent of the normalization

stage. Then, CpG sites with a missing value> 70% of normal samples and tumor samples were

43
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removed. In order to make the imputation of the missing values of the methylation data, the R Im-

pute package [288] was used by the method of the nearest k-neighbors (KNN). As a last step, CpGs

were selected in promoter regions using the R ELMER package [289], defined as 2 kb upstream to

0.5 kb downstream of the transcription initiation sites (TSS) [290]. Regarding the pre-processing

of gene expression data, the R DESEq2 [291] package was used to perform a pre-filtering of the

genes. In order to obtain the total clinical samples of DNA methylation data and the respective

clinical information, colData was used, where 138 samples were obtained at the end. As a next

step, these samples were divided equally into two groups, the training set (n = 69) and the test set

(n = 69). For the division of these two sets, the following criteria were followed: 1) the samples

were randomly assigned to the training and test sets and (b) the age distribution, follow-up period

and proportion of cases of death in the two groups must be similar , more specifically "sampleID",

"vital-status", "age-at-initial-pathologic-diagnosis", "days-to-death" and "days-to-last-followup".

5.1.2 Determination of differentially expressed genes (DEGs) from GBM and methy-
lated CpGs sites

Typically, one way to analyze RNA-Seq count data is to determine which genes are differentially

expressed. The counting data, in the form of a table, allows to inform, for each sample, the distri-

bution of the number of sequence fragments corresponding to each gene. These counts occur due

to HTSeq [292] and are calculated at the gene level. During the analysis of these data, in addition

to the reduced number of samples being analyzed, attention should be paid to the specificities of

the counting data, especially NA data (not available). However there is still a greater challenge,

which is the small number of samples in high-throughput screening experiments (HTS), where

the repetition of samples due to disease is often observed. Due to the high uncertainty rate of

the variance estimates within the group, the inferential methods responsible for each gene suffer

from an absence of power. However, this limitation can be solved through high-throughput as-

says, grouping information between genes, more specifically, by discovering possible hypotheses

about the similarity of the variances of different genes measured in the same experiment [293].

The analysis of differential expression of RNA-seq data can be done through several methods, the

most common being the empirical analysis of digital gene expression data in R (edgeR) [294] and

the analysis of differential expression of genes based on negative binomial distribution (DESeq2)

[291]. Through the edgeR method, it is possible to observe the sharing of information between

genes to estimate variation or dispersion [295, 296], using a weighted conditional probability.

Nevertheless, in order to carry out this step, we chose to use the DESeq2 method, which is a

successor of the DESeq method [297] and allows to integrate methodological advances through

several new resources, allowing to obtain a more quantitative analysis of comparative data easily

of RNA-seq using shrinkage estimators for dispersion and fold change [298].

In the analysis of transcriptomic data, it is observed that the most common approach in this

type of analysis is to test the null hypothesis that the logarithmic change (LFC) between two differ-

ent groups, in this case between samples of primary tumor and normal samples, for the expression
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of a gene it is exactly zero, that is, the gene is not affected in any way by one of these groups.

Most of the time, the objective of the differential analysis is to generate a list of genes that pass the

multiple test adjustment, classified by the P value. However, the existence of small, highly signif-

icant changes makes candidates no longer interesting for further investigation. On the other hand,

sorting by fold change becomes complicated due to the noise of the LFC estimates for genes with

low counts. In addition, the number of genes designated by "differentially expressed" depends on

both the sample size and other aspects of the experimental design and the biology of the experi-

ment [299]. Nevertheless, to reduce this noise, we decided to use the lfcShrink function of the R

apeglm package [300]. This shrinkage method uses a Bayesian procedure to moderate gene fold-

ing changes with very low and highly variable counts. This serves to attenuate noise in differential

transcription counts. To visualize the differentially expressed genes, the R EnhancedVolcano [301]

and complexHeatmap [302] packages were used. In high-performance studies, DNA methylation

can be used to identify functional changes in transcription enhancers and other cis-regulatory mod-

ules (CRMs) in tumors and other tissues of primary diseases [303]. Initially for the identification

of differentially methylated CpGs sites between primary tumor samples and normal solid tissue,

we decided to use the R ELMER package (Enhancer Linking by Methylation/Expression Relation-

ships) [289], which produces a systematic approach for the reconstruction of regulatory networks

of genes combining methylation and gene expression data derived from the same set of samples.

However, as the use of ELMER to identify methylated sites was not possible, later it was decided

to identify methylated sites using the Wilcoxon classification sum test (µ) and the t test. The

Wilcoxon classification sum test or also called the Mann-Whitney (µ) test, is a non-parametric

test based on classification and used in the R methyAnalysis package as a method of differential

methylation analysis [304], using DNA methylation data TCGA and GEO. This test is normally

used as an alternative to the t test of two independent samples when an assumption of normal

data distribution is observed, and this is violated the t test. Suppose that the methylation level is

represented by β values or M values for the locus (i), the group (j) and the subject (k) by y ijk.

Now suppose that j = 1 represents the group of normal solid tissue samples and j = 2 represents

the group of primary tumor samples. For each DNA methylation locus, it is observed that the null

hypothesis of the Wilcoxon rank sum test of the distribution of y i 1 k is equal to the distribution

of y i 2 k for i = 1,2, ..., m. The gross P values of the Wilcoxon rank sum test are usually adjusted

using the procedure by Benjamini and Hochberg to supervise the FDR at level α [305] using the

p.adjust function in R. On the other hand, uses the t test method is in the analysis of genomic data

to test the equivalence of means between two groups [306]. For two independent sample t tests,

there are two t-test procedures, depending on whether there is equality between the variances of

these two groups or not. In the procedure of the t test of unequal variation, that is, the Welch t test,

the same variation between groups is not normally used. The calculation of the gross p-values of

the t-tests is based on the t-distribution [307], although the adjusted p-values are obtained using

the procedure of Benjamini and Hochberg through the same function p.adjust in R. Finally, the

genes with rate of false discovery (FDR) <0.01 were selected as differentially expressed genes or

DEGs and significant methylated sites.
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5.1.3 Survival analysis of training set

From the middle of the twentieth century, the implementation of the analysis of survival of a given

disease, as a statistical procedure in the field of medicine, was more frequently performed. Survival

analysis aims to analyze the life span of individuals from the moment they enter the study, until

the moment when the event of interest occurs, an event that is defined at the outset [308]. Usually,

this event is defined as a failure, which may be death, a relapse of a disease or even when a certain

treatment begins to take effect on the patient. These analyzes have the particularity of dealing

with censored data, that is, in some of the individuals, it may not be possible to observe the event

of interest during the observation period. Many times, it is verified the existence of individuals

who are still alive after the end of the study or who abandoned the treatment. In these cases, it

is said that individuals have a censored life span. That said, the life span of a given individual,

of a homogeneous population, is usually represented by a random variable T, non-negative and

absolutely continuous [308]. In this way, the survival function of a certain individual is defined as

the probability of surviving beyond an instant t and is represented by:

(S) = P(T > t), t > 0 (5.1)

which is characterized as a monotonous, non-increasing and continuous function and which

has the following properties:

1. S(0)=1;

2. S(+∞) = limh→∞(t) = 0;

In 1959, Kaplan and Meier, proposed a generalization of the empirical survival function,

known as the Kaplan-Meier (KM) estimator or “product-limit” estimator [309]. This function

reflects the probability of cumulative survival over time. The observation of a horizontal curve in-

dicates that over a certain period there was no event. Then, if there is a decrease vertically it means

that there has been a change in the survival function. On the other hand, censorship corresponds

to a type of lost data problem exclusively for survival analysis. Therefore, the main objective of

survival analysis is to compare survival functions in different groups. In monitoring a given set

of patients until death, corresponding to two groups, it is expected that the survival curve ends at

0%, but there are cases where one group may have survived on average much longer than the other

group. Survival analysis does this by comparing the hazard at different times during the observa-

tion period. Usually, Kaplan-Meier curves are used to visualize differences in survival between

two groups [310], but there are situations in which the use of this method does not work well to

assess the effect of quantitative variables such as age, gene expression, DNA methylation, etc.

Cox PH or Cox proportional hazard regression can evaluate the effect of categorical and continu-

ous variables and can model the effect of several variables. On the other hand, Cox PH regression

models the natural log of the hazard rate at time t, called (t), as a function of the baseline risk

(h0(t)) and multiple exposure variables x1, x2,..., xp [310]. The form of the Cox PH model is

represented by:
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log(h(t)) = log(h0)+β1x1 +β2x2 + · · ·+βpxp (5.2)

In order to expose both sides of the equation and limit the right side to just a single categorical

exposure variable (x1) with two groups (x1 = 1 for exposed and x1 = 0 for unexposed), the equation

is now represented this way:

h1(t) = h0(t)× e(β1x1) (5.3)

The reorganization of this equation makes it possible to estimate the risk ratio, that is, it allows

comparing individuals exposed to those not exposed at time t:

HR(t) =
h1(t))
h0(t)

= e(β1) (5.4)

where e(β1) corresponds to the risk ratio and remains constant over time t. The values are the

regression coefficients and can be estimated from the model and represent the log(HazardRatio)

for each unit increase in the corresponding prediction variable [310].

That said, for the realization of this stage in this dissertation, a survival analysis of clinical

training data was started, using the R survival and survminer packages [311, 312]. Before building

the training set survival curves, it was converted the “death” and “alive” variables in the “vital-

status” column for 0 and 1, in order to facilitate the next steps. Then, the survfit() function was

used to calculate the kaplan-Meier survival estimate. However, due to the time imposed it was not

possible to carry out the stages of survival analysis of the set of methylation profiles and clinical

training data, including analysis of the univariate Cox proportional hazard regression model based

on each methylation site and data of survival.

5.2 Results and Discussion

5.2.1 Separation of DNA methylation data and respective characteristics

In this dissertation, it was decided to produce an integrative analysis of DNA methylation and gene

expression in order to identify the main epigenetic genes in GB, following the procedure presented

in [17]. It was decided, due to time constrains, to carry selected tasks and to do so, we used the

workflow shown in Figure 5.1.

Nevertheless, carrying out this replication study become difficult since there was no informa-

tion about the base functions used in the construction of the algorithm. As such, the results showed

some discrepancies, as shown in Table 5.1.

A total of 142 samples of primary GBMs and normal samples were initially obtained with data

from clinical information. However, when analyzing the data, it was found that four samples did

not contain any type of clinical information and it was then decided to remove these thus obtaining

a total of 138 samples.In addition, when downloading the data, 56457 genes and 485577 CpGs

were obtained from the TCGA database for further analysis. Then, a set of pre-processing steps



48 Integrative Meta-Analysis of an Epigenetic Study in GB

Figure 5.1: Flowchart describing the schematic overview of the project under study.

were carried out, including adaptation of missing values, removal of batch effects, removal of sex

chromosomes and single nucleotide polymorphisms and extraction of CpGs in promoter regions.

As DNA methylation in promoter regions strongly influences gene expression, CpGs were selected

in promoter regions, which were defined as 2 kb upstream to 0.5 kb downstream of TSS. After

pre-processing the data, 161318 methylation sites were finally obtained for downstream analysis

(Supplementary table 1) and 46752 genes (Supplementary table 2).

5.2.2 Clinical patient characteristics

From the total of 138 samples, clinical information was obtained, including sample identification,

vital status, age at initial pathological diagnosis, days until death, days until the last follow-up and

the respective degree. All samples were randomly divided into two groups: the training set, where
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Table 5.1: Results obtained vs D. Jia et al. [17].

My results D. Jia et al. [17]
Download: DNA Methylation/ CpGs 155 samples/ 485577 CpGs 155 samples/ 485577 CpGs

Download: Gene expression 174 samples/ 56457 genes n.a/ n.a

Preprocessing: DNA Methylation 161318 CpGs 145907 CpGs

Preprocessing: Gene expression 46752 genes 20530 genes

Match between the clinical data 138 samples 138 samples
and the methylation profiles

Train and Test set 69 samples in both sets 69 samples in both sets
Determining DEGs of GBM 12427 genes 4881 genes

Genes upregulated/ genes 5783 genes upregulated/ 1111 genes upregulated/
downregulated 6644 genes downregulated 3770 genes downregulated

Determining of the methylated 342607 CpGs in both tests n.a
sites of GBM using Wilcoxon’s
classification sum test and t-test

69 samples were obtained, and the test set, where the same number of samples was obtained.

The division of these two groups respected the following criteria: first, the samples are randomly

assigned to the training set and the test set and secondly, the age distribution, follow-up time and

the patient’s mortality rate must be similar in these two groups. The clinical information of the

training set and the test set can be seen in Supplementary tables 3 and 4, respectively.

5.3 Determination of differentially expressed genes (DEGs) from GBM
and methylated CpGs sites

According to the screening criteria, a total of 12427 DEGREES were obtained, all of which were

originals of primary tumors and normal samples. It was found that there are about 5783 positively

regulated genes and 6644 negatively regulated genes. In order to visualize these data, it was

decided to start using the MA plot, Figure 5.2. A MA plot is a two-dimensional (2D) scatterplot

of log-fold change (M values, that is, the log of the ratio of level counts for each gene between

two a) against a logarithmic average (A values, that is, as mid-level counts for each gene in the

two) [1]. In this graph, it is observed that genes with similar levels of expression between primary

tumor samples and normal samples appear around the horizontal line M = 0. With respect to points

distant from the line M = 0, these indicate genes with significant expression, where a gene that is

up-regulated is above the M=0 line and a gene that is down-regulated is below the M=0 line.



50 Integrative Meta-Analysis of an Epigenetic Study in GB

Figure 5.2: MA plot of differentially expressed genes.

However, the MA graph does not consider the statistical measures (P values or adjusted P

values) and, therefore, it is not possible to indicate which are the genes with statistically sig-

nificant differences between tumor and normal samples in the graph. For this, it was decided

to use the Vulcano graph, using the R EnhancedVolcano package, in order to visualize which

genes have the greatest significant differences, Figure 5.3. Through the graph it was verified that

the negatively regulated genes ENSG00000213553 (RPLP0P6), ENSG00000171848 (RRM2) and

ENSG00000235655 (H3F3AP4) present greater significant differences. Regarding the positively

regulated genes, it was observed that the ENSG00000050748 (MAPK9), ENSG00000155744

(FAM126B) and ENSG00000073969 (NSF) genes have greater significant differences.

In addition to using these two graphs, it was also decided to view the expression profiles of

the 100 most significant genes, Figure 5.4. Before building the Heatmap, variance stabilization

transformations (VST) were used to obtain data transformed on the log2 scale and remove the

dependence of the variance with the mean. After this step, 100 most differentially expressed

genes were selected and the R ComplexHeatmap package was used to build the heatmap. In this

heat map, the Z scores are calculated for each gene, subtracting the mean and dividing by the

standard deviation, and are then plotted instead of the normalized expression values, ensuring that

the expression patterns / trends you want to visualize are not overloaded by expression values.

Regarding the determination of differentially methylated sites (DMS), initially we tried to

use the get.diff.meth function of the R ELMER package to identify distal probes with significant

differential methylation of DNA, but we obtained zero relevant probes as output. This was due

to having only 1 sample of normal solid tissue and 50 samples of primary tumor. To this end, it

was decided to add the GEO data to the DNA Methylation data of the TCGA. Subsequently, it was

decided to create two functions, one parametric and the other non-parametric, for the identification

of these methylated sites. The non-parametric function corresponds to the Wilcoxon test and the
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Figure 5.3: Vulcan graph of differentially expressed genes.

parametric function corresponds to the t test. In the end, 342607 differentially methylated sites

were obtained in both tests in Supplementary tables 5 and 6. Nevertheless, there is a difference

between the results of the t test and the Wilcoxon test, this is due to the t test testing the significant

differences between the means and the Wilcoxon test testing the significant differences between

the medians. However, the Wilcoxon test takes about 4 hours to perform while the t test only takes

30 minutes. Furthermore, according to this article [304], the t test has a greater resolving power

than the Wilcoxon test. Therefore, for the next analysis it was decided to use the t test, taking into

account what was said earlier.

5.4 Survival analysis of training set

In order to analyze the data obtained in this stage, a statistical analysis of the data was carried

out first and only then proceeded for the survival analysis. According to the literature, it appears

that the appearance of GB occurs more frequently in people aged between 40 and 70 years, with

a slight increase between 65 and 70 years, considering this age group as a risk group. To prove

this veracity, it was decided to draw a histogram of the age of the patients for the training set after

diagnosis, where it can be concluded that in fact there is a larger increase in cases of GB between

40 years and 70 years, Figure 5.5.

After this analysis we proceeded to the survival analysis of the training set data, including

clinical information ("sample", "vital-status", "age-at-diagnosis", "days-to-death", "days-to-last-

follow-up"), where later it was added also clinical information “gender”. Usually, most patients

die within 2 years and the survival time is generally less than one year from the date of diagnosis

[313, 314], with patients with a maximum survival time of 5 years, but this percentage is very

reduced. To this end, it was decided to calculate the probability of patients in the training set to
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Figure 5.4: The heatmap expression profiles of the 100 most significant genes.

survive after 1 year and after 5 years, with and without the gender variable. After 1 year and 5

years, it is observed that in general the probability of patients with GB to survive is approximately

74.6% and 45.3%, respectively. Normally, GB affects more men than women, so it is expected

that women are more likely to survive than men. In fact, it was observed that in the graph with

the gender variable, for example, after 5 years the probability of the man surviving is very low

(24.8%), when compared with the probability of surviving the women (71,1%).

Then the Kaplan-Meier estimate was calculated for the survival function without and with

the variable “gender”, using the Supplementary tables 3 and 7. To visualize these two sets,

Figure 5.6, the plot and ggsurvplot function were used. Through the analysis of the first graph,

he concluded that there is in fact a sharp decrease in the survival rate of these patients, since this

tumor is very aggressive and heterogeneous. Another reason why the survival rate is also very low

is that there is still no effective treatment. Regarding the second graph, it can be concluded that the

survival rate can also be affected by the gender difference, with a higher survival rate for women

than for men. This is in line with what is said in the literature, that is, although there are few

insights that distinguish male and female GB at the molecular level or allow the specific targeting

of these biological differences, there are already studies that prove that women generally have a

higher survival rate than men, as well as there are already studies that prove that they also present

a better response to treatment, thus increasing their survival time [315].
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Figure 5.5: Histogram of the number of GB cases by age group.

Figure 5.6: The survival analysis of the training set data using the Kaplan-Meier plot of a) the
whole set b) of men and women.
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Chapter 6

Conclusion

Throughout the document, the advantages and challenges of epigenetic studies in Glioblastoma

were discussed, as well as the realization of an integrative meta-analysis of an epigenetic study.

Epigenetic therapy has been shown to be a successful approach to the treatment of different malig-

nancies. Future studies may be able to identify methods for recognizing response mechanisms by

combining genomic sequencing and gene expression profiles. An important challenge in epige-

netic therapy is to know which are the conducting genes and which are the stimulated genes. The

increasing development in the sequencing of the entire genome together with RNA data profiles

allowed to acquire a large amount of information crucial for the precise identification of epigenetic

changes. Comparing and reconciling this enormous amount of information will help to discover

epigenetic changes that occur as a cause and effect or are totally dependent on each other. That

said and with a focus on epigenetics, the algorithm to be developed aims to identify the main epi-

genetic genes. In other words, the intention is to use DNA methylation and TCGA gene expression

data to build a prognostic risk model based on methylation genes, allowing the identification of

potential biomarkers for a better prognosis and a better survival rate of GB patients.

First, a global analysis of all the work carried out will be presented.. Finally, the future work

to be carried out in order to finish the proposed objectives is discussed, as well as to develop a

system of GB cell spheroid cultures, in order to analyze the evolution and study the behavior of

these epigenetic genes, thus allowing to implement a personal and unique therapeutic approach to

the treatment of each patient.

6.1 Conclusion of work

The work proposed for the dissertation addresses the realization of a meta-analysis of an epigenetic

study through the construction of an algorithm, using R language, capable of identifying the main

epigenetic genes in GB, in order to build a risk model for prognosis based on methylation genes.

As far as we know, there is still no treatment for patients that is 100% effective. Nevertheless,

there is already a diversity of epigenetic studies in the area of oncology, including glioblastoma,

55
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which are undergoing clinical trials, to be subsequently implemented. However, this process is

very time-consuming and rigorous.

The dissertation started with an in-depth explanation, including a state of the art, about what

glioblastoma is, as well as the concept of epigenetics and what is its role in GB. Glioma is a

common malignant primary brain tumor that has high recurrence rates, short survival times, high

mortality rates and treatment difficulties. Previously, treatments for patients with GB were based

on conventional surgeries and chemo-radiotherapy protocols, which minimally improved quality

of life and slightly prolonged the survival of some patients. Nevertheless, there is an urgent need

for further investigations and reviews of treatment strategies for malignant glioma. The genetic in-

stability and heterogeneity of the glioma are the biggest challenges in investigating new solutions

for the treatment of these patients. In general, epigenetic changes are completely associated with

proliferation, metastasis, invasion and prognosis of the glioma. Several epigenetic changes appear

in order to participate in the occurrence and progression of the glioma. In the basic nucleus of per-

sonalized epigenetics, attention should be paid to inter-individual variability in a set of epigenetic

marks, such as DNA methylation, histone modifications and ncRNA. Variations in epigenetic sig-

natures between cells and asymmetric or allele-specific DNA methylation changes in an individual

are some of the limitations in personalized epigenetics. Despite these limitations, the characteriza-

tion of differences between individuals in epigenetics has made significant progress and continues

to reveal the importance of inter-individual epigenetic variability in medicine. On the other hand,

computational epigenetics allowed researchers to analyze and understand the difficulties inherent

in the use of epigenomic information and how important these are in the diagnosis, prognosis and

individual therapy.

After the bibliographic review, it was decided to identify the main epigenetic genes in GB,

which was a topic that captivated me due to the fact that patients have a poor prognosis and the

identification of these genes is crucial for obtaining a better prognosis and diagnosis, contributing

to the increase in the survival rate. For the integrative meta-analysis of the epigenetic study, the

Rstudio software was used. However, it was not possible to complete all the proposed objectives

and, therefore, it was also not possible to identify which epigenetic genes are most expressed

in samples of normal solid tissue and in samples of primary tumor tissue. Only tasks such as

downloading and processing of data, identification of differentially expressed genes, a crucial

step for future steps, and survival analyzes were performed. Through the analysis of the results

obtained, it was only possible to confirm some predictions. By comparing the results obtained with

the results of D. Jia et al. [17], it was observed that slightly different results were obtained, due to

the lack of important information on the basic functions used in that reference. In section 6.2, we

will discuss the continuation of the remaining steps as future work, as well as the production of

spheroids to evaluate the evolution of these genes in a tumor environment.

That said, my biggest difficulties in carrying out this meta-analysis were the adaptation of new

objectives that involved totally new concepts, such as epigenetics and its involvement in GB. A

big challenge for me was learning a new programming language, Rstudio, which I dedicated most

of my time to. In addition, another problem arises when the available information is very little in
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relation to the part of the analysis of a data set of gene expression and DNA methylation using

R, raising a lot of doubts and thus imposing a larger amount of time in the theoretical analysis of

these concepts, in order to identify solutions to certain problems.

However, it is concluded that the use of computational algorithms for epigenetic analysis in

certain diseases will allow the study of epigenetics as one of the main factors that contributes to

the formation of normal and tumor cells, and will open new views for the identification of potential

biomarkers and for the advent of new personalized therapeutic approaches. Furthermore, the com-

bination of epigenetic therapies with traditional therapies will allow to obtain certain treatments

for the reversal of drug-resistant tumors.

6.2 Future work

Due to the imposed time it was not possible to complete all the steps that were in the workflow.

As future work, the continuation of this work involves the determination of methylation profiles

and survival data in the training set, and each methylation site must be analyzed according to the

steps: (a) analysis of the proportional risk regression model Cox analysis based on each methy-

lation site and survival data, and (b) adding age as a covariant for CpG survival analysis. The

construction of a regression model is a very important step, since it is from it that we learn which

factors (covariates) influence the life span of an individual. Depending on the distribution we are

going to use for the life span of individuals, we will have a parametric or non-parametric regres-

sion model. Subsequently, a correlation must be made between differentially methylated genes

and methylated survival genes. The level of DNA methylation can affect gene expression, just as

high methylation expression often inhibits expression of the downstream gene, and the low level

of methylation tends to increase expression of the downstream gene. In a first phase, carrying

out the steps of correlation analysis and calculation of differentially expressed genes and differ-

entially methylated genes, involves calculating the intersection of differentially methylated genes

and DEGs. Then proceed to the identification of the number of genes whose differential expres-

sion is regulated positively and the methylated expression differentially is regulated negatively,

and the identification of the number of genes whose differential expression is regulated negatively

and the differential methylation is regulated positively. After this step, an analysis of Pearson’s

correlations between positively regulated DEGs and negatively regulated methylated genes should

be performed, as well as negatively regulated DEGs and positively regulated methylated survival

genes. Through this last stage, it is possible to determine the central objective of the dissertation,

that is, to identify the main epigenetic genes. On the other hand, performing this step also allows

us to observe that highly expressed genes in primary tumor samples show less promoter methy-

lation in normal solid tissue samples, indicating a negative correlation between promoter DNA

methylation and gene expression in normal and tumor tissues. The completion of all the proposed

steps then allows the construction of a prognostic risk model based on methylation genes, allow-

ing the identification of potential biomarkers for a better prognosis and a better survival rate for

patients with GB.
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Figure 6.1: PMMA well plates.

After completing all the steps previously proposed, another future work would involve con-

tinuing the work initially proposed. The initial objectives of this dissertation were based on the

development of 2D and 3D cell cultures, but due to the measures that were imposed by the pan-

demic, the realization of these was not possible. Therefore, a future vision would be to implement

these cell cultures to assess the evolution of epigenetic genes in glioblastoma U87 cell lines. The

entire procedure for the development of cell cultures is carried out in well plates, Figure 6.1. For

the construction of the twelve plates, PMMA(Polymethylmethacrylate or acrylic) was used as the

manufacturing material, ArtCAM as design and simulation software [316] and, finally, for the

manufacture, a Micro Milling CNC machine was used. The diameter of all plaques are the same,

varying only the distance between the wells and the number of wells in each plate, in order to try

to mimic the tumor environment as much as possible. After the production of the plates, it was

sterilized in order to remove all the dirt obtained by the production, Figure 6.2. Sterilization is a

very important step, as the removal of dirt prevents contamination of the cells.

Cell lines either grow as adherent or suspended cultures, and all cell culture preparation must

involve strict and detailed monitoring of a Protocol. In an initial phase, a protocol was developed

(in annex), which is still subject to changes. One of the phases of the development of the protocol is

the choice of the culture medium, which is one of the most important ingredients for the growth of

the cultures, since a good choice of the culture medium will determine the possibility of obtaining

of good results. Therefore, the continuation of this work involves steps such as the appropriate

choice of culture medium, the production of cell culture and the analysis of its evolution. Once the

cell cultures are ready, determining the spheroid detachment method is an important step, as poor

detachment can cause the spheroids to rupture. However, the analysis of spheroid growth allows at

the same time to analyze the evolution of certain epigenetic genes. This analysis makes it possible
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Figure 6.2: UV sterilization of PMMA plates with 70% ethanol. a) Corresponds to the stage of the
ultrasonic bath. b) Corresponds to the drying and sterilization stage by UV (ultraviolet radiation).

to evaluate the behavior of genes, allowing the tumor to be classified according to its degree of

heterogeneity and to identify the main causes of tumor onset and progression, thus providing

the identification of crucial biomarkers to obtain a better prognosis, diagnosis and personalized

treatment of patients with GB.
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Appendix A

Annex

Supplementary tables: https://www.dropbox.com/sh/fo0bar928peacle/AAAogBQZ1Qo_

UxAjTlCSwdjZa?dl=0

Protocol: : https://www.dropbox.com/s/ntozm9ys25ln0oh/Protocol.pdf?dl=

0
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